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The effects of processing parameters on mechanical properties of 3D-printed
polyhydroxyalkanoates parts
Juan Ivorra-Martinez , Miguel Ángel Peydro , Jaume Gomez-Caturla , Lourdes Sanchez-Nacher,
Teodomiro Boronat and Rafael Balart

Institute of Materials Technology (ITM), Universitat Politècnica de València (UPV), Alcoy, Spain

ABSTRACT
The crystallisation process of polyhydroxyalkanoates (PHA) polymers plays a key role on final
properties of manufactured parts due to most PHA are highly sensitive to physical aging which
leads to embrittlement. The secondary crystallisation associated with the aging process can be
partially controlled by the cooling process during manufacturing or, even, by heat treatments
such as annealing. A critical parameter in additive manufacturing is the difficulty to achieve
good adhesion of the material to the printing bed. The bed temperature plays a key role on
PHBH crystallisation, which leads to shrinkage having a negative effect on polymer-to-bed
adhesion. In this work, a study of the effect of different processing parameters such as the
printing temperature, the bed temperature, the cooling conditions, as well as raster direction on
the final properties of PHBH 3D-printed parts is carried out.
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1. Introduction

The idea of 3D printing was developed by Charles Hull in
the 1980s through the development of the first stereo
lithography apparatus (SLA) printer (Hull 1998). It was
not until 1989 when Scott Crump developed the fused
deposition modelling (FDM) technology (Crump 1989;
Gardan 2019). Since then, the use of additive manufactur-
ing techniques has become particularly important, and
their use is set to lead to the next industrial revolution
(Singh and Jonnalagadda 2020). The principle of oper-
ation of FDM technology is focused mainly on thermo-
plastic polymers. Among the different FDM techniques,
the Fused Filament Fabrication (FFF) is the most
common. In this case, a prefabricated filament is
extruded through the nozzle by a roller-based extruder
that pushes the filament into the heating zone (Singh
et al. 2020). As an alternative to filament printers, some
FDM machines replace the roller-based extruder by a
single-screw extruder that feeds the nozzle thus allowing
direct 3D printing with pellets. By applying heat and
shear, pellets are melted progressively along the screw
to achieve a homogeneous melt that can feed the
nozzle to give 3D-printed parts (Gonzalez-Gutierrez
et al. 2018; Liu et al. 2019; Singamneni et al. 2018).

Heating polymers above their characteristic melting
temperatures (Tm, for semicrystalline polymers), or

above their glass transition temperature (Tg, for amor-
phous polymers) allows the polymer to flow through a
nozzle. In this way, the fused material is deposited in a
controlled way following a selected pattern. The
process allows the stacking of layers to finally achieve
the desired geometry. By using this technique, it is poss-
ible to generate complex shapes without using complex
and high-cost equipment (Gonzalez-Gutierrez et al.
2018). Some of the most commonly used materials in
FDM are poly(lactic acid) (PLA) and poly (acrylonitrile–
butadiene-styrene) (ABS) (Solomon, Sevvel, and Gunase-
karan 2020). While ABS is an amorphous petroleum-
derived copolymer with good impact resistance, PLA
can be obtained from renewable resources and it is
easier to print (Rodríguez-Panes, Claver, and Camacho
2018; Bermudez et al. 2021). Among the different thermo-
plastics currently available on the market, it is worthy to
note the increasing use of polyhydroxyalkanoates (PHA)
which have been proposed as the bioplastics of the
future. PHA include a wide family of polymers that are
accumulated in the cells of some microorganisms in a
controlled environment of a carbon source such as food
industry wastes (Anjum et al. 2016; Kovalcik 2021). As
PLA, PHA are biopolymers that can be disintegrated in
compost soil which made them an interesting solution
for the manufacturing of single use products like
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packaging. Also they are biocompatible and resorbable
which give a great potential for the manufacture of
medical devices so they can be introduced inside the
human body and eliminated due to they are bioabsorb-
ible or resorbable (Diederichs et al. 2019; Kovalcik 2021).
Additionally, the introduction of additive manufacturing
techniques in medicine is gaining special interest due to
the possibility of manufacturing medical customised
devices to the special needs of each patient (Kumar,
Kumar, and Chohan 2021).

Currently, it is possible to find a wide number of
materials based on PLA. Even more, some recent develop-
ments offer a full PHA filament for 3D-printing (allPHA by
colorFabb). Nevertheless, PHA was usually blended (up to
20–25%) with PLA to enhance good processability to tailor
the desired properties (Menčík et al. 2018; Relinque et al.
2019; Kovalcik 2021). Kovakcik et al. showed that poly(3-
hydroxybutyrate) (PHB) or poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) can undergo degradation
during hot-melt processing, since their working tempera-
ture is very close to the degradation temperature making
it difficult to obtain the corresponding filament. However,
they concluded that poly(3-hydroxybutyrate-co-3-hydro-
xyhexanoate) (PHBH) has less degradation during proces-
sing and, therefore, PHBH is a good candidate to obtain
filaments for 3D-printing (Kovalcik et al. 2020). In spite of
the fact that PHBH is less sensitive to thermal degradation
during processing compared to other PHA, it stills suffers
more degradation than PLA. Consequently, the use of a
pellet printer avoids one thermal cycle required to
obtain filaments from pellets. Another advantage of
using extrusion-based 3D printer is the possibility of
working with continuous fibre as a reinforcement, which
widens the potential of these technologies in engineering
applications, since long fibre polymer reinforced parts, can
be obtained by additivemanufacturing (Liu et al. 2020; Liu,
Xiong, and Zhou 2021; Pappas et al. 2021). Another way
that has been investigated to obtain PHA parts by additive
manufacturing is the use of selective laser sintering tech-
niques which are very helpful to obtain accurate geome-
tries (Pereira et al. 2012).

One of the main problems in 3D-printing is the possi-
bility of warping due to the shrinkage suffered by the
material during cooling. To avoid this, a heated bed can
help to avoid undesired deformations due to detachment
of the first layer. Additionally, an enclosed 3D-printer
allows a more homogeneous cooling, which is key for
some materials such as ABS. Other parameters like the
surface on which the material is deposited, the use of
adhesives, or adhesion enhancement methods such as
raft, skirt or brim can help to improve adhesion (Menčík
et al. 2018; Singh 2018; Morales et al. 2021). In addition
to the cooling conditions, shrinkage also occurs in

semicrystalline polymers during crystallisation, with the
subsequent negative effect on debonding or warping
defects (Spoerk, Holzer, and Gonzalez-Gutierrez 2020).

Depending on the conditions under the crystallisation of
PHA takes place, differences in the degree of crystallinity of
the material can be obtained. Therefore, the properties of
PHA are highly influenced by the cooling conditions
(Kabe et al. 2012, 2015). Furthermore, PHBH is a medium-
chain length PHA (mcl-PHA), which results in a more
flexible behaviour compared to PHB. On the other hand,
PHA suffers physical aging at room temperature due to sec-
ondary crystallisation which leads to embrittlement
(Laycock et al. 2014; Ivorra-Martinez et al. 2020b). Consider-
ing this, the thermal treatments after the processing play
an important role. Annealing is a very usual applied
thermal treatment on semicrystalline polymers subjected
to rapid cooling. Annealing is a very useful tool to tailor
the final properties of the material due to the different
degree of crystallinity obtained, depending on time and
temperature (Cherpinski et al. 2017; Yeo et al. 2018).

This research aims to assess the effects of themain pro-
cessing parameters of a 3D-printing process using PHBH
pellets instead of filament to prevent polymer from
degradation. More specifically, the effect of the nozzle
temperature in the 175–185°C range, the bed tempera-
ture in the 60–80°C range and the layer fan cooling acti-
vation, on mechanical properties and 3D-printability of
PHBH is studied. In addition, the raster angle (transversal
and longitudinal) was also evaluated. The study of a PHA
in additive manufacturing is interesting for the develop-
ment of medical devices. Nowadays the development of
medical devices that can be resorbable and adapted to
the special needs of the patient is gaining special atten-
tion. Until now, the number of studies in which a PHA is
employed without blending with other polymers is very
limited and the effect of the working parameters in addi-
tive manufacturing has not been assessed.

2. Materials and methods

2.1 Materials

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH)
grade PH110 from Ercros S.A. (Barcelona, Spain) with a
melt flow index (MFI) of 1 g/10 min (ISO 1133-2 at 160°
C and 2.16 kg) and a melting temperature of 124°C was
used in pellet form. To avoid hydrolysis, PHBH pellets
were dried 6 h at 80°C to remove residual moisture.

2.2 3D-printing with PHBH pellets

The tensile test samples were manufactured in a 3D
printer Tumaker equipped with a single-screw extruder
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to work directly with pellets. This is a side-wall enclosed
unit with external dimensions of 450 × 410 × 410 mm3

and a printing volume of 270 × 190 × 200 mm3. The
printing process was carried out at a controlled room
temperature range between 23 and 25°C. 3DLAC
adhesive spray (San Cristóbal de Entreviñas, Spain) was
used as an adhesive to ensure correct adhesion of the
polymer to the glass bed. The gcode generation was
made using Simplify3D 4.1 (Cincinnati, United States)
following the conditions provided in Table 1.

The temperatures employed for the manufacture of
the samples were chosen according to the observed
working range stablished by an iterative process in
which, different temperatures were tested until a good
first layer adhesion was obtained in a range from 60°C
to 80°C. The proper rotation of the screw was obtained
in the 170°C–185°C range. A deeper explanation of the
process followed to obtain the working parameters has
been done in ‘Section 3.4 Printability of PHBH’ and con-
sidering the results obtained in ‘Section 3.3 Thermal
characterisation of PHBH’. Regarding the cooling
process of the 3D-printed samples, a 5015-fan working
at 3500 rpm was assembled next to the hot end
(100%-layer fan activation) that produced an air flow
directly to 3D-printed sample to increase the cooling
rate of the melted deposited polymer.

The flow calibration was performed iteratively. To
obtain the extruder steps per millimetre, different tests
were carried out initially by using different values. A
single wall cube was 3D-printed, and the wall thickness
was measured with a micrometer. The steps were cali-
brated, when a line width of 0.8 mm was reached. A
Tesa Technology (Renens, Switzerland) micrometer
with a measuring range of 0–25 mm and a precision of
0.01 mm was used for the measurement.

The designation of the samples was made according
to the following criteria: Heat zone 1/Bed temperature.
The samples with a longitudinal pattern (raster direction
aligned with the applied axial loading direction in tensile
test) were designated with L, and those with a transverse
pattern (raster direction perpendicular to the applied

axial loading direction in tensile test) were designated
with T. Additionally, different combinations were ana-
lysed with regard to the fan: one consisting on switching
the fan on for 100% layers from the second printed layer
(F), and another one consisting on switched off fan (NF).
Table 2 summarises the main varying parameters for 3D-
printing with PHBH.

Due to the influence of temperature on the recrystal-
lisation process, in order to consider the same conditions
in all cases, the specimens were processed individually.
After ending the 3D-printing process, specimens were
left inside the printer until the bed temperature
reached room temperature.

2.3 Mechanical properties

Tensile tests samples were 3D-printed and tested accord-
ing to ISO 527 after a 14-day aging period at room temp-
erature, since these properties are more representative
for the long-term behaviour of PHA as reported in litera-
ture (Xu et al. 2018). For this purpose, an ELIB 30 universal
testing machine from Ibertest (Madrid, Spain) equipped
with a 5 kN load cell was used. Each measurement was
performed 5 times to obtain an average of the main
tensile parameters and the corresponding standard devi-
ation. ANOVA statistical analysis was carried out using
Statgraphics 18 (The Plains, USA).

2.4 Infrared spectroscopy characterisation

Chemical structure analysis was performed by ATR-FTIR
(attenuated total reflection-Fourier transform infrared).
The analyses were carried out with a Vector 22 from
Bruker S.A. (Madrid, Spain) to which the ATR accessory
was supplied by PIKE Technologies (Madison, USA).
Ten measurements with a precision of 4 cm−1 and a
range of 4000–700 cm−1 were performed.

2.5 Fracture morphology

Images of the tensile test specimens fractured surface
morphology were taken by means of ZEISS ULTRA 55
microscope from Oxford Instruments (Abingdon, UK)
with an acceleration voltage of 2 kV. Prior to collecting
the images, a sputtering process was performed with
gold-palladium alloy in a SC7620 sputter coater from
Quorum Technologies Ltd. (East Sussex, UK).

Table 1. Printing parameters used for gcode generation of
PHBH 3D-printed materials.

Value Unit

Layer height 0.4 mm
Initial layer speed 8 mm/s
Nominal speed 12 mm/s
Layer fan 100 (layer 2) or 0 %
Brim 4 (layer 1) mm
Nozzle 0.8 mm
Line width 0.8 mm
Wall line count 0 –
Infill 100 %
Raster direction 0 or 90 °

Table 2. Printing conditions used for 3D-printing PHBH-based
materials.
Nozzle temperature or
hotend (°C)

Bed temperature or heat
bed (°C)

Stepper motor
(steps/ mm)

175, 180 or 185 60,70 or 80 300

VIRTUAL AND PHYSICAL PROTOTYPING 3



2.6 Thermal properties

Differential scanning calorimetry (DSC) was used to
assess the thermal properties of PHBH and, conse-
quently, to establish the working temperatures. The
main thermal parameters, namely the glass transition
temperature (Tg), the melt peak temperature (Tm), the
melting enthalpy (ΔHm), and the degree of crystallinity
χc (%) were obtained from the corresponding DSC runs.
The degree of crystallinity was calculated with equation
1 where DH0

m is the melt enthalpy of a theoretically
fully crystalline sample of PHBH, which was considered
as 146 J/g as reported in literature (Mahmood et al.
2020), and DH0

m is the obtained melt enthalpy for PHBH.

xc(%) = DHm

DH0
m
· 100 (1)

DSC runs were performed in a DSC Mettler-Toledo
Inc. (Schwerzenbach, Switzerland) under a nitrogen
atmosphere (66 mL/min) using a sample weight
between 5 and 7.5 mg. The dynamic DSC run was per-
formed from −50°C to 200°C at 10°C min−1 to measure
the thermal properties of the samples after the aging.

Thermogravimetric analysis (TGA) was carried out in a
Mettler-Toledo TGA/SDTA 851 (Schwerzenbach, Switzer-
land) thermobalance. An average weight of 5–7 mg
sample placed into an alumina pan with a total volume
of 70 µL, was employed for the test. The dynamic temp-
erature sweepwas scheduled from30°C to 700°C at a con-
stant heating rate of 20°C min−1 in nitrogen atmosphere.

3. Results and discussions

3.1 Mechanical properties of the PHBH 3D-
printed parts

The mechanical properties of the 3D-printed specimens
for tensile tests with the different processing par-
ameters cooled with the layer fan are gathered in
Table 3 (transversal raster) and Table 4 (longitudinal
raster), while the tensile properties of 3D-printed

specimens cooled down without the fan are described
in Tables 5 and 6 shows the results obtained for those
samples cooled without the layer fan. Due to the large
amount of data obtained, an ANOVA statistical study
was used to determine the differences that arise
depending on the selected parameters presented in
Figures 1 and 2, respectively.

The ANOVA analysis of the obtained results shows that
someparameters have amarked influence (bars above the
red line) on the different tensile properties of the 3D-
printed samples. Regarding the tensile strength, the
raster has a highly remarkable influence. In this case, the
best results were obtained in those parameters in which
the raster was aligned (L) with the axial load applied
during the tensile test. The tensile strength showed
lower values for specimens obtained using a transverse
pattern (T), since the strength was transferred between
adjacent beads. These results agree with those reported
by Rajpurohit et al. (2018). They concluded that the frac-
ture in a 3D-printed specimen is related to the separation
of the interface of the beams when the other patterns is
perpendicular to that of the applied load. This phenom-
enon is common when characterising samples obtained
by 3D-printing, resulting in anisotropy and therefore, the
mechanical properties are highly dependent on the
selected orientation (Dudescu and Racz 2017; Dizon
et al. 2018; Ayatollahi et al. 2020; Dave et al. 2021).

Table 3. Summary of the mechanical properties of the samples
printed with transversal (T) raster angle and with the layer fan
working.

T-F
Tensile strength

(MPa)
Elongation at break

(%)
Tensile modulus

(MPa)

175-60 14.5 ± 0.6 13.6 ± 0.5 760 ± 38
180-60 15.1 ± 0.5 14.4 ± 0.4 817 ± 16
185-60 12.6 ± 0.5 13.3 ± 0.4 765 ± 15
175-70 14.0 ± 0.6 14.0 ± 0.4 699 ± 28
180-70 14.8 ± 0.6 14.5 ± 0.6 770 ± 39
185-70 13.0 ± 0.5 13.3 ± 0.5 682 ± 27
175-80 14.2 ± 0.4 14.4 ± 0.6 649 ± 26
180-80 14.4 ± 0.4 14.5 ± 0.4 707 ± 28
185-80 13.6 ± 0.4 13.6 ± 0.4 645 ± 19

Table 4. Summary of the mechanical properties of the samples
printed with longitudinal (L) raster angle and with the layer fan
working.

L-F
Tensile strength

(MPa)
Elongation at break

(%)
Tensile modulus

(MPa)

175-60 17.8 ± 0.5 17.0 ± 0.7 846 ± 17
180-60 18.0 ± 0.5 17.3 ± 0.5 847 ± 25
185-60 16.5 ± 0.7 16.1 ± 0.6 795 ± 16
175-70 18.2 ± 0.5 17.1 ± 0.5 801 ± 24
180-70 18.6 ± 0.7 17.2 ± 0.7 804 ± 16
185-70 17.3 ± 0.5 16.1 ± 0.6 757 ± 38
175-80 15.8 ± 0.6 16.5 ± 0.7 746 ± 33
180-80 16.2 ± 0.5 16.4 ± 0.5 758 ± 35
185-80 15.1 ± 0.6 14.9 ± 0.6 737 ± 37

Table 5. Summary of the mechanical properties of the samples
printed with transversal (T) raster angle and without the layer
fan.

T-NF
Tensile strength

(MPa)
Elongation at break

(%)
Tensile modulus

(MPa)

175-60 15.1 ± 0.3 14.6 ± 0.4 645 ± 19
180-60 15.1 ± 0.6 15.2 ± 0.6 640 ± 13
185-60 14.3 ± 0.3 14.9 ± 0.3 614 ± 12
175-70 14.7 ± 0.7 14.5 ± 0.4 618 ± 25
180-70 14.8 ± 0.4 14.8 ± 0.3 605 ± 12
185-70 14.0 ± 0.3 14.1 ± 0.4 577 ± 29
175-80 * * *
180-80 * * *
185-80 * * *

*Note: Could not be 3D-printed due to excessive warping and detachment.
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Another parameter that had a significant influence on
the tensile strength according to the results shown by
the ANOVA analysis was the hot-end temperature. This
parameter did not show a linear trend; the best results
were obtained for the intermediate temperature value
considered (180°C). Between 175°C and 180°C an
increase in strength was observed, which is probably

related to the improved adhesion between the beads
and the 3D-printed samples. As proposed in the work
of Alafaghani et al. with PLA, an improvement of tensile
strength was observed between 175°C and 190°C. A
further temperature increase up to 205°C, did not lead
to a significant increase in tensile strength (Alafaghani
et al. 2017). However, PHA polymers are particularly sen-
sitive to thermal degradation even at temperatures
slightly above themelting temperature (very narrow pro-
cessing window) (Bordes et al. 2008). For this reason, a
decreasing trend for tensile strength can be observed
for PHBH 3D-printed samples above 180°C, with
15.1 MPa for 180-60T samples and 12.6 MPa for the
185-60T samples, which means a reduction of 16.5%.
The thermogravimetric (TGA) properties in the thermal
characterisation show that the onset degradation starts
at 277°C, while the maximum degradation rate takes
place at a temperature of 309°C. Therefore, no severe
degradation is expected by using the temperatures

Table 6. Summary of the mechanical properties of the samples
printed with longitudinal (L) raster and without the layer fan.

L-NF
Tensile strength

(MPa)
Elongation at break

(%)
Tensile modulus

(MPa)

175-60 16.2 ± 0.5 15.8 ± 0.5 666 ± 33
180-60 16.3 ± 0.3 16.1 ± 0.5 669 ± 13
185-60 16.0 ± 0.3 15.3 ± 0.8 649 ± 19
175-70 15.4 ± 0.5 15.1 ± 0.8 622 ± 12
180-70 15.3 ± 0.6 15.5 ± 0.5 627 ± 31
185-70 14.5 ± 0.6 14.6 ± 0.7 611 ± 12
175-80 * * *
180-80 * * *
185-80 * * *

*Note: Could not be 3D-printed due to excessive warping and detachment.

Figure 1. Summary of the ANOVA analysis for PHPH 3D-printed samples by using the layer fan during the cooling process. This shows
the Pareto diagram standardised effect (left row) and the main effects diagram (right row) for tensile strength, elongation at break and
tensile modulus.
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employed in the extruder, which are above the melting
temperature obtained by DSC and below the onset
degradation temperature obtained by TGA. Shojaeiarani
et al. studied the effect of five extrusion cycles for two
biopolymers, namely PLA and PHBV working with a
maximum temperature of 166°C for PLA and 177°C for
PHBV. Under these conditions, the polymers employed
were working at temperatures below their correspond-
ing onset degradation observed by TGA, with a mass
loss starting at 287°C for PLA and 251°C for PHBV. As a
result of the extrusion cycles performed, the molecular
weight of PLA changed from 203,500 g/mol to
44,149 g/mol and for PHBV from 298,500 to 52,262 g/
mol confirming that even below the mass loss tempera-
ture polymers suffer from thermal degradation, mainly,
chain scission (Shojaeiarani et al. 2019).

As for the elongation at break, the main parameter
with a clear effect on it is the raster angle used. When
the raster angle is aligned with the applied load, the

best results are obtained and as expected, the use of a
perpendicular raster direction during the 3D-printing,
clearly leads the decreased elongation at break values.
While the maximum elongation at break for 3D-printed
samples with a longitudinal pattern was 17.3%, by
using a transversal pattern the maximum elongation at
break was reduced to 14.4%. Such results are in agree-
ment with those reported by Algarni et al. (2021), and
Zhang et al. (2019). As proposed above, the samples
with a perpendicular pattern are limited by the depo-
sition lines adhesion, as a result, the ability for plastic
deformation is somewhat restricted. With regard to the
hot end temperature, the best results were obtained at
180°C; above this temperature, the effects of thermal
degradation of PHBH are reflected in a decrease in
elongation at break due to the narrow processing
window of PHA. Samples printed with a longitudinal
pattern and same heated bed temperature achieved
differences up to 9% by changing the hot end

Figure 2. Summary of the ANOVA analysis for PHPH 3D-printed samples by switching off the layer fan during the cooling process. This
shows the Pareto diagram standardised effect (left row) and the main effects diagram (right row) for tensile strength, elongation at
break and tensile modulus.
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temperature from 180°C to 185°C. The heated bed had a
negligible effect, as the line obtained was practically flat
showing no differences between de temperatures con-
sidered in this study.

Regarding the tensile modulus of PHBH 3D-printed
specimens with different processing parameters, the
highest modulus was achieved for a heated bed temp-
erature of 60°C (lowest temperature considered in this
study), so the fastest cooling of the sample was
achieved. Despite the 3D – printer used in this work
has enclosed side walls, there is not any enclosure for
the top. In any case, by using a heated bed, the environ-
ment surrounding the sample was at a higher tempera-
ture than the room temperature and depends on the
temperature of the heated bed. This warm environment
was equivalent to a post-annealing treatment since
specimens were subjected to moderate-to-high temp-
eratures during the printing time, thus enhancing crys-
tallisation. As it has been reported in literature, the
mechanical properties of many PHA are highly depen-
dent on the post-processing heat treatments, usually
annealing (Kurusu et al. 2014, 2015; Chen et al. 2021).
Kurusu et al. (2015) used a post-processing annealing
for PHB, and as a result stiffness was increased. Additives
can also exert an important effect on the annealing
process by accelerating it or slowing down it, depending
on the additive, amount, and chemical structure.

For the raster angle, as mentioned above, when the
applied load direction is aligned with the pattern, then
the highest values were obtained in all the measured
parameters (for samples manufactured at the same
temperatures). This trend is in accordance with that
obtained by Zhang et al. (2019). In this work, different
printing parameters were analysed to assess their
effect on the final properties of PLA. Among the par-
ameters analysed, the different raster angles were con-
sidered. A linear trend could be observed for the
tensile modulus against the raster angle whit the
highest values close to the applied load direction (L),
and a decreasing trend when the beams were oriented
in perpendicular direction (T). While the highest tensile
modulus for samples with a longitudinal pattern was
847 MPa, 3D-printed samples with a transversal pattern
reached a slightly lower tensile modulus of 817 MPa,
so differences around 3.5% were obtained for the
highest values.

After collecting the mechanical properties of 3D-
printed specimens obtained with the layer fan switched
off, an ANOVA test was carried out to identify the most
relevant parameters having a direct influence on final
performance. The main mechanical properties are
included in Tables 5 and 6, while the ANOVA analysis
results can be found in Figure 2. A priori, some

differences can clearly be detected. In this case, the
heated bed temperatures considered were only 60°C
and 70°C. When the layer fan was switched off the 3D-
printing process with PHBH using a heated bed at a
temperature of 80°C, clear evidence of warping was
observed resulting in defective specimens, and there-
fore, they could not be tested. This phenomenon is
related with the PHBH crystallisation; the slowest
cooling conditions allowed the polymer chains to
rearrange more easily leading to an increase in crystalli-
nity which, in turn, resulted in higher shrinkage. This
shrinkage was responsible for warping and promoted
specimen detachment from the heated bed (Spoerk,
Holzer, and Gonzalez-Gutierrez 2020).

As for the tensile stress measured for the 3D-printed
specimens with the layer fan activated, the most impor-
tant parameter with the layer fan switched off was the
raster angle. This result corroborates the high impor-
tance of the direction considered when analysing the
results of the mechanical properties of 3D-printed
parts, that corroborating the anisotropy, while tensile
strength in 175-60T samples was 15.1 MPa, the corre-
sponding 3D-printed samples with a longitudinal
pattern offered a slightly higher tensile strength of
16.2 MPa (which represents a percentage variation of
6.7%). Under these conditions, with no layer fan, the
effect of the heated bed temperature had a significant
influence. The tensile stress was reduced when the
heated bed temperature increased, for example, 3D-
printed samples with coded as 185-60 L achieved a
maximum tensile strength of 16.0 MPa, whilst the 3D-
printed samples with the heated bed at 70°C reached
a tensile strength of 14.5 MPa which represents a per-
centage difference of 9%. This is related to the internal
structure of PHBH since most PHA, under slow cooling
conditions, promote the formation of spherulites that
enhance microcrack formation and growing, as pro-
posed by El-Hadi et al. (2002). The presence of these
microcracks in the internal structure are responsible for
a decrease in material’s cohesion, with the subsequent
decrease in tensile strength. Safari et al. (Safari and van
de Ven 2015), analysed the effect of cooling temperature
on the internal structure of PHB films and the effect on
final properties. They observed a clear decrease in
tensile strength as the cooling rate increased.

Additionally, the temperature used in the hot end
also had a negative effect on the tensile strength. In
the previous case, the intermediate temperature value
(180°C) showed a slight improvement in tensile strength,
but regarding specimens with no layer fan, a decreasing
tendency of tensile strength was observed with
increased hot end temperature. In this case, the
reduction achieved was around 5.4% for 3D-printed
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samples a heated bed at 70°C and a using longitudinal
(L) pattern. This is due to the fact that the improvement
in the adhesion between the beads could improve with
the increase in hotend temperature (as shown before).
This effect was not such an important effect to counter-
act the thermal degradation.

With regard to elongation at break, the statistical
analysis showed that there was no parameter having
a clear and relevant influence on it. However, as for
samples obtained with layer fan, the heated bed temp-
erature and the raster angle have certain effect over
elongation at break. Again, the presence of microcracks
in the internal structure results in premature failure
and, therefore, in a lower elongation at break. As
expected, the use of a longitudinal raster pattern (L)
provides higher elongation at break values up to
16.1%, while specimens obtained with transversal
pattern (T) led to slightly lower elongation at break
values of 15.2%, thus indicating a percentage change
of 5.5%. The longitudinal raster pattern provides
higher material’s cohesion than the transversal raster
pattern.

The elastic modulus was significantly affected by
the heated bed temperature, the raster angle and
hotend temperature. In the previous case in which
the layer fan was used, a negative effect was also
observed with increasing the hotbed temperature.
During the 3D-printing process, these specimens
were thermally affected by the bed temperature
degradati giving to somewhat annealing which
resulted in lowering the stiffness. The use of a raster
pattern aligned with the applied load direction, again
had a positive effect on the tensile modulus. Finally,
the effect of the nozzle temperature had a negative
effect due to the thermal degradation as mentioned
above. While 3D-printed samples with a transversal
pattern and a heated bed at 60°C and the hot end
at 185°C led to a tensile modulus of 614 MPa, slightly
higher tensile modulus was obtained for same con-
ditions but using a hot end temperature of 175°C
(tensile modulus of about 645 MPa, thus showing a
percentage increase of 4.8%).

Figure 3 shows the ANOVA analysis regarding the
effects of using the layer fan or not, on tensile proper-
ties of the 3D-printed specimens. As observed, the
effect of using the layer fan had a positive influence
on all three tensile parameters (tensile strength,
tensile modulus, elongation at break). With regard to
both tensile strength and elongation at break,
despite having a positive influence as the ANOVA
analysis revealed, there was no significant difference
between using the layer fan or not. As mentioned
above, when a slow cooling process is applied to a

PHA polymer, the crystallisation is enhanced and
internal stresses are generated due to the shrinkage
associated to crystallisation. These internal stresses
result in micro (or macro) crack formation with a nega-
tive effect on cohesion and toughness. The use of the
layer fan leads to a faster cooling process which pre-
vents from excessive crystallisation and therefore, less
micro (or macro) cracks are generated. The ANOVA
statistical analysis showed that the use of the layer
fan had a significant effect on the tensile modulus.
The tensile modulus values obtained for 3D-printed
samples coded as 175-60L with the layer fan on was
846 MPa. In contrast, 3D-printed samples with the
same conditions but without the layer fan showed a
lower tensile modulus of 666 MPa (which stands for a
percentage decrease of 21.2%), thus confirming the
importance of the layer fan on final mechanical proper-
ties. When the layer fan was used, the 3D-printed
layers are cooled down faster, resulting in a structure
with a lower degree of crystallinity (El-Hadi et al.
2002). A lower proportion of crystalline phase implies
a higher presence of amorphous phase. PHA are
characterised by having a rigid amorphous phase
(RAF) which has a higher stiffness, and therefore
modifies the final tensile modulus of the material
(Wang et al. 2016).

Regarding other works with PHA in which a FDM
was employed to obtain tensile test samples, four
works can be highlighted. One parameter to consider
is that different types of PHA polymer can be found
in the market with different mechanical properties, so
it is difficult to compare the herein results with those
reported by other authors. Another parameter to con-
sider is the effect of the aging in the samples. As men-
tioned above, the mechanical properties of the
manufactured samples highly depend on the time
elapsed from manufacture until characterisation, since
PHA undergo physical aging. Tian et al. employed a
PHA polymer blended with wood flour and employed
a micro-screw extrusion. They reported a maximum
tensile strength of 40 MPa and an elongation at
break of around 2.5% for the composite containing
10 wt.% wood flour load and a printing pattern of 0°
(Tian et al. 2021). Wu et al. used palm fibre to manufac-
ture filaments of PHA for 3D-printing. The tensile
strength of the neat PHA 3D-printed specimens was
16.5 MPa while in other work, they reported a tensile
strength of 17.4 MPa for the neat PHA 3D-printed
part, and a surprisingly high elongation at break of
600% (Wu, Liao, and Cai 2017; Wu 2018). Finally, Valen-
tini et al. manufactured filament for 3D-printing with
PHBH and subsequently, they obtained tensile test
specimens for further characterisation. They reported
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a tensile strength of 21.6 MPa and an elongation at
break of 10.4% for samples obtained using a raster
angle of ±45° (Valentini et al. 2019).

3.2 Fracture morphology of the PHBH obtained
by additive manufacturing

Figure 4 gathers some field emission scanning electron
microscopy (FESEM) images of the 3D-printed PHBH
specimens obtained by using a hot end at 185°C, a
heated bed at 70°C and the fan layer switched on. The
different conditions proposed in this work did not
provide different surface morphologies due to themech-
anical properties measured did not change in a wide
range. Figure 4(a) shows the fracture surface of a 3D-
printed specimen using a transversal raster (T), i.e. per-
pendicular to the applied load in the tensile test. In the
fracture section, each of the raster had a direction parallel
to the direction of breakage. Thus, the gap that can be

seen was caused by the printing process. In contrast,
Figure 4b shows the fracture surface of a 3D-printed
specimen using a longitudinal pattern (L), resulting in
the hole that can be observed having a triangular geo-
metry (0.1 mm length) due to the shape adopted by
the melt polymer during the 3D-printing process. In
this sense, Torrado et al. (2014) concluded that the pres-
ence of voids in the 3D-printing process was due to the
deposition process of the different raster lines. In
addition to the different shapes of the holes or voids
formed depending on the 3D-printing direction, a clear
difference also emerges in the morphology of the frac-
ture surface. The 3D-printed specimen with a transverse
raster (T) has a flat and smooth surface with no signs of
plastic deformation. This type ofmicrostructure is charac-
terised by a separation of the raster prints giving rise to a
flat surface as proposed by Torrado et al. (2016). On the
other hand, if a longitudinal raster pattern (L) is used,
the fracture morphology is remarkably different. In

Figure 3. Summary of the ANOVA analysis for 3D-printed PHBH specimens with and without the layer fan, Pareto diagram standar-
dised effect (left row) and the main effects diagram (right row) for tensile strength, elongation at break and tensile modulus.
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particular, it is possible to observe a rough surface as a
result of the plastic deformation occurring before frac-
ture. Quiles-Carrillo et al. and Petchwattana et al. (Petch-
wattana and Covavisaruch 2014; Quiles-Carrillo et al.
2018) propose that there is a relationship between the
plastic deformation and the morphology of the fracture
surface. A brittle fracture is characterised by a flat and
smooth surface, whereas higher plastic deformation pro-
vokes higher roughness to appear. The morphologies
observed on fractured surfaces are in agreement with
the mechanical properties mentioned above. As it has
been said previously, the specimens printed with a longi-
tudinal pattern (L) showed higher elongation at break.
On the other hand, specimens with a transverse
pattern (T), the elongation at break values were lower
because the fracture was governed by the adhesion
between the different raster lines.

3.3 Thermal characterisation of PHBH

The main thermal properties obtained by differential
scanning calorimetry (DSC) are gathered in Table 7
with the aim of assessing the effect of the annealing con-
ditions and the cooling of PHBH on mechanical proper-
ties, while Figure 5 gathers the DSC curves obtained
during the tests. To analyse the final state of the material
after aging under the different processing conditions
proposed, a single heating cycle from −50°C to 200°C

was scheduled. The PHBH used in this research is charac-
terised by a glass transition temperature (Tg) close to 0°C.
This parameter must be considered to select the temp-
erature of the heated bed so that it is above to ensure
the best adhesion of the 3D-printed specimens. To
achieve a good adhesion, the heated bed was set
above 60°C to ensure good adhesion. In these con-
ditions, absence of warping was observed on 3D-
printed parts. Contrary, it was not possible to achieve a
good adhesion at lower heated bed temperatures than
60°C. The effect of temperature on the suitable heated
bed conditions was studied by Spoerk et al. demon-
strated that the adhesion forces to the heated bed
increased above the glass transition temperature, Tg
(2018). A noticeable effect after the aging process of
the samples was the absence of a cold crystallisation
peak, which showed that the polymer reached a stable
packed structure that could no longer be modified by
heat treatment. On the other hand, different melting
peaks appeared due to the fact that PHBH is a semi-crys-
talline copolymer in which different types of crystals are
formed and melt at different temperatures comprised
between 108°C and 161°C. This parameter is of special
interest because it allows the selection of the working
temperature range. By taking into account the results
obtained by DSC and bearing in mind that the onset
degradation temperature must not be reached, a temp-
erature of 175°C was selected as the minimum

Figure 4. Fracture morphology of 3D-printed PHBH tensile specimens obtained by field emission scanning electron microscopy
FESEM: (a) Image taken at 100× magnifications of a specimen 3D-printed with transversal raster (T); (b) Image taken at 200× mag-
nifications of a specimen 3D-printed with longitudinal raster (L).

Table 7. Summary of the differential scanning calorimetry (DSC) test of the samples in terms of glass transition temperature (Tg),
melting temperature (Tm), melting enthalpy (Hm) and degree of crystallinity (Xc).
Code Tg (°C) Tm1 (°C) Tm2 (°C) Tm3 (°C) Hm(J/g) Xc (%)

Pellet 0.5 ± 0.3 108.3 ± 0.2 122.0 ± 0.3 156.2 ± 0.1 35.0 ± 0.2 23.9 ± 0.2
175-60 F 0.8 ± 0.2 110.5 ± 0.1 123.2 ± 0.1 158.3 ± 0.2 38.0 ± 0.2 26.0 ± 0.1
175-70 F 1.0 ± 0.1 111.3 ± 0.3 124.7 ± 0.2 159.0 ± 0.2 39.2 ± 0.3 26.9 ± 0.2
175-80 F 0.8 ± 0.1 111.7 ± 0.2 125.2 ± 0.2 161.1 ± 0.1 40.5 ± 0.1 27.7 ± 0.1
175-60 NF 1.1 ± 0.2 111.6 ± 0.1 125.3 ± 0.1 160.6 ± 0.2 40.3 ± 0.1 27.6 ± 0.1
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temperature needed in the 3D-printing process, which is
high enough to ensure full melting of crystallites. It is
worthy to highlight the increase of the temperature at
which these characteristic melting peaks were observed
as a function of the processing conditions used. This shift
is related to the change in the degree of crystallinity of
the samples. A higher degree of crystallinity results in
an increase in the perfection of the crystals so that a
higher temperature is required to melt them. This
effect is described by Srubar et al. work in PHB and
PHBV subjected to different aging times. They observed
a small increase in the melting temperatures in the
characteristic DSC thermograms as the aging time
increased (Srubar et al. 2012).

As proposed, an annealing process associated with
the heated bed conditions used during printing had a
clear effect on the degree of crystallinity of the sample
which changes from 26.0% for the sample manufactured
with the lowest heated bed temperature up to 27.7% for
3D-printed samples with a heated bed of 80°C. Addition-
ally, the removal of the layer fan gave rise to a similar
effect to that produced by increasing the temperature
of the heated bed. In this case the cooling rate of the
polymer deposited in the melt state is slower, thus
allowing to reach a higher degree of crystallinity. Vitor-
ino et al. studied the effect of the cooling rate in a
PHB/babassu composites under nonisothermal con-
ditions showing that the composite with 10 wt.% filler
achieved a degree of crystallinity of 57.8% at 2°C/min
and this value decreased up to 39.6% with a cooling
rate of 32°C/min (2016). The thermal properties of the
PHBH pellets show the behaviour of the material
before being 3D-printed; this means without any
thermal history related to the 3D-printing process. It is
important to bear in mind that PHBH pellets are indust-
rially subjected to fast cooling rates, so that, the degree
of crystallinity of the material is lower. Consequently, the
melting temperatures are reduced compared with the
samples obtained from the 3D-printed samples.

Regarding the thermogravimetric behaviour of
PHBH, Figure 6 shows that the onset degradation
temperature is around 277°C taking as a criterion a
5% mass loss (Dong et al. 2015). Once the degradation
starts, a single step mass loss occurs with a maximum
degradation rate located at 309°C. With the results

Figure 5. Summary of the DSC analysis for PHBH under different
cooling conditions. Vertical lines indicate the temperatures at
which the main thermal transition occur for the pellet sample.

Figure 6. Summary of the TGA analysis for PHBHpellet in terms ofmass loss (continuous line) and first derivative curve, DTG (dashed line).
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obtained, the proposed working temperatures fall
within the processing window of PHBH and hence,
this range avoids severe thermal degradation on
PHBH. Despite of this, a decrease in the mechanical
properties is observed by increasing the working temp-
erature due the chain scission of PHBH as reported by
other authors, even working at temperatures lower
than the onset degradation temperatures, which is a
typical drawback when working with polyhydroxyalk-
anoates (Shojaeiarani et al. 2019).

3.4 Printability of PHBH

One of the main drawbacks when using PHBH by additive
manufacturing is the difficulty in achieving good adhesion
of the 3D-printedpart to the heated bed due to the shrink-
age related to fast crystallisation as it has been aforemen-
tioned. At first, an attemptwasmadewith the bed at room
temperature as in many other polymers used in 3D-print-
ing. This was made to check 3D-printability in these usual
conditions since the heatedbed includes a new variable to
the process. In this case, the first layer did not obtain a
good adhesion. Due to this poor adhesion, a search for
the minimum heated bed temperature to achieve good
adhesion on the first layer was carried out. This
minimum temperature was 60°C; below this threshold,
the adhesion of the first layer was poor and, subsequently,
the 3D-printing process was not possible. Above this
temperature threshold, adhesion is good enough to guar-
antee the 3D-printing process.

After overcoming the previously mentioned draw-
back, a second problem arose. This was related to the
physical aging of PHA at room temperature which
leads to secondary crystallisation which, in turn, leads
to an additional shrinkage that could potentially com-
promise the 3D-printing process, mainly due to unde-
sired warping. This phenomenon affecting PHA was
analysed by Chan et al. for PHBV (2018). In order to
ensure the adhesion of 3D-printed parts to the heated
bed, a 4 mm brim around the shape was included in
the gcode. This allowed good adhesion during all the
3D-printing process, thus preventing it from detach-
ment. Despite considering all these issues, some of the
combinations scheduled in the design of experiments
resulted in some undesired warping, and the corre-
sponding 3D-printing process was stopped. Addition-
ally, when the heated bed temperature was set above
80°C, some additional warping appeared, thus establish-
ing 80°C as the upper temperature threshold for PHBH
processing by 3D-printing. Usually, the polymer-bed
adhesion improves by increasing the heated bed temp-
erature, as in the case of ABS. This phenomenon is even
much pronounced above the glass transition

temperature of the polymer. Above Tg, the polymer
achieves a higher chain mobility, thus improving the
adhesion to the bed (Spoerk et al. 2018). Under high
heated bed temperatures, PHBH crystallisation was
enhanced, and hence a higher shrinkage was obtained,
so that the warping phenomena was more noticeable.

In the case of PHBH, similar to other PHAs, the
adhesion strength to the bed is also linked to the
degree of crystallinity that the samples acquire. This
can be estimated by using infrared spectroscopy as pro-
posed by Kansiz et al. (2007), in PHA. The 1739 cm−1

band is usually assigned to the amorphous domain
while the 1722 cm−1 band corresponds to the crystalline
phase. Depending on the prominence of each one of
these characteristic bands, the degree of crystallinity of
a sample can be compared qualitatively. In this case,
changes in these bands when the temperature of the
heated bed was modified, was collected by FTIR and
the results are shown in Figure 7, which also includes
the deconvoluted peaks.

For the different temperatures considered, it can be
seen that the higher the heated bed temperature, the
absorption of the band associated with the amorphous
part decreases, the deconvoluted peak obtained at
1722 cm−1 was also reduced. This indicates that PHBH
has reached a higher degree of crystallinity. As a result,
samples have higher shrinkage, giving rise to warping
problems above 80°C. These results agree with those
reported by Gopi et al. (2018). They concluded that the
degree of crystallinity acquired by the sample is clearly
influenced by the cooling conditions which a key par-
ameter in 3D-printing. They also reported an increase
in crystallinity on PHA after isothermal crystallisation

Figure 7. Comparison of the normalised Fourier-transform infra-
red spectroscopy (FTIR) spectra in the 1770–1690 cm−1 range,
for 3D-printed specimens with different heated bead tempera-
tures, a constant hotend of 175°C, and the layer fan switched
on. Deconvoluted peaks are indicated in dashed lines.
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(or annealing). The degree of crystallisation was higher
as the annealing temperature increased. This effect
could also be observed in the DSC characterisation
analysis mentioned above.

In addition to the heated bed temperature, there is
also a parameter that plays a key role in the cooling
process. It is the use (or not) of the layer fan. When
layer fan is switched on during the 3D-printing
process, the melt polymer through the nozzle cools
down quickly in order to obtain a higher print quality.
In the work of Xie et al. (2008), the effect of cooling
rates on different PHA was analysed. In all cases, a
higher degree of crystallinity was achieved at slow
cooling rates.

As mentioned above, when a higher degree of crys-
tallinity was reached, the dimensional shrinkage was
more pronounced leading to warping at heated bed
temperatures above 70°C (without layer fan) thus limit-
ing the processing range. This phenomenon can be
seen in Figure 8. In this case, FTIR spectra with a constant
nozzle temperature of 175°C and a heated bed of 60°C
were compared depending on the use or not of the
layer fan. When the layer fan is switched off, a higher
degree of crystallinity was acquired by PHBH as one
can see, the deconvoluted peak of the amorphous
region had lower intensity.

Finally, the temperatures at which PHBH could be
processed ranged from 175°C to 185°C in the heat
zone 1. At lower temperatures, the stepper motor
was not able to achieve continuous screw rotation
and, therefore, the extrusion of the material was not
uniform. As observed in the DSC study, the highest
melting peak observed on PHBH is around 165°C, so

the minimum working temperature was set as 175°C
to ensure that the polymer is completely melted. The
maximum temperature at which it was possible to
process PHBH was limited by the jam formation.
Above 185°C, the heat zone 2 exceeded 104°C due to
heat transmission along the screw. The used PHBH
had a broad melting range with the onset located at
around 100°C. To prevent jam formation, a single-
screw equipment requires the material to be in a
solid state in the initial zone and then melt progress-
ively along the screw (Liu et al. 2019). Another par-
ameter to consider is the thermogravimetric analysis
that shows the mass loss with increasing temperature.
In a previous work we observed that PHBH starts the
mass loss at 277°C, so the proposed working tempera-
tures avoid severe thermal degradation phenomenon
on PHBH (Ivorra-Martinez et al. 2020a). Despite
working below the onset degradation temperatures,
PHBH, as other aliphatic polyesters, can undergo
chain scission in each thermal cycle, which in turn,
leads to a slight decrease in the molecular weight (Sho-
jaeiarani et al. 2019).

3.5 Visual appearance of the PHBH 3D-printed
parts

In Figure 9, an example of some of the PHBH 3D-printed
parts can be seen. It includes examples of the specimens
used for mechanical characterisation, with both types of
patterns used in the longitudinal (L) and transverse (T)
directions. In addition, these incorporate the necessary
brim to achieve the correct manufacturing process and
avoid detachment.

Moreover, other more complex shapes were 3D-
printed to assess the printability of PHBH. In general,
the visual appearance of the 3D-printed parts was satis-
factory. It should be noted that no retraction movements
have been used because the 3D-printer equipped with
the single-screw, allow direct work with pellets, but it
does not deal with this type of movement properly.
Despite this, there has been no significant stringing as
it can be seen in the benchy.

Regarding the level of detail, in any case is not very
high, because the configuration used is the same as
that of the test specimens, in which a layer height of
0.4 mm and a line width of 0.8 mm was used.

4 Conclusions

The effect of different 3D-printing parameters for addi-
tive manufacturing with PHBH were analysed. Due to
the high sensitiveness of PHBH to thermal degradation
during processing as a result of presenting a very

Figure 8. Comparison of the normalised Fourier-transform infra-
red spectroscopy (FTIR) spectra in the 1770–1690 cm−1 range,
for different samples 3D-printed at 175°C hotend and 60°C
heated bed with and without layer fan. Deconvoluted peaks
are indicated in dashed lines.

VIRTUAL AND PHYSICAL PROTOTYPING 13



narrow processing window, this work has concluded it
is possible to 3D-print high quality parts without
filament, by using a 3D-printer with a coupled single
screw extruder fed with PHBH pellets. The most rel-
evant parameter having a remarkable effect on mech-
anical properties is the raster angle. As expected, the
best results were obtained for those samples manufac-
tured with a longitudinal raster pattern (L) aligned with
the applied loading direction in the tensile test. Regard-
ing the temperature ranges, the hot end allowed to
improve the beads adhesion that improved the mech-
anical performance, but above 180°C this effect disap-
peared due to the thermal degradation of the
polymer. The effect of the heated bed temperature
was linked with the layer fan used for the cooling.
Under slow cooling conditions, the mechanical proper-
ties were rather poor due to a higher degree of crystal-
linity achieved that typically promotes crack formation
in the internal structure. Changes in the internal struc-
ture of the samples were observed by Fourier-transform
infrared spectroscopy (FTIR) showing that the modifi-
cation of the printing parameters had an effect in the
polymer internal structure that promoted the differ-
ences in the mechanical properties. As it has been
shown in this work, the effect of the working tempera-
tures and cooling conditions play a key role during the
manufacturing process. In future works with PHA in 3D-
printing, these parameters must be considered as rel-
evant to assess the desired final properties.
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