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Abstract

Polypropylene (PP) is a highly desirable polyolefin in various plastic industries due to its outstanding thermomechanical properties and chemical
resistance. Therefore, the 3D printing of PP is an interesting avenue to explore in digitized manufacturing, where more freedom in structural designs
is available for new and extended applications, such as high-performance engineering parts. In this work, we 3D printed PP and studied the effect
of printing parameters and post-processing conditions on the printed polymer’s thermomechanical behavior. Results showed that nozzle and bed
temperatures of 220 and 100°C produced a high printing quality. Infill percentages between 80 and 90%, coupled with a 4-h annealing at 110°C, also
resulted in optimal printed properties. It is thought that PP can be potentially blended with polyethylene or other vinyl polymers for a more extended
3D printing utility and practical applications in rapid tooling and prototyping.

Introduction

Polyolefins are the most widely produced petroleum-based
synthetic polymers. Besides their cost-effectiveness, they are
desirable in many applications due to their durability, high
flexibility, good chemical resistance, and thermal stability.['~]
Polypropylene (PP) and polyethylene (PE) are among the most
commonly produced polyolefins, with more than 150 million
metric tons of demand annually worldwide for various applica-
tions, including films, tubes, laminates, foams, packaging, and
the like.[* ) PE has the simplest polyolefin structure, with eth-
ylene as the monomer unit.”® Depending on the polymeriza-
tion method, various grades of PE, such as low-density polyeth-
ylene (LDPE), high-density polyethylene (HDPE), and linear
low-density polyethylene (LLDPE), to name a few, have sev-
eral packaging and engineering applications.” High-crystalline
HDPE exhibits outstanding engineering properties and chemi-
cal resistance. At the same time, LDPE and LLDPE, due to
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their soft polymer chains and branching, possess low hardness
and strength but can also offer superb ductility, impact strength,
and toughness that are good for packaging and plastic container
fabrication. PP has a similar structure to PE, except for the pres-
ence of a pendant methyl group that determines the tacticity and
crystallinity, which significantly affect the polymer’s thermal
properties.’'% For instance, isotactic PP (iPP), with optimized
structural symmetry, exhibits the highest crystallinity!''! and
melting point above 190°C, while a decrease in crystallinity to
as low as 15% is expected for blended atactic PP (aPP).l'>!3] In
general, compared to PE, PP displays better mechanical perfor-
mance, thermal stability, and chemical resistance, heat deflec-
tion temperature (HDT) of 100°C at 0.46 MPa, tensile strength
of 32 MPa, and flexural strength of 41 MPa.[’! Although it has
lower hardness and higher ductility and toughness than PE, PP
is more useful in many engineering applications.

Additive manufacturing (AM) of PE and PP has been attract-
ing significant attention owing to their utility in many practi-
cal applications and ready availability worldwide. AM (or 3D
printing) has been important in manufacturing and prototyping
for the past few years.['*2% 3D printing has the advantage of
digitally creating more complex structures, which are not eas-
ily fabricated by traditional molding and tooling approaches.
Among the various and most popular 3D printing techniques,
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which include fused deposition modeling (FDM), stereo-
lithography (SLA),?*"2 direct ink writing (DIW),1262% selec-
tive laser sintering (SLS),?>?%3% and inkjet printing,*" FDM
is, by far, the most widely employed technique for printing
thermoplastic polymers due to its cost-effectiveness, fast print-
ing speed, and large-scale production capability.?>33]

FDM printing of PP and PE is highly desirable because of
their many potential and promising industrial uses. However,
PE is not easily 3D printed due to its high crystallinity and
a high coefficient of thermal expansion (CTE), which often
lead to a large volume shrinkage and warping during the
printing process.[**33! These same properties make PE suit-
able for processing in injection, blow, compression molding,
and other formative manufacturing methods but are consid-
ered weak in additive layering. On the other hand, pristine
aPPs, aPP blends, and different tactic PPs have relatively
low crystallinity, moderate CTE, and hardness and toughness
adequate for material processing. Therefore, considering its
inherent advantages and good 3D printability as a polyolefin
material, exploring the utility of FDM and optimizing the
printing parameters using PP as a feedstock material should
be interesting.

We aim to demonstrate PP as a suitable substitute for PE
in the 3D printing polyolefinic class of thermoplastics. We
employed FDM to 3D print PP materials in this paper and
optimized the corresponding printing conditions. We stud-
ied the influence of different printing parameters (e.g., infill
volume, printing direction, and nozzle temperature) and
post-processing procedures, such as annealing, on the printed
polymer’s thermomechanical performance. In addition, we
characterized the composition of commercially available PP
filaments.

[21,22]

Materials and methods

Materials

PP natural filaments, used for printing PP structures, were gen-
erously provided by Ultimaker and used as received. Magigoo
adhesive was used to ensure sufficient adhesion of the printed
parts on the build plate surface.

3D printing procedure

Ultimaker 2+FDM printer was used in printing the PP fila-
ments. The print speed was fixed at 25 mm s™! and layer height
at 0.15 mm, while the nozzle and build plate temperatures were
set at 220 and 100°C, respectively. Different infill densities of
20%, 50%, 70%, 80%, 90%, and 100% and printing angles of
0°,30°, 45°, 60°, and 90° were used to study the resulting effect
on the printed PP structures’ mechanical properties. Magigoo
was applied to the build plate before printing.

Annealing
Printed samples with 100% infill density were used for the
annealing study to streamline the process. The printed samples
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were annealed at 60, 80, 100, 110, 120, 130, 140, and 150°C
for 4 h each. The annealing temperature providing the highest
mechanical strength for the printed sample was selected for
further additional annealing time frames of 1, 2, 8, and 12 h to
study the correlation between the annealing time and mechani-
cal properties.

Characterization

Thermogravimetric analysis (TGA) was performed on a Q50
thermogravimetric analyzer (TA Instruments), where 3D-printed
samples were heated from 25 to 500°C under N, atmosphere at
a heating rate of 10°C min~". Differential scanning calorimetry
(DSC) was performed on a Q2000 differential scanning calo-
rimeter (TA Instruments), where 6 mg of printed samples were
heated from 25 to 200°C under N, atmosphere at a ramp rate of
10°C min~!. Gas chromatography—mass spectrometry (GC-MS)
pyrolysis was performed on an Agilent 5973 (Quantum Ana-
lytics) system with a Frontier Laboratories pyrolyzer. The
multi-shot pyrolysis—gas chromatography/mass spectrometry
(Py-GC/MS) was done by placing 0.2 mg of filament samples
on a pyrolysis stainless-steel sample cup inserted into a micro-
furnace. The characterization system consists of a micro-furnace
multi-shot pyrolyzer EGA/Py-3030D (Frontier Lab, Japan) cou-
pled with a gas chromatography—mass spectrometer (Agilent
Technologies, 5973 inert mass selective detector, Quantum Ana-
lytics) through a longer metal column (Ultra ALLOY -5, Fron-
tier Laboratories). Pyrolysis was performed under a He flow of
1 mL min~', while the micro-furnace interface temperature was
kept at 300°C. The GC oven temperature was initially set at
40°C and heated to 300 °C. All detected peaks were identified
using the Frontier Laboratories and the National Institute of
Standards and Technology (NIST) libraries.

An ASTM standard D638 tensile strength measurement
was done on a Liyi Tech LY-1065A universal testing machine
(UTM) at a pull rate of 10 mm min"'. Type V tensile bars were
used with dimensions according to ASTM D638 standards.

Results and discussion

The PP filament was first characterized to study its properties
and confirm the presence of any additives or blend composi-
tions. The DSC curve of the as-received PP filament is shown
in Fig. 1(a), where a single melting peak can be observed at
136 °C. The melting started at 97.3 °C and ended at 144.8 °C.
By integrating the melting peak in this temperature range and
using the theoretical value of 100% isotactic PP’s heat of
fusion value of 178 J g~!,B% the percent crystallinity was
determined as 21.9%. On the other hand, Fig. 1(b) displays
the TGA curve of the as-received PP filament, showing an
onset degradation at 334 °C and 2.45% char yield at 500 °C,
both of which are in good agreement with the thermal prop-
erties of PP reported in the literature.*” The char yield may
be due to inorganic fillers or other additives, which serve as
processing aids and stabilizers during filament fabrication
from PP pellets.
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Figure 1. (a) DSC curve, (b) TGA curve, (c) evolved gas analysis (EGA)-MS, and (d) multi-shot Py-GC/MS of PP filament.

Py-GC/MS was performed to confirm the structural identity
and composition of the PP filament. The thermogram of the
PP filament [Figure 1(c)] showed an onset degradation near
400°C, indicating its relatively higher thermal stability, but
also comparable to the TGA result. A small peak, centered at
around 325 m/z, is due to the epoxy resin diglycidyl ether of
bisphenol A (DGEBA). This additive may have been used in
PP filament fabrication. Further details on the thermogram of
PP and its additives are shown in Figures S1 and S2. The pyro-
lyzed filament material at 700 °C was delivered through the
GC/MS system, and the resulting stable chemical fragments
were assigned according to the major peaks of the pyrogram as
shown in Figure 1(d). These peaks indicate the identity of the
PP filament, and the thermal decomposition was mainly due to
the scission of the backbone C—C bonding. Note that no attempt
was made to completely reverse engineer this commercial PP
material, and the characterization was performed to confirm
the structure and composition of the commercial PP filament.

We also explored the different 3D printing conditions
for processing the PP natural filament using the Ultimaker
2+ printer. The print speed was fixed at 25 mm s~ and layer
height at 0.15 mm. Wall thickness corresponded closer to
the original nozzle diameter of 2.8 mm. We printed other PP
structures employing nozzle temperatures between 150 and

230°C and bed (build plate) temperatures from 60 to 110°C
and found that a successful print with high resolution can be
achieved using nozzle and bed temperatures above 220 and
100°C, respectively. To reduce the materials consumption and
streamline the overall process, neat PP tensile bars in X orien-
tation were printed in cubic and grid infill patterns at different
infill densities (percentages) and their measured mechanical
strength was used to determine the optimal nozzle temperature.
These results show that at the specified peak temperatures, the
printed layers have reached their maximum bonding strength.
Hence, to streamline our discussion, we considered 220°C as
the optimum nozzle temperature and used it, not only to print Y
and Z orientations but also to advance with detailed investiga-
tion throughout this study. Considering the relatively low melt-
ing point of PP (i.e., 144.8°C), the high printing temperature
of PP ensures complete melting, smooth filament extrusion,
and adequate adhesion strength between the printed layers,
thereby overcoming the processability challenge caused by
the polymer’s high crystallinity and high viscosity. To further
demonstrate the printability of PP, we printed a blind valence
clip [Fig. 2(a)] with a broader overlayer on a build plate. This
was actually redrawn from an original failed part which was
made of polystyrene (PS). This printing procedure minimizes
the possibility of print delamination during fabrication. The
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Figure 2. Effect of printing orientation on mechanical properties. (a) 3D-printed blind clip using optimized printing conditions. (b) Tensile
bar dimensions in mm. (c) 0° to 90° printing angles. (d) Stress-strain curves and (e) elongation at break and ultimate yield strength of

tensile bar specimens printed using different printing angles.

corresponding cross-section SEM image of 3D-printed PP is
shown in Figure S3. It can be seen that using the optimized
printing conditions, the gaps and voids between the printed
layers are minimal. This result is consistent with what has been
observed for the role of temperature in melt flow viscosity from
both the nozzle and build plate layering.*®! To increase adhe-
sion at the interface between the prints and the bed, several
adhesives were used. Magigoo displayed the best result, while
the other adhesives provided poor adhesion, leading to early
delamination of the prints from the bed during printing. The
use of adhesive is important as print delamination is a common
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source of print failures and screws up the programmed x—y—z
scale correlation from computer-aided design (CAD) to slicing,
the result of which is shown in the failed prints in Figure S4.
To study the effect of different processing conditions on the
mechanical performance of PP, we printed ASTM standard
tensile specimens for tensile testing. The dimensions of the
printed specimens are shown in Fig. 2(b). First, we studied the
effect of different printing angles (i.e., 0°, 30°, 45°, 60°, and
90°), as illustrated in Fig. 2(c), on the mechanical properties of
the printed specimens. We observed that the 90° printing ori-
entation resulted in many loose filaments at the top end of the



Research Letter

printed specimens (Fig. S4). This result may have been caused
by frequent sample shaking, while the topmost layer is printed,
leading to disordered layer formation. Therefore, the 90°-ori-
ented printed samples were not characterized herein. The ten-
sile test results for samples printed in 0°, 30°, 45°, and 60°
orientations are plotted in Fig. 2(d) and (e), where a decrease
in mechanical performance with increasing printing angles can
be observed: elongation at break from 976 to 407%, ultimate
strength from 20 to 13.1 MPa, and yield strength from 14.5 to
12.9 MPa. Since the perpendicularity of the printed layers to
the specimen’s longitudinal axis increases with the printing
angles, the printed layers experience increased separation force
from each other, resulting in decreased interlayer adhesion and
overall mechanical integrity.

The effect of different infill densities (i.e., 20%, 50%, 70%,
80%, 90%, and 100%) on the mechanical performance of the
printed PP samples was also studied. For each infill density,
10-PP specimens were printed and tested. To streamline the
process, all specimens were printed at 0°-printing orientation.
The resulting stress—strain curves at different infill densities are
shown in Fig. 3(a), while the ultimate strength, yield strength,
and elongation at break are plotted in Fig. 3(b). When infill
density increases from 20 to 70%, increasing mechanical per-
formance can be observed. Higher infill densities result in more
compact materials capable of withstanding greater external
loads.

Interestingly, the mechanical performance remained nearly
constant from 70 to 90% infill density while decreasing con-
siderably at 100% infill density, where the elongation at break
decreased from roughly 1400% to less than 1000%. This can
imply that thermal expansion (and shrinkage) effect based on
the coefficient of thermal expansion is still a strong considera-
tion. (PP is between 6.0 and 17.0 (107°/°C). Ideally, printed
materials’ infill density should conform with those set in the
software and printing program. However, it has been observed
that the actual infill density in the printed sample increases rap-
idly with increasing input infill density (i.e., from 20 to 70%) in
the software while increasing moderately for input infill density
of 70% to 100%. Meanwhile, during the filament extrusion

from the nozzle, the die swell effect causes the extruded fila-
ment to be wider and thicker than the gap generated by the
slicing software. Thus, the extra extruded material adds to the
programmed gap between the filaments (i.e., at the infill density
from 70 to 90%). When the infill density reaches 100%, the
software generates no gap between the printed filaments. There-
fore, the die swell effect leads to an overflow, compromising
the infill packing order and lowering the mechanical integrity.
This phenomenon also widens the fidelity of the actual printed
dimensions versus the original CAD dimensions. This implies
that for PP, it is possible to achieve the desired properties and
function of the printed part beginning at 70% infill density. The
final material properties should then take into account: (1) the
melt extrusion behavior, (2) the quenching mechanism to solid
state, (3) the equilibrium properties (addressed by annealing),
and (4) the geometry and volume of the printing. This, how-
ever, does not necessarily apply to other polymers, including
popular FDM thermoplastic filaments such as poly(acrylonitrile
butadiene styrene) (ABS) and polylactic acid (PLA) and can
largely be a function of their semi-crystallinity and other ther-
mal or enthalpic properties. In principle, paying close attention
to these factors could result in material costs and printing time
savings. Again, as a class of polyolefins, PP is more practical
than other polymers like PE since the former’s CTE results
in less warping and delamination and prevents early printing
failure. In general, PP/PE blends or copolymers and using PP
with different tacticity may help broaden the properties and
processing windows for polyolefins.

The post-processing procedure plays a vital role in further
enhancing the mechanical properties of thermoplastic polymers,
especially for those with crystalline structures. We annealed our
3D-printed PP samples at varying times and using different
temperatures to strengthen their equilibrium properties further.
First, stress—strain curves at different annealing times at 100°C
were measured. The elongation at break and ultimate and yield
strength of PP samples annealed at different times at 60 °C.
The changes were not noticeable over the sampling of the ther-
momechanical properties even up to 12 h at this temperature.
However, the changes are more noticeable with increasing
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Figure 3. (a) Stress—strain curves and (b) elongation at break and ultimat

e yield strength of printed PP specimens at different infill densities.
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temperatures especially beyond 80 °C. We first set the anneal- respectively. This result indicates a possible rearrangement of
ing time to 4 h and tested 7 annealing temperatures below the PP segments into a more crystalline structure, which improves
melting point but above the glass transition temperature (7): the mechanical strength, even at a low annealing temperature of
60, 80, 100, 110, 120, 130, and 140°C. The tensile test results 60 °C. Between annealing temperatures of 60 to 100°C, no sig-
at different annealing temperatures are shown in Figs. 4(a), S5; nificant mechanical property change is observed, indicating the

after annealing at 60°C, the elongation at break and ultimate stability of chain arrangement at this temperature range. When
strength increased from 976 to 1236% and 19.9 to 23.3 MPa, the annealing temperature was increased from 100 to 130°C,
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Figure 4. Tensile test data of PP specimens with different annealing conditions. (a) Stress—strain curves at different annealing times at
100°C. (b) Elongation at break and ultimate and yield strength of PP samples annealed at different times at 60 °C. The DSC curves of
3D-printed PP annealed are shown at (c) 100°C and (d) 130 °C. (e) Stress—strain curves at different annealing temperatures at 4 h each.
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an increase in elongation at break from 1191 to 1346%, and
ultimate strength from 13.26 to 26.7 MPa was observed, this
improvement may be caused by further rearrangement of the PP
chains at temperatures above 100°C, forming higher crystalline
structures and closer to equilibrium. The observation is impor-
tant as it points to a multiple of factors that can be affected
by the quenching behavior of the melt and the packing of the
extruded lines during printing. This range of favorable anneal-
ing temperatures establishes conditions closer to equilibrium as
autohesion (movement of the chains toward equilibrium) (Fig-
ure S6) or removal of the residual stress added during printing
occurs. To corroborate this hypothesis, we performed DSC on
the samples annealed at 100 and 130°C, as shown in Fig. 4(c),
(d). The percentage crystallinity values calculated from the
DSC curves are 21.9%, 23.6%, and 25.7% for unannealed and
annealed samples at 100 and 130°C for 4 h, respectively. The
increase in crystallinity for annealed samples confirms chain
rearrangement into a more crystalline PP structure or, perhaps,
another phase (e.g., polymorph), resulting in improved mechan-
ical strength. However, when the annealing temperature was
increased further to 140 °C, the ultimate and yield strength
and the elongation at break slightly decreased (Figure S5). We
attribute this mechanical property loss to possible slight degra-
dation of the polymer at 140 °C. Therefore, 110 °C was chosen
as the annealing temperature for varying annealing times of 1,
4, 8, and 12 h, and the tensile test results shown in Figures 4(b)
and S5 (elongation at break and ultimate and yield strength of
PP samples annealed at different temperatures). The ultimate
and yield strength and elongation at break remained nearly
constant, except for some small changes, indicating that the
rearrangement of the segmental chain may likely have been
completed within 1 h, thus increasing the annealing time does
not lead to further structural change or property improvement.
Overall, these post-processing condition optimization studies
can help minimize the project duration and the cost of manu-
facturing mechanically improved PP-based materials in future.

Conclusion

We have successfully printed commercially available PP fila-
ments with optimized printing conditions, nozzle temperature
of 220 °C, and bed temperature of 100°C, with improved bed
adhesion, resulting in high printing quality and thermomechani-
cal performance. We studied the effect of different process-
ing conditions on mechanical properties, including printing
angles, infill density, annealing temperatures, and annealing
time. Results showed that a mechanically improved printed PP
structure requires infill densities ranging from 80 to 90% and an
ideal annealing temperature of 110°C for 4 h. Polyolefins, such
as PP, are an essential class of widely available thermoplastic
polymers and promising for applications in the AM field. For
any AM study on polymer filaments, it is necessary to conduct
printing optimization experiments to develop printed polymer
structures with robust thermo-physical properties. Overall, our
research can set a modus operandi for setting standardized and

optimized printing and processing for polyolefinic and other
thermoplastic materials and realize their utility in producing
mechanically stable AM parts rather than parts fabricated via
traditional formative manufacturing methods.
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