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Abstract  This study aims to investigate the thermal and 
thermo-mechanical properties of poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) (PHBH) and poly (butylene 
adipate-co-terephthalate) (PBAT) as sustainable alterna-
tives for fused filament fabrication (FFF). Starting from 
commercial pellets, both biopolymers were processed into 
filaments using an extruder carefully controlling thermal 
parameters to ensure dimensional consistency. Filaments 
of PHBH and PBAT were subsequently used to produce 
several parts by using FFF. Thermal characterization was 
performed by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) measurements to inves-
tigate the thermal behaviour of the two biopolymers, while 
their thermo-mechanical properties were assessed through 
dynamo-mechanical analysis (DMA) and tensile testing 
evaluating storage modulus, loss factor, elastic modulus, 
ultimate tensile strength, and elongation at break. The results 
evidenced that PHBH’s thermal stability slightly decreased 
progressively from pellet to filament extrusion up to the 
realization of printed components via FFF, with an impor-
tant reduction of the degree of crystallinity. PHBH retains 
high stiffness and strength but remains brittle, limiting its 
use to applications where rigid components are required. 
On the contrary, PBAT maintains high thermal stability and 

thermal transitions quite similar during the whole processing 
with minor mechanical properties, which makes it useful for 
applications requiring high flexibility.

Keywords  Additive manufacturing (AM) · Fused 
filament fabrication (FFF) · Biopolymers · Poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) · Poly 
(butylene adipate-co-terephthalate) (PBAT)

1  Introduction

Additive manufacturing (AM) is a family of manufactur-
ing technologies that enable the creation of 3D components 
layer-by-layer [1–5]. AM has been utilized across several 
application fields, such as aerospace [6–8], automotive [6–8] 
or biomedical [7–9] owing to its capacity to minimize mate-
rial waste and provide exceptional design versatility [10–13]. 
Fused filament fabrication (FFF) is one of the most used AM 
technologies among those available for polymer process-
ing [14], also known as fused deposition modelling (FDM). 
FFF involves the extrusion of a thermoplastic filament via a 
heated nozzle, which deposits the polymeric material layer-
by-layer to build the final part according to a selected CAD 
model [15]. The main polymeric materials used for this 
technology are acrylonitrile-butadiene-styrene (ABS) [16, 
17], poly (lactic) acid (PLA) [18], polyamides (PA) [19], 
thermoplastic polyurethane (TPU) [20], poly (ethylene tere-
phthalate glycol-modified) (PETG) [21]. Among these, PLA 
is the only one which is biodegradable and derived from 
renewable resources, aspects that together with its ease of 
printing make it most favoured for AM [22, 23].

Recent years have witnessed an increasing interest in the 
development of biopolymers which reduce carbon dioxide 
emissions and waste amount since they are biodegradable 
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and/or biobased [24]. They find applications in biomedical 
fields, such as tissue engineering and drug delivery systems 
[25]; they are also widely adopted in food packaging and cos-
metics, where biopolymer properties are tailored according to 
the final applications [26]. In this scenario, merging the use 
of biopolymers with AM technologies, such as FFF, allows to 
process environmentally friendly materials with an advanced 
manufacturing process which is cost and time effective [27].

Poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) 
(PHBH) is a biopolymer which combines good thermo-
mechanical properties with biodegradability, making it 
suitable for many applications, like tissue engineering 
and packaging [28]. It is a member of the polyhydroxy-
alkanoates (PHAs) family, which includes thermoplastic 
biopolymers synthesized by carbon-rich microorganisms 
in nutrient-deficient environments [29, 30]. This polymer 
shows thermoplastic properties and may be processed via 
standard polymer processing methods, such as cast extru-
sion and injection moulding [31]. PHBH is recognized for 
its promising mechanical properties and thermal stability 
relative to other PHAs, rendering it a suitable choice for AM 
applications [32]. For example, Kovalcik et al. [33] inves-
tigated the possibility to use PHBH for producing scaffolds 
via FFF, showing good mechanical and viscoelastic prop-
erties. PHBH is often used in combination or filled with 
other materials to improve its final properties. For example, 
Giubilini et al. [34] successfully produced scaffolds via FFF 
using PHBH as starting material exploring the possibility 
of combining it with functionalized cellulose nanocrystals 
(CNCs) for improving its final mechanical properties.

Valentini et al. [35] investigated mechanical, thermal, 
and rheological properties of PHBH with fibrillated nano-
cellulose. Moreover, Ivorra-Martinez et al. [36] studied the 
possibility of combining PHBH with nanohydroxyapatite 
(nHA) for scaffold production with FFF system, showing 
how nHA content can influence the final mechanical prop-
erties. In contrast to PHBH, which is entirely bio-based, 
poly (butylene adipate-co-terephthalate) (PBAT), instead, 
is a biodegradable fossil-based polymer characterized by 
a good thermal stability and high elasticity [37], and it 
is found wide applications in packaging and biomedical 
fields [38]. It remains biodegradable under certain com-
posting settings [39] and it has been usually utilized in 
the creation of flexible biodegradable films and coatings 
mainly for agriculture [40]. It has good potential for sus-
tainable manufacturing [41] and has been investigated for 
its potential in AM, specifically for FFF technology, where 
it is frequently combined with other biopolymers, such as 
PLA to enhance the mechanical characteristics and print-
ability of the final blend [42]. Zhang et al. [43] investi-
gated the processability via FFF of poly (glycolic acid) 
(PGA) blended with PBAT obtaining good results in terms 
of thermal behaviour, thermal stability, and mechanical 

performance. Mechanical testing clearly indicated that 
FFF 3D-printed samples of PGA/PBAT exhibited com-
parable tensile, flexural, and impact properties with injec-
tion-moulded samples. Jeffri et al. [44] evaluated the pro-
cessability of PBAT blended with poly(hydroxybutyrate) 
(PHB), which was a member of PHA family, and this study 
revealed how PBAT content improved the mechanical per-
formance and processability of PHB material. Moreover, 
Ali et al. [45] examined the properties of poly(hydroxy-
co-3-butyrate-co-3-valerate) (PHBV) blended with PBAT, 
processed via FFF, with good results showing how PBAT 
improved ductility of PHBV. Furthermore, Apicella et al. 
[46] studied the processability of PLA/PBAT/PHBV ter-
nary blend demonstrating how PLA/PBAT blend propor-
tion could influence the processability of PHBV. In the 
present work, a comparison between PHBH and PBAT 
thermal and thermo-mechanical properties was studied in 
detail for a possible use as starting polymeric materials 
for FFF as AM technology. Starting from raw material 
pellets, they were first processed into filaments for FFF 
3D printing. Because the quality of the filament directly 
influences the final polymer printability, the dimensional 
properties of the prepared bio-based filaments were evalu-
ated by measuring filament diameters. Then, the filaments 
were used to manufacture several test specimens and more 
complex parts, using FFF as 3D printing technology.

PBAT and PHBH have been individually investigated in 
several studies related to 3D printing and FFF applications. 
Our intention was not to overlook this existing body of lit-
erature, but rather to underline the lack of a direct com-
parative study addressing filament production, printability, 
thermal behaviour, and thermo-mechanical properties within 
a single experimental framework. The present paper reports 
a detailed comparison of these two biopolymers processed 
via FFF, starting from filaments production up to printed 
specimens manufacturing. Investigating this aspect can be 
interesting since the PHBH and PBAT have significantly 
different characteristics making them suitable for a wide 
range of applications. In fact, despite the growing interest 
in more sustainable materials for AM, the direct comparison 
of biodegradable polymers such as PHBH and PBAT in the 
context of FFF remains unexplored, especially the filament 
extrusion behaviour, the interlayer adhesion, and the final 
3D-printed parts performances. This study can represent 
a comprehensive analysis of the thermal, viscoelastic, and 
mechanical properties of these two biopolymers starting 
from the filaments production. It also aims to investigate 
the printability of PHBH and PBAT via FFF. It can provide a 
preliminary study for researchers and industrial stakeholders 
on the comparison between the thermal and thermo-mechan-
ical behavior of the biopolymers as greener alternatives for 
FFF 3D printing solutions, by filling the gap present right 
now in the literature.
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2 � Materials, equipment, and characterization 
testing

2.1 � Materials

PHBH and PBAT were provided in form of pellets by MAIP 
Group (MAIP srl, Settimo Torinese, Torino, Italy). PHBH 
is a co-polymer characterized by melt flow index (MFI) 
of 3 g/10 min (170 °C, 5 kg) and density of 1.22 g/cm3, 
whereas PBAT has MFI of 5 g/10 min (190 °C, 2.16 kg) and 
density of 1.26 g/cm3, as reported in the supplier datasheets.

2.2 � Manufacturing of filaments

The starting biopolymers, PHBH and PBAT, in form of 
granules were first dried in an oven at 80 °C for 24 h and 
characterized by means of thermogravimetric (TG) and dif-
ferential scanning calorimetry (DSC) analyses. Then, two 
different filaments were produced using the Precision 350 
extruder machine provided by 3Devo B.V (Atoomweg, Utre-
cht, Netherlands). The extruder presents a die (nozzle) with a 
diameter of 4 mm. The die had a circular cross-section with 
a diameter of 1.75 mm, matching the target filament diam-
eter. There is a single extrusion screw inside the extruder 
barrel made of a nitride high-chromium and molybdenum 
steel alloy with a length of about 335 mm. The output fila-
ment diameter that the machine can produce is in the range 
from 0.5 mm to 3.0 mm.

The extruder is equipped with four thermocouples, T1, 
T2, T3, and T4, measuring the temperature at different points 
along the extruder barrel: T1 indicates the feed zone; T2 is 
the compression zone; T3 refers to the metering zone; and 
T4 is the die exit temperature, as summarized in Table 1. 
The cooling zone immediately after the die showed an effec-
tive cooling length of approximately 150 mm, ensuring 
controlled solidification of the extruded filament. Another 
important parameter to set for good filament extrusion was 
the screw extruder speed, set at 5 r/min for producing high-
quality, diameter-stable filament because it reduces shear 
heating, improves melt quality, and avoids mechanical over-
load. The produced filaments were cooled using an air flow 
coming from a cooling fan to preserve their dimensional 

accuracy. The filaments diameter was continuously moni-
tored in-line using the extruder’s integrated laser diameter 
measurement system to monitor filament dimensions con-
tinuously during extrusion. The main extrusion parameters, 
which were optimized through a trial-and-error approach, 
are shown in Table 1.

Both PHBH and PBAT filaments were dried before to 
proceed with the printing process via FFF to remove mois-
ture, which could negatively affect printability and thermal 
properties. Filaments were dried in an oven at 80 °C for 12 h, 
and then stored in a desiccator until use.

2.3 � Manufacturing of 3D‑printed parts

Specimens were fabricated via an FFF 3D printer (Anycu-
bic Kobra Neo 2 machine provided by Shenzhen Anycubic 
Technology Co, Ltd., Shenzhen, Guangdong, China) with 
PHBH and PBAT utilized as thermoplastic biopolymer 
filaments.

The printing parameters were optimized to ensure sta-
ble processability and satisfactory part quality for both fila-
ments produced. The optimization focused on identifying 
parameter combinations that enabled continuous material 
extrusion, good interlayer adhesion, dimensional accuracy, 
and surface quality, while avoiding typical printing defects. 
A set of key printing parameters was selected for optimiza-
tion, including nozzle temperature, build plate temperature, 
printing speed, layer height, and cooling conditions. The 
parameter ranges were chosen based on preliminary tri-
als and material-specific processability considerations and 
adjusted iteratively while printing standard test geometries. 
Typical defects observed during initial trials included under-
extrusion, poor layer bonding, surface roughness, and edge 
deformation. These defects were mitigated by adjusting noz-
zle temperature and printing speed to improve melt flow, 
optimizing cooling conditions, and fine-tuning build plate 
temperature to enhance adhesion.

PHBH is a microbial polyester whose molecular chains 
are made naturally by bacteria as part of their metabolism. 
It is biosynthesized inside microbial cells. Its ester-based 
molecular structure makes the polymer more heat-sensitive, 
and more prone to thermal degradation, requiring controlled 
processing temperatures. For this reason, an extrusion tem-
perature of 200 °C was chosen after several attempts to avoid 
thermal degradation according to the results of TGA and 
DSC performed on the pellets. While this temperature sup-
ports partial melting and layer fusion, it may risk insufficient 
viscosity reduction if the heating profile is not optimized 
[47]. The selected temperature is therefore a compromise 
between avoiding degradation and achieving good level of 
printability. Moreover, a build plate temperature of 50 °C 
was employed to maintain the lower layers above their glass 
transition temperature and reduce the generation of internal 

Table 1   Process parameters used to extrude PHBH and PBAT fila-
ments

Sample Thermocouple temperature/°C Screw 
extruder 
speed/
(r·min−1)

T1 feed 
zone 

T2 com-
pression 
zone

T3 
metering 
zone

T4 die 
tempera-
ture

PHBH 145 145 140 125 5
PBAT 135 135 130 115 5
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stresses during the cooling considering that PHBH, being 
more crystalline, is prone to warping phenomenon.

Literature suggests that elevated build plate tempera-
tures can help to mitigate the deformation in PHAs materi-
als, like PHBH [48]. The selected extruder temperature for 
PBAT was 185 °C, which was within the optimal processing 
range (180–220 °C) ensuring an adequate melt flow and an 
interlayer diffusion without inducing thermal degradation. 
Considering these aspects, the build-plate temperature of 
50 °C for PHBH is well below its crystallization and melt-
ing temperatures, and therefore it limits cold crystallization 
during printing. At this temperature, the material remains 
above its glass transition range but below the temperature, 
where crystallization kinetics become pronounced. Because 
of this, the crystallinity gradient between the bottom and top 
layers is expected to be minimal.

For PBAT, the build-plate temperature of 75 °C was 
selected experimentally to ensure reliable first-layer adhe-
sion while preventing excessive softening or deformation. 
PBAT exhibits relatively low crystallinity and has a broad 
softening range; therefore, mild heating is beneficial for 
reducing warpage and internal stresses. The results showed 
that 75 °C provided stable adhesion among layers with-
out causing thermal distortion of the initial layers. In fact, 
PBAT has good thermal stability, and it is known to retain 
its mechanical properties under these conditions [49]. In 

this case, a build plate temperature of 75 °C was sufficient 
to support a good adhesion without excessive softening 
of the first layer. PBAT has also relatively low crystal-
linity and benefits from mild bed heating to minimize 
shrinkage-related warping. In both the cases, the print 
speed was maintained at 50 mm/s with a layer height of 
0.2 mm. Moreover, the 3D-printed samples were produced 
by depositing successive layers with different orientations, 
one at +45° and the other at − 45° for the whole printing 
process, and an infill of 100%. A trial-and-error method 
was employed to optimize the FFF process parameters 
reported in Table 2 for both the polymers investigated, 
and then successfully used to fabricate the 3D-printed 
specimens.

A schematic diagram illustrating the complete process-
ing route, from granulates to extrusion, filaments pro-
duction, and final FFF-printed parts, is shown in Fig. 1, 
providing a clear visual overview of the workflow and 
facilitating understanding of the experimental procedures.

2.4 � Characterization techniques

Thermogravimetric analysis (TGA) was carried out using 
a Mettler-Toledo TGA 851e Instrument (Columbus, OH, 
USA) from 25 °C to 800 °C in air with a flow of 50 mL/
min and a heating rate of 10 °C/min. Three measurements 
for each sample were performed.

DSC was carried out using a Netzsch 214 Polyma 
Equipment (Selb, Germany) from − 50 °C to 200 °C in 
nitrogen atmosphere with a flow of 40 mL/min and a heat-
ing/cooling ramp of 10 °C/min. Three measurements for 
each sample were performed. A first heating cycle was 
used to erase the thermal history of the samples. Then, 
a cooling cycle and a second heating were recorded and 
used to evaluate the thermal transitions of PHBH and 
PBAT. From DSC measurements, it has been possible to 
determine the melting and crystallization temperatures (Tm 
and Tc) and the glass transition temperatures (Tg) of the 
two biopolymers. The midpoint of the total change in heat 

Table 2   Process parameters of 3D-printed via FFF of PHBH and 
PBAT

Printing parameter PHBH PBAT

Extruder temperature/°C 200 185
Build plate temperature/°C 50 75
Print speed/(mm·s–1) 50 50
Fan cooling speed/(r·min–1) 1 050 1 050
Glue Yes No
Layer height/mm 0.2 0.2
Infill/% 100 100
Infill orientation (x/y)/(°) − 45/+45 − 45/+45

Fig. 1   Schematic representation of the processing for PHBH and PBAT: granulate → extrusion → filament → 3D printing via FFF→ printed 
specimens



Additive manufacturing of PHBH and PBAT biopolymers via fused filament fabrication: a comparison…

capacity was designated as the Tg and the peak tempera-
tures as the melting and crystallization point. Moreover, 
the crystallization degree (Xc) of the two biopolymers were 
evaluated by using Eq. (1)

where ΔHm is the melting enthalpy and ΔHcc is the cold 
crystallization enthalpy, both determined from the cooling 
and second heating cycle of the DSC measurements. ΔH0

m
 

is the melting enthalpy of the fully crystalline polymers, i.e., 
115 J/g for PHBH [50], and 114 J/g for PBAT [51].

Dynamic-mechanical analysis (DMA) was carried out 
according to ASTM D4065 at a frequency of 1 Hz from 
0 °C to 200 °C using an Anton Paar MCR 702e Multi Drive 
Rheometer (Graz, Austria) in tensile configuration. Three 
rectangular 3D-printed specimens with 50 mm in length, 
10 mm in width, and 2 mm in thickness were tested.

Tensile testing was conducted to assess both the mechani-
cal strength and stiffness of the materials. These tests were 
carried out following the ISO 527-2 standard for poly-
mer specimens using an Instron® 5989 universal testing 
machine, fitted with a 1 kN load cell. To determine the 
elastic modulus, an Instron 2620-61 extensometer with a 
12.5 mm gauge length was employed. For each material 
type, six dog-bone specimens were analyzed within a strain 
range of 0–0.3%, and the elastic modulus (E) was calculated 
using the “chord modulus” method between strain values 
of 0.05% and 0.25%. The elastic tests were performed at a 
constant strain rate of 0.025 min⁻1. To measure the ultimate 
tensile strength (UTS) and elogation at break (εb), separate 
tensile tests were conducted at a crosshead speed of 5 mm/
min. This tensile test speed was selected based on standard 
testing practices for thermoplastic polymers and previous 

(1)Xc =
ΔHm − ΔHcc

ΔH0
m

× 100 % ,

literature on PHBH and PBAT [52, 53]. This rate provides 
a balance between minimizing strain-rate effects and ensur-
ing accurate measurement of mechanical properties, such 
as elastic modulus and ultimate tensile strength, for both 
filaments and printed specimens. This speed allows reliable 
comparison between the two biopolymers under consistent 
testing conditions. All tests were carried out under con-
trolled environmental conditions, with temperature main-
tained at 20 °C and relative humidity at 50%.

Optical microscopy observations were performed using 
a Leica DMI 5000 M optical microscope (Leica Microsys-
tems, Germany) to qualitatively evaluate the surface mor-
phology and microstructural features of the printed samples, 
allowing the identification of defects, layers adhesion, and 
processing-induced heterogeneities.

3 � Characterization of PHBH and PBAT 
biopolymers

3.1 � Characterization of pellets

Before processing PHBH and PBAT pellets, TGA and DSC 
measurements were carried out to study the thermal degra-
dation behaviour and the thermal transitions of the pristine 
materials to have preliminary indications about their pro-
cessability through filament extruder.

Figures 2 and 3 show the thermogravimetric curves per-
formed in air and their first derivatives for the two biopoly-
mers under investigation, PHBH and PBAT, respectively. 
For clarity, the materials were labelled according to their 
processing stage: PHBH_p and PBAT_p refer to the pel-
lets, PHBH_f and PBAT_f to the extruded filaments, and 
PHBH_3D and PBAT_3D for the specimens manufactured 
by FFF. From the TGA of Fig. 2 performed on the PHBH 
pellets in oxidant atmosphere, it is possible to see that it 

Fig. 2   TG and DTG curves of PHBH: pellet, filament, and printed
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starts to degrade at 274 °C, by means of a single main deg-
radation step showing the maximum peak at 296 °C due to 
the chain scission of the ester bonds [32]. No ash is noted at 
the end of the analysis at 800 °C.

Differently, PBAT presents a degradation behaviour con-
sisting of two main peaks with the maxima at 400 °C and 
527 °C. The first peak is related to the aliphatic segment’s 
degradation, like the butylene adipate units, which tend to 
breakdown at lower temperatures because they are less ther-
mally stable. The second peak at higher temperature can 
be associated to the degradation of the terephthalate units, 
which have higher thermal stability due to the aromatic rings 
[32]. An ash content of zero is found in this case at the end 
of the measurement, as also visible from the data of Table 3.

The DSC analyses were also carried out to determine the 
thermal transitions of the two biopolymers, and evaluate 
how the melting/crystallization behaviour could affect the 
extrusion parameters, in terms of temperature and speed. 
This enables us to optimize the extrusion temperature pro-
file, avoid the polymer degradation, and achieve a filament of 
good quality. Figure 4 shows the DSC curves of the PHBH 
specimens.

The DSC analysis shows that by increasing the tempera-
ture from − 50 °C up to 200 °C, PHBH presents a small 
glass transition visible at − 1 °C and two distinct endotherm 
peaks at 129 °C and 148 °C, reflecting the melting of differ-
ent crystalline regions [50]. During the cooling scan, PHBH 
shows a single exothermic peak corresponding to the tem-
perature of crystallization (Tc). By analysing the enthalpy 
associated with the melting of the biopolymer, it was also 
possible to estimate the degree of crystallization, according 
to Eq. (1). The degree of crystallization of the PHBH pellets 
was estimated to be 44%. All DSC data, obtained analysing 
PHBH pellets, filaments, and 3D-printed parts, are summa-
rized in Table 4.

Figure 5 shows the DSC curves of the PBAT in the form 
of pellet, filament, and printed samples.

Fig. 3   a TG and b DTG curves of PBAT samples: pellet, filament, and printed

Table 3   Thermal data determined by TGA performed in air and 
DTG curves of PHBH and PBAT in the form of pellets, filaments, 
and printed samples

Sample Tonset/°C T50/°C Tmax deg/°C

PHBH_p 268 277 296
PHBH_f 256 282 286
PHBH_3D 231 260 264
PBAT_p 363 400 400
PBAT_f 356 398 400
PBAT_3D 354 397 397

Fig. 4   DSC curves PHBH samples: pellet, filament, and printed via 
FFF



Additive manufacturing of PHBH and PBAT biopolymers via fused filament fabrication: a comparison…

The cooling cycle also reveals the presence of a well-
defined exothermic peak representing the temperature at which 
the polymer chains start organizing into crystalline regions. 
The Tc is found at 44 °C and it plays an important role for 
the PBAT processing. The crystallization degree for PBAT 
calculated is around 15% to underline that PBAT, as semi-
crystalline polymer, has a relatively low degree of crystallin-
ity due to its copolymer structure and the presence of flexible 
segments, as previously shown in Ref. [51]. Table 5 reports 
the DSC values for PBAT in the form of pellet, filament, and 
printed samples.

3.2 � Characterization of filaments

PHBH and PBAT pellets were extruded into filaments via melt 
extrusion using a single-screw laboratory-scale extruder with 
optimized temperature profiles to prevent premature thermal 
degradation and achieve uniform filament diameter, as close 
as possible to 1.75 mm for both the biopolymers. The filament 
fabrication starting from these materials can present challenges 

due to their thermal behavior, rheology, and mechanical prop-
erties. To monitor and control the filament diameter distribu-
tion, we directly evaluated the diameter tolerance during the 
extrusion by using an inline sensor, enabling it to provide real-
time data, take multiple measurements around the filament’s 
circumference, maintain consistent filament quality, and calcu-
late the average diameters and their relative standard deviation. 
The resulting mean and standard deviations were calculated for 
statistical consistency. The filaments’ diameter was measured 
to ensure consistency, print quality, and extrusion performance 
for the future FFF printing process, where the target diameter 
for optimal use was set to be (1.75±0.05) mm [54]. Table 6 
shows the statistical results obtained for PHBH and PBAT fila-
ments obtained via extrusion.

Comparing the results obtained for the two differ-
ent biopolymers, it is possible to see that PHBH filament 
shows more frequent variations probably due to its sensi-
tivity to thermal and shear conditions. The surface quality 
was generally smoother for PBAT filaments. While PHBH 
exhibits the tendency to become brittle upon cooling, PBAT 
retains flexibility, making it more suitable for spool han-
dling and feeding in the FFF 3D printer. The filament pro-
duced using PHBH granules shows an average diameter of 
(1.80±0.05) mm revealing slightly more variability with 
minor inconsistencies with respect to the standard speci-
fication (1.75 mm) probably due to the elastic deformation 
post-die [55, 56]. Whereas the second filament produced 
using PBAT shows a more regular diameter with an average 
of (1.74±0.04) mm, which remains as close as possible to 
the standard 1.75 mm value for FFF.

Table 4   Thermal properties of PHBH determined by DSC in nitrogen

Sample Tm/°C Tg/°C ΔHm/(J·g–1) Tc/°C ΔHcc/(J·g–1) Xc/%

PHBH_p 129/148 − 1 50.60 60 – 44
PHBH_f 123/146 − 2 56.84 48 25.12 28
PHBH_3D 122/142 − 7 48.65 46 33.56 13

Fig. 5   DSC curves PBAT samples: pellets, filament, and printed via 
FFF

Table 5   Thermal properties of PBAT determined by DSC in nitrogen

Sample Tm/°C Tg/°C ΔHm/(J·g–1) Tc/°C Xc/%

PBAT_p 118 − 39 17.50 44 15
PBAT_f 122 − 31 17.12 61 15
PBAT_3D 122 − 32 14.87 59 13

Table 6   Statistical data of the PHBH and PBAT filaments produc-
tion via extrusion

Sample Average/
mm

Median/
mm

Std Dev/
mm

Max/mm Min/mm

PHBH 1.80 1.80 0.05 1.91 1.60
PBAT 1.74 1.75 0.04 1.97 1.50
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These measurements clearly indicate a general consist-
ent extrusion process for both the biopolymers with toler-
ances suitable for standard 3D printing applications via 
FFF. The slight variation observed for PHBH falls within 
acceptable limits, though it suggests the need for careful 
control of the extrusion temperature and puller speed, as 
PHBH is more sensitive to thermal degradation and flow 
instability, as already shown in Ref. [57]. The observed 
consistency in filament diameter for PBAT reflects its 
favorable processing behavior, particularly its thermal 
stability and elasticity. These minor fluctuations can be 
attributed to the elastic deformation occurring during the 
post-extrusion cooling, a well-known behavior in PBAT-
based filaments [56]. These results suggest that PBAT 
can be reliably processed into filament form with minimal 
deviation from FFF requirements.

The thermal properties of the two produced thermoplastic 
filaments were also investigated by means of TGA and DSC 
analyses to understand if the thermal characteristics of the 
biodegradable materials were altered during the extrusion 
process, which helps to select the optimal printing process 
parameters via FFF. The TGA and DSC curves of the two 
filaments fabricated via extrusion are shown in Figs. 2, 4 
for PHBH and Figs. 3, 5 for PBAT filaments respectively. 
Looking at the TG and DTG curves in Fig. 2, which are 
representative of the PHBH filament, it can be seen that the 
polymer in the form of filament begins to degrade at 256 °C 
and decomposes in a single step, with the maximum degra-
dation temperature peaking at 286 °C, 10 °C lower than that 
of the corresponding PHBH pellet (see Table 3). This can 
be probably due to the high sensitivity of the biopolymer to 
thermal degradation during the extrusion process [57]. The 
filament, produced starting from PBAT pellets, shows two 
main degradation steps corresponding to the breakdown of 
the butylene adipate units at 400 °C, followed by the deg-
radation of the aromatic terephthalate units at 514 °C. The 
slight 13 °C temperature shift of the second degradation 
peak is indicative of minor changes in the thermal behaviour 
of the polymer, including its crystallization that occur during 
the extrusion processing [58].

This result was confirmed by DSC analyses performed 
in nitrogen on the two different biopolymers, as reported 
in Fig. 4 for PHBH and Fig. 5 for PBAT, respectively. The 
DSC curves of the PHBH filament clearly indicate that the 
filament production via extrusion led to a slight shift of Tm 
values towards lower temperatures depending on molecular 
weight changes due to thermal degradation occurring during 
the extrusion, as visible from the data of Table 3. Moreover, 
it is possible to observe the presence of an exothermic peak 
at 48 °C due to tendency of the semi-crystalline polymer to 
crystallize during the second heating cycle before to melt, 
producing a cold crystallization peak due to the crystalliza-
tion of amorphous regions, as already seen for the pellets. 

A decrease of Tc value from 60 °C for the pellet to 48 °C for 
the filament is also accompanied by a significant decrease 
of the degree of crystallinity from 44% to 28%, as reported 
in Table 4.

This behaviour can be caused by a fast-cooling rate during 
the filament formation, which can negatively affect the crys-
tallinity. On the contrary, for PBAT it is possible to observe 
from the DSC curves of Fig. 5 that the Tm remains gener-
ally stable while there is an increase in the Tc value from 
44 °C to 61 °C to underline that extrusion can significantly 
alter the molecular orientation of PBAT and often induce 
the polymeric chains alignment. The crystallinity remains 
unchanged at 15%. PBAT also shows a slight reduction of 
the Tg value from − 39 °C for the pellet to − 31 °C for the 
filament because the new orientation can restrict the chain 
mobility, requiring more thermal energy to reach the glass 
transition. The DSC results of PBAT filament are reported 
in Table 5.

3.3 � Characterization of printed samples

The two filaments obtained via extrusion using PHBH and 
PBAT were successfully employed to fabricate several 
3D-printed parts via FFF, starting from simple geometries 
such as rectangular bars and dog-bone-shaped specimens, 
which were mainly used to set the optimal printing param-
eters and for the characterization, up to the fabrication of 
more complex structures.

The rectangular bars were used to compare the effect 
of the printing process within the FFF 3D printer on the 
PHBH and PBAT thermal and viscoelastic properties. The 
dog-bone specimens were tested to assess the differences 
of the mechanical behaviours of the two different biopoly-
mers. By comparing the TG curves of the filaments and the 
printed parts of Fig. 1, it is possible to observe that the red 
and blue curves have the same behaviour indicating that the 
printing process performed via FFF does not have signifi-
cant effect on the thermal stability of PHBH. The main deg-
radation peaks are centred at 286 °C for the PHBH-based 
samples and 397 °C for the PBAT-based ones, which are 
almost superimposable on the maximum peaks of degrada-
tion temperatures of the filaments.

All TGA data collected in Table 3 reveal a progressive 
decrease in the thermal stability of PHBH as the material 
undergoes filament extrusion and subsequent 3D printing. 
PHBH pellets exhibit the highest thermal stability, with an 
onset degradation temperature (Tonset) of 268 °C. After fila-
ment extrusion, Tonset decreases to 256 °C, indicating mod-
erate thermal degradation induced by melt processing. A 
more pronounced reduction in thermal stability is observed 
for the 3D-printed samples, which show a Tonset of 231 °C. 
This behaviour suggests cumulative thermo-mechanical 
degradation during the multiple heating cycles associated 
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with filament extrusion and fused filament fabrication. The 
decrease in Tonset and Tmax deg is consistent with chain scis-
sion phenomena, leading to reduced molecular weight and 
lower resistance to thermal degradation, as already reported 
in Ref. [57]. Moreover, all samples display a single main 
degradation step and negligible residue at 800 °C, con-
firming the absence of inorganic fillers or thermally stable 
additives and indicating that degradation proceeds primar-
ily through volatilization of organic components. Despite 
the observed decrease in thermal stability, the degradation 
onset temperatures remain well above the printing tempera-
ture range, confirming the suitability of PHBH for fused 
filament fabrication under controlled conditions [57]. In con-
trast, PBAT exhibits considerably higher thermal stability 
than PHBH, with onset degradation temperatures of 363 °C, 
356 °C, and 354 °C for pellets, filament, and 3D-printed 
states, respectively. The corresponding maximum degrada-
tion temperature values remain close to 400 °C across all 
processing states. PBAT has higher thermal stability than 
PHBH and is less sensitive to filament extrusion and 3D 
printing reflecting superior resistance to processing-induced 
thermo-mechanical degradation. This larger thermal window 
makes it more robust to variations in processing parameters, 
which is consistent with previous findings [58].

Furthermore, some effects of the printing processing on 
the PHBH and PBAT are visible on the thermal transitions 
of the printed specimens of the two biopolymers, as evident 
from the DSC curves of Fig. 4 for PHBH and Fig. 5 for 
PBAT, respectively.

Looking at the green DSC curves of the PHBH-based 
samples shown in Fig. 4, it is possible to observe that Tm 
and Tc are located at almost the same temperature as those of 
the filament. On the contrary, the DSC thermogram acquired 
during the second heating reveals a slight decrease of the Tg 
value from − 2 °C to − 7 °C and the appearance of a cold 
crystallization peak located at 50 °C, which clearly indicates 
that PHBH is not fully crystallized during the cooling phase 
of the FFF process. This means that the crystallization is 
incomplete during the printing process with residual amor-
phous regions crystallizing upon reheating giving rise to a 
cold crystallization phenomenon [56]. The polymer chains 
did not arrange themselves into a fully crystalline structure 
during the printing process, probably due to fast cooling 
after extrusion, insufficient time for crystalline domains to 
form, or the molecular mobility being too low, as also sug-
gested by the decrease in Tg. This implies that a significant 
fraction of the polymer remained in the amorphous state 
after extrusion. This finding was also confirmed by the sig-
nificant reduction in the degree of crystallization, which 
shifted from 28% for the PHBH filament before the print-
ing to 13% for the sample printed via FFF, as reported in 
Table 4.

The DSC thermogram of the PBAT-based specimens 
reported in Fig. 5 (see blue curve) does not show significa-
tive changes with respect to the heating and cooling curves 
of the filament. This result suggests that the PBAT can crys-
tallize during the cooling phase of the FFF process. Unlike 
PHBH, PBAT has probably enough time and mobility to 
form fully crystalline regions. As a result, PBAT reaches 
a higher degree of crystallinity during printing, reducing 
the need for further structural rearrangement upon thermal 
analysis, as shown in Table 4. In this case, the degree of 
crystallinity of the biopolymer remains almost the same 
before and after the printing process (15%–13%).

3.4 � Thermo‑mechanical and mechanical properties 
of 3D‑printed parts realized via FFF

The viscoelastic properties of the 3D-printed samples 
obtained via FFF using PHBH and PBAT biopolymers were 
also determined by means of DMA analyses to have indi-
cation about their storage modulus and estimate the glass 
transition temperature as the maximum of tanδ curves in 
function of the increasing temperature. Figure 6 presents 
the plots of the extensional storage moduli and tanδ curves 
for PHBH and PBAT.

The results obtained from DMA evaluated at 25  °C 
clearly indicate that the PHBH-based specimens tend to 
be more rigid (E′= 1 037 MPa) due to its semi-crystalline 
nature and relatively high glass transition temperature 
(14 °C) compared with the PBAT-based samples which are 
more flexible and ductile with a value of storage modulus 
of 56 MPa.

In fact, PBAT has a much lower Tg (− 25 °C), so it is 
already in a rubbery state at room temperature, and this con-
fers it greater flexibility and elongation under stress with 
respect to PHBH. Instead, once above Tg, PHBH rapidly 
loses stiffness and becomes much more compliant. Table 7 
shows the tanδ values and the extensional storage and loss 
moduli of the rectangular samples obtained by FFF using the 
two biopolymers. As well-known from literature, the glass 
transition temperature of PHBH and PBAT differs depending 
on the measurement technique due to the different physical 
phenomena probed by DSC and DMA [59, 60]. The lower Tg 
obtained by DSC (− 7 °C for PHBH and − 32 °C for PBAT) 
reflects the calorimetric glass transition due to changes 
in heat capacity, associated with the onset of cooperative 
segmental mobility in the amorphous phase under quasi-
static thermal conditions. The higher Tg measured by DMA 
(14 °C for PHBH and − 25 °C for PBAT) corresponds to the 
onset of mechanical softening under dynamic loading. In 
fact, DMA measures Tg as the temperature at which a pro-
nounced decrease in storage modulus and a peak in tanδ are 
observed, reflecting the onset of mechanical relaxation under 
an applied oscillatory deformation. Because DMA probes 
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time-dependent viscoelastic behaviour at a finite frequency, 
the apparent Tg is shifted to higher temperatures [59, 60]. 
Consequently, the storage moduli were evaluated at 25 °C, 
and these were significantly lower than the values in the 
glassy state but remained finite due to the presence of crys-
talline domains acting as physical crosslinks. The storage 
modulus values, measured for both the biopolymers at room 
temperature, reflect a balance between increased molecular 
mobility in the amorphous phase and reinforcement pro-
vided by the crystalline phase (see Table 7).

Since the service temperature exceeds Tg, detected from 
DMA, the storage modulus is governed primarily by viscoe-
lastic chain dynamics rather than glassy stiffness, making 
it representative of the material’s in-service load-bearing 
capability.

This trend was confirmed by the tensile properties of 
the 3D-printed specimens obtained via FFF evaluated by 

means of tensile testing. Table 8 listed the results obtained 
for PHBH and PBAT dog bone-shaped specimens.

PHBH shows a relatively stiff behaviour for a biodegrad-
able polyester showing an elastic modulus of 842 MPa, a 
tensile strength of 12 MPa and a moderate elongation at 
break of 5.0%. PHBH exhibits good mechanical properties 
suitable for various industrial applications, as it typically has 
a high elastic modulus, making it more rigid and structurally 
stable under low loads [52]. Understanding these mechanical 
properties is crucial for selecting PHBH for specific applica-
tions, for example, structural components for applications 
requiring higher strength are not compatible with the PHBH 
tensile strength, which can represent a limiting factor [50]. A 
completely different mechanical behaviour can be observed 
for PBAT 3D-printed specimens. The elastic modulus value 
is very low, about 61 MPa, reflecting a very flexible material, 
while the elongation at break is higher than 1 000%, mak-
ing PBAT very ductile and rubbery, as indicated in Table 8. 
These properties highlight PBAT’s flexibility and ductility, 
making it suitable for applications requiring high flexibility 
and elongation [53]. This behaviour can be explained con-
sidering that during the extrusion process and the follow-
ing 3D printing process via FFF, PBAT undergoes several 
changes in terms of reduction of molecular weight, thermal 
degradation, and crystallinity that potentially affect the final 
mechanical properties. These key factors can result in a low 
tensile strength and very high elongation at break [56].

3.5 � 3D‑printed parts realized via FFF

Based on the findings coming from thermal and thermo-
mechanical analyses, more complex parts were 3D-printed 
via FFF using the PHBH and PBAT filaments to realize 
demonstrators for possible applications in biomedical fields. 
Figure 7 displays different views of two different examples 

Fig. 6   DMA curves of a PHBH and b PBAT 3D-printed parts realized by FFF

Table 7   Viscoelastic properties of PHBH and PBAT 3D-printed 
specimens evaluated at 25 °C

Sample Storage modulus/
MPa

Loss modulus/
MPa

T tanδ max/°C

PHBH 1 037 81 14
PBAT 56 2 − 25

Table 8   Mechanical properties of PHBH and PBAT 3D-printed 
specimens

Sample Elastic modulus/MPa Ultimate tensile 
strength/MPa

Elongation at 
brake/%

PHBH 842 ± 99 12 ± 1 5.0 ± 0.5
PBAT 61 ± 10 11 ± 1 1 030 ± 101
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of printed specimens fabricated by FFF using PHBH as 
starting biopolymer. The pictures of Figs. 7a, b show a regu-
lar cubic-shaped lattice realized with 30 mm in x, y, and z 
printing directions, whereas Figs. 7c, d report the images of 
a strut-shaped structure characterized by an intricate internal 
pattern made of repetitive square unit cells. The dimensions 
for this designed component were 30 mm in x and z direc-
tions, and 20 mm in y direction.

The component exhibits little printing defects due to both 
intrinsic material properties and process parameters, such as 
a lower interlayer adhesion probably due to the semi-crys-
talline nature of PHBH, which can hinder the appropriate 
adhesion between two consecutive layers of polymer leading 
to delamination, as observed in some regions of the printed 
structure. These defects are clearly visible in the optical 
microscopy images of a PHBH complex lattice structure 
printed via FFF (see Fig. 8).

Observations via optical microscopy reveal semi-trans-
parent films and thin polymer filaments spanning pores and 
lattice openings, especially within square cells and between 
struts; such morphologies are typical of inadequate melt 
retraction, low melt viscosity, and low melt rigidity, as 
illustrated in Figs. 8b, c. Surface thin membranes are typi-
cal in lattice structures close to overhangs without supports 
and bridging regions between two consecutive points. Such 
defects occur when the material in the molten state cannot 

adequately support its own weight or solidify fast enough 
probably due to insufficient retraction settings and the mate-
rial’s relatively low melt stiffness, resulting in the formation 
of little surface imperfections. Additionally, a detailed view 
of filament deposition revealing some minor surface irregu-
larities is reported in Fig. 8d, while no significant interlayer 
delamination or macroscopic defects are evident, indicating 
an overall good print quality.

The same parts printed via FFF for PHBH were obtained 
by using the PBAT filament, as shown in Fig. 9. The cubic 
lattice of Figs. 9a, b and the strut-shaped structure illustrated 
in Figs. 9c, d evidence a very high printing resolution and 
dimensional accuracy considering their architectures very 
challenging to print. The smooth and well-bonded surface 
suggests that the layers of the PBAT-based specimens are 
strongly adhered to realize the lattice shapes.

In this case, the PBAT-based complex geometries real-
ized via FFF present a higher surface definition and level 
of details, not evidencing the defects previously discussed 
for the PHBH-based lattice structures. Figure 10 represents 
a macroscopic view of the same lattice structure and some 
microscopic details.

The macroscopic geometry of the lattice is well preserved 
for PBAT, and the pores exhibit a regular shape with uni-
form dimensions. The magnified view of the lattice pores of 
Fig. 10b highlights a uniform cell morphology, well-defined 

Fig. 7   Different views of two complex 3D-printed parts realized by FFF using PHBH
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cell structure, and more regular pore architecture. At higher 
magnification, limited filament stringing can be observed 
inside some lattice cells, appearing as thin polymer filaments 
spanning across the pores (see Fig. 10c). These features are 
localized in some points and do not significantly obstruct the 
pore openings. No pronounced interlayer delamination, pore 
collapse, or severe surface roughness is detected, indicating 
effective interlayer bonding and stable filament deposition 
during printing. The minor stringing observed can be likely 
related to melt flow behavior and retraction dynamics during 
deposition, but its limited extent suggests that the selected 
processing parameters are generally suitable for PBAT-based 
materials.

A comparative analysis of the printed components high-
lights distinct defect characteristics between PHBH and 
PBAT, primarily related to their different thermal behaviors. 

PHBH-based samples exhibit a higher tendency toward 
printing defects, including filament stringing, thin surface 
membranes in lattice pores, and occasional bridging sag-
ging. These features can be mainly attributed to the semi-
crystalline nature of PHBH, which can limit the interlayer 
adhesion and reduce melt strength during the deposition. In 
contrast, PBAT-based samples display overall smoother fila-
ment deposition and more regular lattice cells, with minor 
and localized filament stringing. No interlayer delamination 
or pore deformation is detected in PBAT prints, indicating 
a more stable melt behavior and effective layer bonding 
under the selected processing conditions. Overall, while 
both materials can be successfully processed via FFF using 
optimized printing parameters, PHBH shows a higher sensi-
tivity to processing conditions that can be further improved, 

Fig. 8   a Macroscopic view of a PHBH printed lattice structure, b thin surface membranes and filament webbing, c stringing and bridging sag-
ging between lattice struts, d detail of filament deposition and surface irregularities



Additive manufacturing of PHBH and PBAT biopolymers via fused filament fabrication: a comparison…

whereas PBAT demonstrates greater robustness in terms of 
print quality and defect minimization [56–58].

Moreover, the PBAT-based specimens are more flex-
ible with respect to the previous ones, underlining the 

Fig. 9   Different views of two complex 3D-printed parts realized by FFF using PBAT

Fig. 10   a Macroscopic view of a PBAT printed lattice structure, b magnified view of lattice pore morphology, and c detail of minor filament 
stringing inside lattice cells
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great difference between the two biopolymers in terms of 
mechanical performances due to their completely different 
chemical compositions. These complex geometries could 
be printed via FFF and suggested for possible applica-
tions in the biomedical field as eco-friendly choices for 
tissue engineering and implantable devices and scaffolds 
due to the biocompatibility and biodegradability of the 
two biopolymers investigated. However, the PHBH printed 
lattice structures seem to be better suited to provide higher 
mechanical support for scaffold applications, as their 
rigidity is greater than that of PBAT, which in contrast, 
fits applications where high flexibility is strictly required.

4 � Conclusions

This work systematically evaluated the thermal and thermo-
mechanical behaviour of PHBH and PBAT biopolymers 
across all the main stages of an FFF processing, from the 
characterization of the commercial pellets to extruded fila-
ments production up to the 3D-printed parts realization.

The dimensional analysis of the extruded filaments con-
firms that both biopolymers can be successfully processed 
into filaments with small diameter tolerances, ensuring reli-
able feeding and good print quality for FFF printing sys-
tems. The statistical consistency of both filaments’ diam-
eters, coupled with the successful fabrication of standardized 
test specimens and more complex geometries, underlines 
the good processability of both biopolymers using extru-
sion and FFF equipment. Several printed specimens were 
realized via FFF after optimization of the printing param-
eters. The results demonstrate that both PHBH and PBAT 
can be successfully processed from pellets to printed parts 
via FFF, even if each stage of processing induces predict-
able changes to their thermal behaviour and, consequently, 
of their mechanical properties. PHBH’s thermal stability 
decreases progressively from pellet to filament extrusion up 
to 3D printing, as evidenced by the reduction in degradation 
temperature of around 30 °C. This trend is accompanied by 
a stable melting peak and decrease of crystallinity degree 
during the different phases. PHBH retains high stiffness 
and strength but remains brittle, limiting its use to applica-
tions where rigidity is prioritized over flexibility. In contrast, 
PBAT maintains high thermal stability throughout process-
ing, with only minor reductions in degradation onset and 
melting peak temperature values. The mechanical profile of 
PBAT, with low elastic modulus, moderate strength, and 
very high elongation at break, makes it ideal for applica-
tions requiring high flexibility, such as soft components for 
biomedical field or packaging. Mechanical testing of FFF 
dog-bone 3D-printed specimens highlighted the contrasting 
mechanical profiles of the two biopolymers. PHBH dem-
onstrated a high elastic modulus (842 MPa) and modest 

tensile strength (12 MPa), but limited ductility (5% elonga-
tion at break), consistent with its semicrystalline structure 
and higher degree of crystallinity. PBAT, on the other hand, 
exhibited a much lower elastic modulus (61 MPa) but excep-
tional ductility (1 030% elongation at break), with a tensile 
strength (11 MPa) comparable to PHBH. These findings 
highlight that PHBH offers higher stiffness and strength, 
with stable crystallinity and melting behaviour through 
processing, but its thermal stability decreases after extru-
sion and printing. On the contrary, PBAT exhibits superior 
thermal stability and exceptional ductility in the printed 
state, despite a notable reduction in crystallinity during 
filament extrusion. Its mechanical flexibility and moderate 
strength make it suitable for applications where flexibility is 
strictly required. However, both biopolymers can be reliably 
processed into filaments with low dimensional variability, 
supporting their proficiently application in FFF 3D printing 
technology.

Overall, the study provides a clear comparative frame-
work for selecting PHBH or PBAT based on the required 
balance of stiffness, strength, and ductility in FFF printed 
components. The detailed thermal and thermo-mechanical 
characterization offers valuable guidance for optimizing 
process parameters and predicting end-use performance of 
PHBH and PBAT at each processing step, from pellets to 
printed specimens enabling an exhaustive understanding of 
how processing can influence the material final properties 
and, as result, their possible industrial applications.
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