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1 | INTRODUCTION

Polypropylene (PP) is one of the lightest and most flexible
polymers, and thus, it is among the most used plastics
globally." PP is widely employed in daily and technical
products, including industrial fibers, textiles, packaging,
food containers, medical devices, and dishware.? PP has
also become one of the main thermoplastic materials in
the automotive and aeronautics industries.>* PP is used
either as a neat material or as a matrix for manufacturing
composites, especially for non-structural applications. Recy-
clability is an important property of PP-based composites.®
The main processes for industrially manufacturing PP-based
composites are extrusion, injection molding, and
compression molding.”'* The filling materials for these
composites include glass fiber (GF),"" carbon fiber (CF),"
Linz-Donawitz ~ sludge,'>'*  lignocellulosic ~materials
(e.g., flax, hemp, jute, or wood fibers),”'° and cellulose.”
Wood plastic composites using PP have shown excellent
resistance to natural weathering (i.e., exposure to ultravio-
let light and humidity)."?

An alternative to injection molding, extrusion, or com-
pression molding for manufacturing PP-based composites
for specific applications is fused deposition modeling
(FDM). FDM is a 3D printing process that has been identi-
fied as an important tool for producing customized parts for
diverse applications, fast prototyping, mass customization,
fabricating complex geometry parts in short periods, and
minimizing waste.'® Different parameters (e.g., infill density,
build orientation, layer thickness, and type of infill) can
affect the properties of the 3D-printed composite.'” There is
a growing interest in using FDM manufacturing to produce
a variety of composites and different plastics and filler
materials (e.g., CF, GF, and lignocellulosic fibers) have
succeeded. The most used polymeric materials for FDM
are polylactic acid (PLA) and acrylonitrile butadiene
styrene (ABS),>'®*?° but there is an increasing amount
of works using nylon*' and polyethylene (PE)."” Thus,
studies have explored the 3D printing of CF-reinforced
ABS,?7?> CF-reinforced PLA,'®?° and CF and GF-reinforced
nylon.'”*” However, only a few works have been conducted
on 3D-printed PP-based composites.>>**** High volumetric
shrinkage and warpage are two recognized challenges for
additive manufacturing of PP.*>* Strategies for solving this
problem include the use of fillers such as GF, CF, talc,>****
and natural fibers.” In fact, commercially available PP fila-
ments for 3D printing are not pure PP, but they include
different formulations to improve PP 3D printability.*
Further strategies for making PP-based filaments more 3D
printable can help to advance the use of PP for FDM. The
addition of lignocellulosic fibers (LF) such as harakeke
and hemp fibers, as well as synthetic fibers (e.g., GF and
CF) in PP-based 3D-printed composites increases the
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mechanical properties of the composite, specifically
Young's modulus.>>** However, moisture adsorption,
degradation, and limited temperature resistance can nega-
tively affect the PP-LF composite's mechanical properties
over time. Moreover, despite the positive effects of GF and
CF as fillers for PP-based composites, CF is an expensive
fiber and the use of GF introduces environmental limita-
tions, especially for recycling.** Therefore, abundant, more
environmentally friendly, and relatively cheaper alterna-
tives to GF and CF are necessary.

One of the alternatives to CF and GF for filling PP-based
composites is basalt fiber (BF). BF is a natural fiber of
mineral origin, available worldwide, with high mechanical
properties (tensile strength and elongation at break),*
offering enormous potential as a substitute for GF and CF
reinforcing fibers. BF possesses relatively better mechani-
cal properties than traditional GF and is less costly than
CF.**?7 Also, the disposal and recycling of BF is less pol-
luting than other fibers.*”*® Furthermore, BF processing is
expected to be less energy-intensive than other competing
fibers, including GF 3% Thus, BF is an excellent alternative
to GF and CF in composite manufacture. The combination
of important properties of PP (e.g., relatively low cost, low
density, and resistance to chemicals)**** with those of
BF (e.g., acid, alkali, moisture, biological, fire, UV light,
and solvent resistance, low thermal conductivity, and
nuclear radiation resistance)>*° appears attractive for spe-
cific applications of the resulting composites. BF-PP com-
posites can also be an option to solve the limitations of
neat PP for 3D printing projects, such as the difficulty of
acquiring adequate dimensional stability of 3D-printed
PP? and PP's poor mechanical properties. Moreover, large
amounts of PP are available worldwide, especially for
recycling, because PP is one of the main components of
plastic waste.*® The use of BF with ABS for FDM has
shown a positive impact of BF on the composite's
mechanical properties.*’ Nevertheless, the possibility of
using FDM for PP-BF composites deserves more
study. The work of Ghabezi et al.* is, to the best of our
knowledge, one of the few that assessed the possibility
of producing BF-PP 3D composites. The work used
recycled PP and BF content up to 8 wt%, with a positive
impact on the composite's mechanical properties. No
compatibilizer was added to the formulations. The
authors' findings suggest that, for recycled PP and
without compatibilizers, there is an apparent upper
limit (i.e., close to 5 wt%) of BF content that effectively
reinforces the composite. However, injection molding proces-
sing showed that up to 40 wt% BF can be used as a filler in
BF-PP composites by including a compatibilizer.** Therefore,
further work is required to assess (a) the possibilities of
using larger percentages of BF in the 3D-printed composite
using neat PP, and (b) if larger percentages of BF limit the

85U8017 SUOWILIOD BA a1 3|qedtjdde au3 Aq peusanob afe ssjole VO ‘88N JO seini Joj Aiq1T8UlUO 48]/ UO (SUOIPUD-PUB-SWLIBY W48 | 1M AlRIq Ul [UO//:SANY) SUORIPUOD pue s | 8y} 885 *[6202/T0/82] Uo Ariqiauljuo A8 (1M ‘(-oueAnde ) aqnopesy Aq T982°9d/Z00T 0T/10p/uoo" A8 1M Ake.d 1 jpuljuo'suoredligndedsty//sdny wouy papeojumod ‘€T “#202 ‘695087ST



12364 | Wl LEY— nspIRNG Polymer

PELAEZ-SAMANIEGO ET AL.

PROFEssiONALs  COMPOSITES

mechanical properties of the 3D-printed BF-PP composites.
The objective of this work is to fulfill these necessities and
evaluate the performance of PP-BF composites produced via
3D printing, with no added compatibilizers, and understand
the influence of adding varying proportions of BF on the
composites’ properties. To this end, PP was compounded
with different percentages of BF (from 15 wt% to 45 wt%),
and filaments were manufactured prior to 3D printing of
specimens as required for mechanical testing. Tests were
conducted to understand the rheological behavior of the
formulations, visualize the morphology of the filaments,
identify the thermal stability of the BF-PP formulations,
and study the interaction between BF and PP. Mechanical
tests were conducted to evaluate the mechanical perfor-
mance of the different formulations.

2 | MATERIALS AND METHODS

Polypropylene (PP) copolymer pellets (natural color), with
a melt flow rate at 230°C/2.16 kg of 2.6 g/min and density
of 0.89 g/cm®, were obtained from RheTech (Whitmore
Lake, MI). Basalt fiber (BF) with dimensions 3 mm (long)
x 13 pm (diameter) and a density of 2.75g/cm’® with
silane sizing for PP resin was obtained from Sudaglass
Fiber Technology, Inc (Houston, TX). Five formulations
were prepared and tested: Neat PP, 15 wt% BF with 85 wt
% PP, 25 wt% BF with 75 wt% PP, 35 wt% BF with 65 wt%
PP, and 45 wt% BF with 55 wt% PP. These formulations
are herein referred to as 0BF100PP, 15BF85PP, 25BF75PP,
35BF65PP, and 45BF55PP, respectively. The selection of
these percentages was based on previous works using
other processes for manufacturing BF-PP composites.
Deng et al. employed an injection molding process and
added up to 40 wt% of BF in the composites,** and Saleem
et al. used up to 50 wt% of BF in compression-molded
BF-PP composites.*’ Thus, a comparison of properties is
expected if the filler content is in the range of these values.

2.1 | Filament production

After preparing the formulations (approximately 300 g in
each case), three steps were followed for filaments produc-
tion: (1) the corresponding formulation was compounded
using a twin-screw extruder (Leistritz D90459 Type
ZSE18HP-400) that possesses eight heating zones. The
working temperature was 180°C in all heating zones and
for all formulations. The screw rotation was set to 40 rpm.
A cylindrical twin die (2.5 mm diameter) was used in this
step. No forced cooling of the resulting filament was
employed; (2) the extruded filament was then pelletized
(C.W. Brabender Instruments, Inc Type: 12-74-000) to a

length of approximately 3-5 mm; and (3) the pellets were
used for final filaments production using a capillary rheom-
eter (Rheometer Scientific Acer 2000). In this step, two
cylindrical dies were employed in the capillary rheometer,
depending on the formulation, as indicated in Table 1,
because not all formulations behaved the same way. Thus,
different conditions for filament production were required
(Table 1) to guarantee a filament diameter of approximately
1.75 mm, as required for the 3D printing process. The work-
ing schedule in the capillary rheometer was: (1) preheat the
rheometer at the set temperature, (2) load the material in
the rheometer's cylinder and hold for 10 min (to guarantee
complete PP melting), (3) pre-pack until 180 mm at 2000
1/s, (4) soak (hold) at 180 mm for 1 min; and, (4) extrude
the material from 180 to 320 mm at 2000 1/s or 2500 1/s,
depending on the formulation (Table 1). Neat PP presented
difficulties for filament production due to slow cooling;
thus, compressed air was used to help cool down this
material (no forced cooling was employed for the BF-PP
formulations). The filaments were collected while continu-
ously measuring the diameters and visually inspecting
homogeneity and surface smoothness. The composite
filament production in the rheometer was relatively easy,
especially for the formulations with higher BF content. Up
to 10 m of each filament was obtained for each formula-
tion (See pictures in Figure 1).

2.2 | Filaments testing

The filaments used for 3D printing were tested to deter-
mine: (a) the BF length distribution in the filament prior
to 3D printing (i.e., after the extrusion + pelletizing
process, since final filament production in the capillary
rheometer does not affect fibers' length), (b) the effect
of the amount of BF on the rheological behavior of the
BF-PP formulations, and (c) surface morphology and
circularity of the cross-section.

2.3 | Fiber length distribution

For measuring the BF length distribution in the filaments,
a portion of filaments from each formulation (approxi-
mately 4-5 g, in duplicates) was burnt using a convection
furnace (Isotemp® muffle furnace Fisher Scientific) at
550°C for 10 min to remove PP. Then, particle size analy-
sis of the basalt fibers (i.e., length distribution analysis)
was carried out on the unburnt material. The test used a
Malvern Mastersizer 300 equipment coupled to a Hydro
LV Malvern wet dispersion unit working at 2400 rpm.
For the test, approximately 200 mg of the BF obtained
after the burning process was added to distilled water in
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TABLE 1 Parameters used in the .
) ] Formulation

capillary rheometer for producing

filaments for 3D printing. OBF100PP
15BF85PP
25BF75PP
35BF65PP
45BF55PP
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FIGURE 1 (A) Picture of the 15BF85PP formulation filament, (B) Picture of the filaments of the other BF-PP formulations, (C) Typical
particle size distribution of BF in the filaments (regardless of BF content).

the equipment's dispersion unit to reach an obscuration
of ~14%. The ultrasound option was turned on (at 70%
level) during the tests. Five measurements were carried
out for each formulation.

2.4 | Rheological behavior
Rheology tests were conducted using parallel plates and
capillary rheometers.

24.1 | Parallel plate rheology

Parallel plate rheology of the BF-PP formulations, using a
disc-size specimen produced with pellets from the filaments,
was conducted on a TA Instruments DHR-2 rheometer.
Pellets cut from filament were poured into a 5" by 5”
(125 mm x 125 mm) mold cavity with 1 mm thickness and
hot pressed using a 6” x 6” (150 mm x 150 mm) Carver
Hydraulic Mold Press to generate a thin film. Pellets were
pressed at 185°C for 5 min by applying 27.57 MPa of pres-
sure. The thin film was then cut into a disc shape using a
hole saw cutter. The parallel plate specimen with a diameter
of 20 mm and a gap of 1 mm was adopted. The five formu-
lations were tested in oscillation amplitude mode under
continuous oscillation in the 0.01 to 100 1/s shear rate at

185°C. The specimen was placed on the lower heated plate
in the rheometer, and the moveable plate was lowered to
hover above the disc to melt it for approximately
one minute.

2.42 | Capillary rheology

The capillary rheometer test was intended to better assess
the formulations' behavior at shear rates higher than
those used in the parallel plate rheometer. Rheology tests
using capillary rheology better replicate the behavior
of the materials under the conditions used in industrial
processing™ (i.e., relatively high shear rates). Capillary
rheology tests were conducted on the Acer 2000 equip-
ment employed for filament production. Approximately
80 g of each formulation (in duplicates) were used for
the tests. As in the work of Rhodes et al.,** a die with
L/D = 20 (i.e., 30 mm long and 1.5 mm internal diame-
ter) was used for all tests. L/D > 20 has been recom-
mended for capillary rheology tests of viscous
materials.** The testing temperature was 220°C, that is,
the same used for 3D printing (See Section 2.3). After
loading, the materials were allowed to melt and reach
thermal equilibrium for around ten minutes before the
measurements. The sequence in the equipment was:
(1) prepacking to length 220 mm at 2000 1/s, (2) presoak

85U8017 SUOWILIOD BA a1 3|qedtjdde au3 Aq peusanob afe ssjole VO ‘88N JO seini Joj Aiq1T8UlUO 48]/ UO (SUOIPUD-PUB-SWLIBY W48 | 1M AlRIq Ul [UO//:SANY) SUORIPUOD pue s | 8y} 885 *[6202/T0/82] Uo Ariqiauljuo A8 (1M ‘(-oueAnde ) aqnopesy Aq T982°9d/Z00T 0T/10p/uoo" A8 1M Ake.d 1 jpuljuo'suoredligndedsty//sdny wouy papeojumod ‘€T “#202 ‘695087ST



12366 | Wl LEY— nspIRNG Polymer

PELAEZ-SAMANIEGO ET AL.

PROFEssiONALs  COMPOSITES

for 60s, and (3) testing (measuring) at ten specified
shear rates (i.e., 2000, 1000, 800, 400, 200, 100, 80, 40,
20, 10 1/s). The steady-state time for each shear rate was
60 s, which was sufficient to obtain constant stress
versus time curves (a required condition for data point
collection) before moving to the next selected shear rate.

2.5 | SEM of filaments

Scanning electron microscopy (SEM) was employed to
visualize the surface morphology (smoothness) and the
circularity of the filaments' cross-section. The SEM test
was conducted using Tescan SEM equipment working at
20 kV after gold sputtering.

2.6 | 3D printing

For each formulation, up to eight Type V tensile testing
coupons (length overall of 63.5 mm, width overall of
9.53 mm, and thickness of 3.2 mm, as per ASTM D638)
were 3D printed employing an ANYCUBE i3 Mega 3D
printer (at room temperature), using a hardened steel
nozzle (0.6 mm diameter) to minimize abrasion of BF on
nozzle's internal surfaces. The extruder temperature was
set to 220°C, and the plate temperature was 90°C in all
cases. For adequate adhesion of the 3D printed speci-
mens, the plate was covered with 3M Scotch® Super-hold
adhesive tape (which is a PP-based tape). Other parame-
ters used were: infill density of 25% (a typical value in 3D
printing works as mentioned, for example, in Coughlin
et al.*"), layer cooling fan was ON (at 100% capacity); zig-
zag infill pattern (45°); wall thickness of 1.2 mm
(i.e., double the diameter of the die exit); layer height of
0.2 mm; and, a print speed of 30 mm/s. Print cooling was
enabled at 100%. In addition to the tensile coupons, five
specimens for Izod Pendulum Impact (length of 63.5 mm,
width of 12.7 mm, and thickness of 3 mm, following
ASTM D256) were produced for each formulation (except
for neat PP, from which only three specimens were pro-
duced due to the difficulty of 3D-printing this material and
extreme warping and lack of enough filament of neat PP
after filament production), using the same parameters
employed for the tensile testing coupons. Welding of the
first deposited layer onto the build platform (i.e., scotch
tape) was observed in some samples after removing the
3D-printed specimens. We also observed that even using
the adhesive tape on the plate, obtaining dimensionally
accurate 3-D printed samples of neat PP was challenging,
which explains why only a few specimens were success-
fully 3-D printed. The apparent density of the final speci-
mens was determined by weighing the 3D-printed

specimens and calculating the corresponding volume
(using SolidWorks). The total time for 3D printing tensile
and impact specimens was ~19 min and ~ 30 min, respec-
tively. Furthermore, additional specimens were 3D printed
for formulations 35BF65PP and 45BF55PP using 50% and
100% infill density (keeping the other parameters employed
for the 25% infill specimens) to find the effect of infill den-
sity on tensile strength and Izod impact resistance.

2.7 | Testing of 3D printed specimens
Tensile tests of the V-type coupons were conducted fol-
lowing ASTM D638 using an Instron (Model 4466) uni-
versal testing machine. Five specimens obtained via 3D
printing (Section 2.6) were directly tested under tensile
conditions using an Epsilon extensometer with a gauge
length of 12.5 mm (Model 3442-0050-010-ST) to record
the displacement. The testing speed was 1 mm/min.
Wedge-action tensile grips were used for the tests. Izod
pendulum impact tests of the 3D printed specimens were
carried out at room temperature following ASTM D256,
using a Dynisco BPI (Basic Pendulum Impact Tester)
equipment. Prior to the test, the specimens were sepa-
rately notched at room temperature as per the ASTM
D256 standard. Four specimens of each formulation
were employed in the tests, except for the 0BF100PP for-
mulation (from which only two specimens were tested,
due to the difficulty of obtaining flat 3D-printed pris-
matic specimens). Analysis of variance (ANOVA) using
OriginPro 2017 (Northhampton, MA, USA), with confi-
dence level a = 0.05, was conducted to determine the
statistical significance of the results.

Thermogravimetric analysis (TGA) was carried out to
(a) investigate the effect of adding BF on the thermal deg-
radation of the composites and (b) assess if the BF con-
tent in the composite is close to the target BF content
throughout the 3D printed tensile coupons. For the test,
samples (25% infill density) were randomly taken from
the tested tensile coupons (i.e., after the compounding
and 3D-printing process) and subjected to TGA using a
Mettler Toledo TGA/DSC 1 equipment at a heating rate
of 10°C/min, from room temperature to 600°C, with
nitrogen as carrier gas. Differential Scanning Calorimetry
(DSC) was used to determine the thermal stability of the
3D-printed composites. The test was conducted on a
STARe System DSC 1 (Mettler Toledo, Columbus, OH)
with Mettler Toledo STARe Evaluation Software 16.40.
The neat PP and the four BF-PP formulations were
heated, cooled, and heated again using a heating/cooling
rate of 10°C/min in the range of temperatures from 20 to
200°C and nitrogen as carrier gas. Scanning electron
microscopy (SEM) was employed to observe fiber/matrix
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FIGURE 2 SEM pictures of the
surfaces (column 1) and the cross
sections (columns 2 and 3) of the
filaments of (A) Raw PP (i.e.,
0BF100PP), (B)15BF85PP, (C)
25BF75PP, (D) 35BF65PP, and (E)
45BF55PP formulations.

(D) 35BF65PP (C) 25BF75PP (B) 15BF85PP (A) OBF100PP

(E) 45BF55PP
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interfacial bonding in the 3D printed specimens after the
tensile tests, following the same procedure for testing
the filaments.

3 | RESULTS AND DISCUSSION

Figure 1A,B show pictures of filaments used for 3D printing
obtained from the capillary rheometer. The final diameters
of the filaments were 1.67 + 0.09, 1.69 + 0.10, 1.74 + 0.06,
1.75+0.06, and 1.74+ 0.03mm for the OBF100PP,
15BF85PP, 25BF75PP, 35BF65PP, and 45BF55PP formula-
tions, respectively (means of diameters at ten different
randomly selected filaments' lengths). As expected, the pro-
duction of the neat PP filament was challenging because the
material was prone to shrinking, that is, reducing its diame-
ter when cooling (See also Section 3.5). The addition of BF
reduced this PP's tendency, and the target diameter
(i.e., approximately 1.75 mm) was more easily achieved,
especially for formulations containing 25 wt% BF and above.
Also, as seen in the pictures (Figure 1), the resulting
filaments are very flexible, which contrasts with the prepara-
tion of filaments using other types of fillers, such as GF, in
which some degree of brittleness has been identified.®

A typical BF particle size distribution of the fibers, regard-
less of the BF content in the composite, is shown in
Figure 1C. The BFs of the BF-PP filaments are constituted
mainly by short fibers with lengths below 1000 pm, with
approximately half the fibers' length ranging from 7 to
50 pm. The standard percentile readings from the analysis
for each formulation, as reported by the Mastersizer
equipment, were: Dv10 = 11.80 + 0.04 pm; Dv50 = 28.40 +
0.15 pm; and Dv90 = 476 + 8.98 pm (where, for example,
the Dv90 category represents the size of the particle below
which 90% of the sample lies). The reduction of particle size
compared to the raw BFs results from the compounding
process in the extruder. Interestingly, the length of the BF
fibers in the composites is close to the length of GF used by
Shulga et al,”’ who manufactured GF-reinforced PP 3D
printed composites.

3.1 | Morphology of filaments

Figure 2 shows SEM images of the filaments of each for-
mulation. Filaments' surface smoothness was excellent
for OBF100PP, 15BF85PP, and 25BF75PP formulations
(Figure 2A1-C1, respectively) despite the lack of compati-
bilizers in the formulations. The better surface morphol-
ogy among all formulations corresponds to the 15BF85PP
formulation. The 35BF65PP and the 45BF55PP filaments
show higher surface roughness (Figure 2D1-E1) due to
higher amounts of BF. A filament with a smooth surface

is a positive feature for 3D printing applications.** SEM
images of the cross-section of the filaments (Figure 2A2-
E2) show the circularity of the filaments' cross-section. A
yellow circle has been drawn in the micrographs for
comparison purposes. Figure 2A2 exhibits a shrinking
behavior of PP. A slight deviation from circularity (as
highlighted with a yellow line in Figure 2B2 and 2C2) can
be observed for 15BFPP and 25BFPP formulations. The
cross-sections of the 35BF65PP and 45BF55PP filaments
are closer to the expected circular shape.

The right column of Figure 2 presents magnified SEM
pictures of the cross-section of the filaments. In all cases, it
is seen that the BF fibers are aligned with the longitudinal
direction of the filaments. In the 15BF85PP and 25BF75PP
formulations, excellent fiber dispersion is identified, and
no fiber aggregations are observed (i.e., the fibers are iso-
lated from each other and completely covered by a PP
layer). However, the 35BF65PP and 45BF55PP formulations
show that some fibers are not isolated from each other, and
agglomerations of fibers exist. Detachment in the surface
between BF and PP and shorter distances among BF are
also identified (see the yellow arrows in the micrographs).
These findings result from the high amounts of BF in these
two formulations.

3.2 | Rheological behavior

Results on the rheological tests of the formulations
employed for 3D printing using the parallel plate rheometer
(Figure 3) show that all BF-PP formulations present a classi-
cal behavior of filled polymers. The complex viscosity (n*)
of neat PP at the lower ® (up to ~1 1/s) is relatively con-
stant and decreases at higher angular frequencies
(Figure 3A), as expected for neat PP.** The addition of BF
in all formulations increases n*, indicating that the filler
requires longer relaxation time to flow. As expected, the
complex viscosity increases with BF content, regardless of
the frequency, showing the filling effect of BF. In the
45BF55PP composite, yield stress occurs, indicating lower
warpage when filler content increases. Shear thinning
behavior was also observed in all curves as the shear rate
increased. Thus, in all formulations, the complex viscosity
decreases as the frequency increases, suggesting that the
materials become less viscose at higher frequencies. These
results are confirmed by the rheological behavior of the
composites using the capillary rheometer (Figure 4). The
results of the capillary rheology show relatively large differ-
ences among the values of complex viscosities at the lowest
shear rate (i.e., 10 1/s). The measured complex viscosities
are 254, 282, 370, 418, and 591 Pa.s for the OBF100PP,
15BF85PP, 25BF75PP, 35BF65PP, and 45BF55PP formula-
tions, respectively. Yet, the lower resistance to flow under
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FIGURE 4 Curves of shear viscosity versus shear rate (o) of
the formulations used for 3D printing (capillary rheometer).

high shear rates is expected to positively impact the 3D
printing of the formulations because the rheology of the
composite is dominated by the rheology of the matrix.
When processed at high shear rates (i.e., above 100 1/s), all
composites show approximately similar behavior. Potential
issues such as nozzle clogging or reduced extrudability were
not identified in the process.

Based on the n versus o results shown in Figure 3A,
two groups of BF-PP composites can be distinguished:
(1) OBF100PP and 15BF85PP, and (2) 25BF75PP,
35BF65PP, and 45BF55PP formulations. The formula-
tions of each group have close complex viscosities at high
shear rates. Approximately similar complex viscosity at
high shear rates indicates that all formulations should
work similarly when processed to produce composites
using FDM since polymer processing usually involves
high share rates. The 15BF85PP formulation can also
require less energy for processing than the 25BF75PP,
35BF65PP, and 45BF55PP formulations. The rheological

behavior of the composites also has implications for the
printability of the formulations. According to Schwab et al.,*’
“the concept of printability assessment for extrusion printing
includes rheological characterization, extrudability, and
filament formation as well as shape fidelity”; thus, the
rheological properties largely influence composites'
printability. Therefore, all formulations, when processed
at high shear rates (i.e., above 100 1/s), are expected to
possess approximately similar printability.

Figure 3B,C show that both the storage modulus (G')
and the loss modulus (G") of all formulations (in the paral-
lel plate rheometer) decrease as the frequency decreases.
Improvement of G' is due to the presence of the filler, which
partially restricts the movement of the PP chains.*® It is also
seen that, in the entire o region tested, G" is higher than G/,
suggesting that all formulations behave like viscous mate-
rials. Moreover, a visible increase of both G' and G" occurs
as the BF content increases in the formulations. Higher G"
indicates the composites’ ability to dissipate energy as heat
when subjected to cyclic or dynamic loading due to the
filler's additional interfaces, irregularities, and interactions
within the composite. The G' increase can be explained
because higher filler concentrations and well-aligned filler
networks can increase the composite's reinforcing effect
and stiffness.

3.3 | DSCresults

Figure 5 shows the DSC curves corresponding to the first
cooling and second heating and Table 2 shows the scan-
ning calorimetric data obtained for the BF-PP formula-
tions. It is observed that the percentage of crystallinity
(X.) decreases in the formulations with lower loading
levels of BF (i.e., 15 and 25 wt% of BF) while T, and Ty,
increase compared with net PP. This probably results
from the PP crystallite size (the size of the spherulites)
within the composite matrix. Well-dispersed short fillers
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TABLE 2
different formulations.

Scanning calorimetry data corresponding to the

Formulation T. (°C) Tm (°C) AH, (g™ X,
0BF100PP 108.2 166.9 101 49
15BF-85PP 152.7 192.9 26 15
25BF-78PP 153.1 194.6 29 19
35BF-65PP 125.0 165.5 60 45
45BF-55PP 125.3 165.6 56 49

can act as nucleating agents, increasing the length of the
polymer folding to form crystals and consequently requiring
more energy for the polymer to melt.** It possible that fewer
but larger crystals are formed at low BF concentrations since
the dispersed fibers can be more effectively coated with a PP
layer (See Figure 2) than in formulations with higher BF con-
tent. Thus, 15 to 25 wt% of BF could be more easily inte-
grated into the PP matrix, providing a more favorable
environment for crystals to grow. Meanwhile, in the formula-
tions containing 35% and 45% BF, the percentage of crystal-
linity (X.) and Ty, remains similar to that of neat PP, while
T, increases. This suggests that, at higher filler content, more
energy is required to initiate the crystallization process since
the filler can introduce unwanted effects, such as filler-filler
agglomeration, decreased chain mobility, BF-BF interactions,
limited space for the matrix amid BFs, and detachment
between BF and PP at the interface.

3.4 | TGA results of 3D printed
composites

The TGA curves (Figure 6A) show the influence of BF on
the thermal stability of PP. For all the BF-PP formulations

T T T T T T T T T T
80 100 120 140 160 180

Temperature (°C)

Curves corresponding to the DSC (A) first cooling and (B) second heating of BF-PP composites.

(i.e., regardless of the filler content), ~5% of weight loss
occurs at around 415°C. The initial degradation tempera-
ture is approximately similar for all formulations, with a
variation of a few Celsius degrees only. The maximum rate
of change of mass with respect to time (i.e., maximum in
the DTG curve in Figure 6B) corresponding to each formu-
lation shifts from 459.6°C for pure PP to 468.3°C for the
45BF55PP formulation. Thus, the BF in the composites
increases the thermal stability of the composite compared
to neat PP, probably because of the BF's higher thermal
stability than PP's (i.e., BF's thermal expansion coefficient
can be ~8 to 10 times lower than PP's. See Section 3.5),
which is limiting the heat transfer to PP to start degrading.
The TGA curves also serve to confirm that the BF content
in the 3D-printed composites is approximately similar to
the target BF content for each formulation. Specifically,
the BF contents are 15.0, 22.9, 33.1, and 42.1 wt%, for the
15BF85PP, 25BF75PP, 35BF65PP, and 45BF55PP formula-
tions, respectively, corresponding to the undegraded mate-
rial after 500°C. These results suggest that the procedure
used in the work ensures that the BF content is close to
the target content.

3.5 | Mechanical properties of the 3D
printed composites

Examples of typical stress-strain curves of the tested com-
posites are presented in Figure 7, showing that the strain
of the composites is largely decreased when compared to
neat PP. Pictures of the specimens used for the tensile tests
and the Young's moduli corresponding to each formula-
tion are summarized in Table 3. The results show that the
increase in Young's modulus (E) of the composite material
is statistically significant (at the a = 0.05 level; in the table,
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FIGURE 6 Examples of: (A) TGA and (B) DTG curves of the 3D printed composites.
8 reported E of 0.773 + 0.012 GPa.*® For comparison purposes,
] —— 0BF100PP the E of the 3D-printed BF-PP composites herein (~4.2 GPa
16+ 15BF85PP for the formulations with amounts of BF greater than 35%,
1 25BF75PP . . . e
14 4 35BF65PP as seen in Table 3) is approximately 55% the E of injection-
= 12 1 — 45BF55PP molded BF-PP composites containing 40 wt% of BF, with
g ‘] 2Wwt% MAPP as a compatibilizer (ie., 7.73 + 0.73 GPa).*?
E 10+ The lower values of E in the 3D-printed BF-PP composites
L2 g are due to the low infill density.
@ 6 Table 3 shows that the Young's moduli of the 3D
] printed composites are higher than that of PP in all cases,
4 I' which is expected as the presence of the filler reinforces
1 _‘h\ . . . . .
2 - the composites. However, a SIgnlﬁcant Increase 1n
0 ] Young's modulus is achieved when the proportion of BF
0.00 0.01 0.02 003 0.10 0.11 increases in the formulation (above 35% in this study).
Strain (mm/mm) The E of 35BF65PP and 45BF55PP is approximately simi-
lar (~4.25 GPa) and approximately four times higher
FIGURE 7 Typical stress-strain curves for the BF-PP than that of neat 3D-printed PP. The E of these formula-

composites tested (Note the break from 0.04 to 0.1 mm/mm in the
x-axis to better show the whole curve for neat PP).

values with same letters are not significantly different)
when the BF content is increased, except when BF is
increased from 35 to 45 wt%, at which point the difference
is not statistically significant. These results confirm the
expected reinforcing effect of BF in the composites. The
apparent density of the 0BF100PP specimen is below that
of the neat PP (i.e., 0.890 g/cm’). This result is expected
because of the low infill density of the specimens
(i.e., 25 wt%). Likewise, the densities of the other formula-
tions are lower than that of neat PP, also because of the
low infill density, except for the 45BF55PP formulation
(due to the large amount of BF). The E of 3D-printed
neat PP (1.08 GPa) is higher than previously reported
values for PP. Stoof et al.’ reported Young's modulus
of neat 3D-printed PP of 0.892 GPa, and Yang et al

tions is also higher than values reported for PP-based 3D
printed composites containing 30% harakeke, using a
compatibilizer (MAPP) (i.e., ~2.70 GPa).> One possible
reason for the relatively higher E in the BF-PP compos-
ites is because of the large amounts of BFs, as the E for
BF filaments is around 89 GPa, according to the supplier.
Regarding the UTS, results in Table 3 show that, statisti-
cally, there are differences among the values correspond-
ing to each formulation. A decrease in UTS is observed in
formulations with 15 and 25 wt% of BF when compared
to neat PP, but UTS is higher than in neat PP in the for-
mulations with 35 and 45 wt% of BF. These results indi-
cate that significant amount of BF fiber is required in a
formulation to achieve adequate interaction between the
sized BF and PP to improve the strength of a 3D printed
composite material (as indicated by the stress—strain behav-
ior in Figure 7). Moreover, results also indicate that sizing
of BF could be improved significantly to yield higher com-
posite strength.
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TABLE 3 Results of mechanical tests of BF-PP composites (25% infill density).
Specimen’s Apparent Young's E relative
Formulation picture density (g/cm>) Modulus® (GPa) increase (%)° UTS?* (MPa)
OBF100PP = 0.582 + 0.046 1.08 + 0.09 (A) - 14.76 + 2.64 (A)
15BF85PP “ 0.588 + 0.011 1.42 +0.21 (B) 31.3 10.73 + 0.43 (B)
25BF75PP “ 0.606 + 0.012 1.80 + 0.09 (C) 73.9 8.95 + 1.07 (C)
35BF65PP ‘ 0.876 + 0.022 424 +0.29 (D) 291.9 18.07 + 0.84 (D)
45BF55PP 0.940 + 0.020 4.25 + 0.44 (D) 292.5 17.67 + 0.91 (D)

“Different letters in parenthesis indicate statistically significant differences in values at the a = 0.05 level.

bPercent increase taking neat PP as a reference.
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SEM pictures corresponding to the fracture of 3D-printed composites showing fiber's pullout after tensile tests of the

45BF55PP formulation (A, B) and BFs' alignment during 3D printing (C).

Figure 8 presents SEM micrographs corresponding to
the fracture of the 3D-printed composites after the tensile
tests. Figure 8A shows no damage or breakage of the BFs
after the tensile tests, indicating that the fracture is
mainly due to matrix cracking and fiber pullout. This
is confirmed by Figure 8B, where holes in the matrix
(some of which are highlighted with yellow arrows) are
visible post-tensile test due to fiber detachment. More-
over, the BFs' surfaces do not exhibit any adhered residue
of PP after the tests (Figure 8A). These observations
indicate relatively poor interface interaction between
the fiber and the matrix. However, the adhesion appears
sufficient to improve the mechanical properties of the
composite (Table 3). Furthermore, it is known that the
role of the fiber as reinforcement in the composite
depends on the fiber distribution and orientation within
the composite.”> Good distribution of fibers and fiber
alignment is observed in the 3D-printed BF-PP compos-
ites (Figure 8A,B), which is consistent with the 3D pro-
cessing method, as confirmed by Figure 8C.

The improved mechanical performance for BF-PP
composites compared to neat PP, as seen in Table 3, is

due to the reinforcing effect of BF within the matrix. This
enhancement can be attributed to the existing BF-PP
interface interaction, combined with other factors such as
BF's mechanical properties and its appropriate distribu-
tion and orientation within the matrix.*

Figure 9A shows pictures of the 3D printing speci-
mens for the Izod impact tests. The pictures show that
the visible warping of neat PP 3D printed specimens is
avoided by introducing BF as a reinforcer (Figure 9B).
Warping and shrinking of PP in 3D printing occurs
because, as melt PP cools down, the volume (i.e., the free
volume between the macromolecular chains and their
vibrational volume) decreases as long as the material's
temperature is above the glass transition temperature.®'
The relatively high thermal expansion coefficient of PP
(i.e., up to ~62 x 10~° 1/°C at 160°C)*° makes PP expand
in all directions when heated, causing the poor dimensional
stability of the 3D printed PP specimen upon cooling. Mean-
while, the low thermal expansion coefficient of BF (8 x 10™°
1/K), which is close to that of GF (ie., 54 x 10~° 1/°C),*
helps the 3D printed BF-PP composites to keep the shape
and dimensional stability regardless of the BF percent.
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(A)

FIGURE 9 (A) Comparison of the tendency to warping of 3D
printed neat PP (white color) and BF-PP composites, (B) the
tendency to warping of PP 3D printed specimens is drastically
reduced by the addition of BF.

The tendency of PP to warp in 3D printing processes has
been reported previously.”**' Therefore, the addition of BF
to PP for 3D printing has avoided the warpage (specifically,
the cupping) that occurs in 3D printed neat PP. The addition
of BF as a filler in the PP-based composite improves the
dimensional accuracy of PP-based 3D-printed composites.
Commercially available PP-based filaments do not report the
use of BF for this purpose. Previous works have also shown
3D-printed composites using up to 40% BF in ABS-based
composites. However, 3D printing of PP-based composites
reinforced with lignocellulosic fibers above 30% presents
limitations.” Moreover, studies on PP-based 3D printed
composites reinforced with GF usually have used up to
30% of GF.>?® Thus, high amounts of BF in BF-PP com-
posites appear less challenging to 3D print than formula-
tions containing other types of reinforcing fibers.
Regarding the Izod impact resistance, the break in all
specimens was a hinge type, which agrees with previous
findings.** Figure 10 shows that the neat PP yields statis-
tically (at the a = 0.05 level) higher impact resistance
than the composite materials (except for the 15BF85PP
formulation) since impact resistance is reduced as BF is
added to the composite. Interestingly, there is no statisti-
cal difference in Izod impact resistance in formulations
that contain 25, 35, and 45 wt% of BF. This finding sug-
gests that the BFs do not have an energy shielding effect
in the composite, probably due to poor BF-PP interfacial
bonding that hinders the dissipation of energy received
during impact. However, the impact resistance of the 3D
printed PP-based composites (Figure 10) is higher than
that of injection molded crystalline cellulose reinforced PP
composites reported by Yang et al.,” who showed impact
strength of notched specimens of 8.88 + 0.73 kJ/m? for PP
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FIGURE 10 Izod impact resistance of BF/PP formulations.
Bars with different letters indicate statistically significant
differences at the @ = 0.05 level.
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FIGURE 11 Effect on infill density on Young's Modulus (E) of
35BF65PP and 45BF55PP composites (the value after the dash
shows infill density).

and up to 5.70 + 0.31 kJ/m> for composites reinforced
with 1% microcrystalline cellulose. Moreover, the impact
strength of all BF-PP formulations is comparable to values
reported by Deng et al.** for injection molded BF-PP com-
posites containing 40 wt% BF and using 2 wt% of MAPP
compatibilizer (i.e., 8.49+0.36 kJ/m?).

3.5.1 | Effect of infill density

The effect of infill density on Young's modulus in the
35BF65PP and 45BF55PP 3D printed composites is
presented in Figure 11. It is seen that, for the 45BF55PP
formulation, the increase of infill density improves the
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mechanical properties. However, no visible effect is iden-
tified in the 35BF65PP composite, due probably to the
slight change in the weight of the composite because of
the small size of the tensile specimens. The use of high
infill densities, with improved Young's modulus, could be
of interest for some applications where the increased
weight of the 3D printed part is not a limitation. This
work shows the promising prospect of integrating basalt
fiber as a filler to manufacture BF-PP composites,
highlighting their ease of production through 3D printing
processes.

4 | CONCLUSION

Basalt fiber was used as a filler in BF-PP composites and
as a potential alternative to carbon fiber and glass fiber
for manufacturing PP-based composites via 3D printing.
In this work, formulations containing up to 45 wt% BF
were successfully 3D printed. The rheological behavior of
all formulations suggests approximately similar printabil-
ity. The BF-PP composites showed better dimensional
stability than neat PP since the composites, in all cases,
retained their shapes and size during and after the 3D
printing process. BF also enhanced the mechanical prop-
erties of the composites. Only with higher proportions of
BF (over 35%), Young's modulus of 3D printed compos-
ites increased by up to three times compared to that of
neat PP specimens, whereas the strength increased only
by about 25%. Such an increase can result mainly from
an adequate distribution and alignment of BF in the com-
posite and, marginally, from the interaction of silane-
sized BF with the PP matrix; however, a more effective
sizing of BF is needed to improve the interaction between
PP and BF. The reinforcing role of BF in PP-based
composites is verified since PP is known for its poor
mechanical properties. Izod impact resistance of the
composites containing 45 wt% BF retained no less than
70% the impact resistance of 3D-printed neat PP. The
mechanical properties of the composites vary depending
on the percentage of BF utilized, enabling the production
of BF-PP composites to be tuned to meet the specific
requirements of the final application. Therefore, BF-PP
composites show potential for applications where neat PP
use is limited due to poor mechanical properties and
difficulty in controlling dimensional stability (warping)
during 3D printing processes.
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