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ABSTRACT: We report on enhancing the mechanical and structural characteristics of polypropylene (PP) three-dimensional (3D)-
printed structures fabricated via fused filament fabrication (FFF) by employing composite PP-based filament with subsequent
microwave (MWV) treatment. The composite filament contained a minute (0.9 vol %) fraction of silicon carbide whiskers (SiCWs)
and was prepared via melt blending of PP pellets with SiCW using an extruder. The surface of the whiskers was modified with
trimethoxy(octadecyl) silane to improve compatibility between the polar SiCW and nonpolar PP matrix. We employed SiCWs in
composite filament because of the whiskers’ high thermal conductivity and ability to generate heat locally under MWV irradiation.
Indeed, we were able to conduct the heating of printed parts by MWV without sacrificing the structural integrity and improving the
overall adhesion between the 3D-printed polymer layers. Our modeling captures an extent of heating upon MWV irradiation
observed in our experiments. In general, utilization of the composite PP/SiCW filament significantly improved the printed parts’
mechanical characteristics and sintering level compared to those made from pure PP filament. Specifically, after the MWV treatment,
the adjusted (for density) storage modulus of the PP/SiCW material was just ∼20% lower than that for the PP sample obtained by
conventional compression molding. After the MWV irradiation, Young’s modulus, yield stress, and toughness of the printed
structures were increased by ∼65, 53, and 55%, respectively. We attribute the improvement of mechanical properties via MWV
treatment to enhancing the entanglement level at the weld.
KEYWORDS: polypropylene, 3D printing, mechanical properties, microwave irradiation, silicon carbide whiskers

■ INTRODUCTION
The field of three-dimensional (3D) printing, commonly
referred to as additive manufacturing (AM) or rapid
prototyping (RP) earlier, was first developed by Charles Hull
in the 1980s based on his work with photopolymerization.1,2

Since then, the field has exploded, often called the ″new
industrial revolution″.3−5 One of the most widely used
methods of polymer-based 3D printing is fused deposition
modeling (FDM) or fused filament fabrication (FFF), which
requires a thermoplastic filament to be directed toward a
heating block and then deposited via extrusion layer-by-layer to
produce a finished part.1 Generally, FFF-printed parts have
lower strength, toughness, and reliability than parts produced
through traditional methods, such as injection and compressive
molding.6 Also, due to the nature of FFF, 3D-printed parts can
demonstrate anisotropic behavior with varying properties
depending on the orientation of applied stress.7

Currently, the most pressing FFF challenge is the limited
selection of materials that can be used in this technique, as the

process requires that a filament has a viscosity high enough to
provide structural support but low enough for proper extrusion
mechanical consolidation.8,9 For instance, polypropylene (PP)
is one of the world’s most widely used thermoplastic polymers,
known for its mechanical properties, processibility, chemical
resistance, and low cost.10 Due to its widespread use, ample
interest is in implementing the polymer in FFF. However, like
other semicrystalline polymers crystallizing at a high rate, the
3D printing of PP faces significant obstacles. The challenges
are mainly due to the fast cooling in the FFF printing process,
which leads to significant volume shrinkage and limited
interdiffusion (consolidation) at the printed layer interface as
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rapid crystallization occurs.11−13 In addition, the crystallization
process can differ within a printed part due to print patterns,
part dimensions, and printing speed variation.14

To this end, this work focuses on improving the properties
of PP 3D-printed structures by employing composite PP-based
filament containing a minute (3 wt % or 0.9 vol %) fraction of
silicon carbide whiskers (SiCWs). Previously, adding inorganic
fillers to filaments used in FFF has been shown to reinforce the
polymeric material, reduce shrinkage from printing, and
decrease the anisotropy of printed parts.11,12,15 The addition
of inorganic fillers appears as a possible solution to close the
gap between FFF-produced parts and traditional fabrication
methods, provided that concentration and the interfacial
interaction between the inorganic filler and polymer matrix
are adequately addressed.16,17

The attractiveness of employing SiCWs in composite
materials resides in their exceptional physical properties, such
as a high modulus, thermal and radiation stability, abrasion
resistance, a low coefficient of thermal expansion, high thermal
conductivity, and low electrical conductivity.18−21 Further,
SiCWs are fabricated from rice hulls, a renewable material.22

The surface of SiCWs contains SiO2 groups
22 and, therefore,

can be straightforwardly modified using silane chemistry21,23 to
be compatible with nonpolar polymer materials such as PP.
The whiskers were also chosen due to their ability to absorb
microwave (MWV) irradiation and generate heat locally.24,25

Using such materials combined with polymer matrices is very
appealing, as MWV heat treatment can be used for
postprocessing purposes such as joining and/or repairing
damaged interfaces.25,26 We envisioned allowing local heating
of the already printed parts without sacrificing the structural
integrity and improving the overall adhesion between the 3D-
printed polymer layers (Figure 1). Prior FFF studies utilizing
different microwave-absorbing materials/polymer pairs such as
ABS/carbon nanotubes (CNTs),27 PLA (polylactic acid)/
CNT,28 PLA/SiC,29 and PLA/graphene30 demonstrated the
efficiency of this approach. It is worth mentioning that ABS-
and PLA FFF-printed structures (even without MWV
treatment) have good mechanical properties, are easy to
print, and are widely employed in FFF. However, to the best of
our knowledge, this methodology has not been applied to
improve 3D-printed structures made from the ″difficult-to-
print″ PP.
We found that employing the composite PP/SiCW filament

in the FFF process improved the printed parts’ structural and
mechanical characteristics compared to those made from pure
PP filament. In addition, introducing the whiskers in the
material offered measurable temperature increases in printed
composite parts during subsequent microwave treatment. This
further treatment did not change the part dimensions/shape
and offered additional time for the polymer chain rearrange-
ment/entanglement at the interface between printed layers.

We demonstrated that the MWV irradiation significantly
improved the mechanical properties of the 3D-printed
materials.

■ EXPERIMENTAL SECTION
Materials. Polypropylene (1.3 MFI Braskem F013M) pellets were

used as received. Methyl ether ketone (MEK) was purchased from
Sigma-Aldrich. Silar SC-9M SiCWs were obtained from Advanced
Composite Materials LLC. SiCWs were rinsed 3 times with MEK
before use. Trimethoxy(octadecyl)silane (TOS) was obtained from
Alfa Aesar. As reported previously,21 the obtained whiskers have
diameters in the range of 0.2−0.6 μm (0.42 μm average) and lengths
from 2 to16 μm (4.2 μm average).
Modification of SiCWs. First, a 5% volume TOS solution was

prepared by adding the silane to MEK. SiCWs were added to the
solution, and the suspension was agitated overnight on an orbital
shaker set to a low speed. The modified SiCWs were separated from
the solution via sedimentation, rinsed 3 times with MEK to remove
unbonded TOS, and dried at ambient conditions for at least 24 h. The
amount of TOS attached was determined via mass loss using Thermal
Gravitation Analysis (TGA Q5000, TA Instruments). In the TGA
experiments, a sample (∼5 mg) was heated under a nitrogen
atmosphere (gas flow = 20 mL/min) from 25 to 700 °C at a heating
rate of 20 °C/min. The thickness of the TOS layer was calculated
from the mass loss as described elsewhere.21

Preparation of PP and PP/SiCW Filaments. A Noztek single
screw extruder (equipped with a spool winder control system) having
a 1.75 mm die was used at 230 °C to extrude filaments from PP and
PP/SiCW pellets. We extruded the filament twice to prepare the PP/
SiCW material. The double extrusion with the single screw extruder
was needed to obtain the samples with even distribution of SiCWs
within the PP filament. Since the double extrusion at the elevated
temperature can change the material properties, the pure PP filament
was also produced using the same procedure employed for the PP/
SiCW filament. To fabricate the PP/SiCW filament, 50 g of PP pellets
was placed in a 300 mL glass beaker. The MEK/SiCW suspension was
then slowly dropped over the pellets in a drop-casting-like nature until
the solution was exhausted, and the pellets were thoroughly coated.
During the drop-casting, the pellets were manually mixed using a
spatula. The pellets decorated with SCWs were placed in a Petri dish,
loosely covered with aluminum foil, and dried thoroughly for 24−48 h
to allow the MEK solvent to evaporate. The drying was completed
when the MEK smell was not detected organoleptically. The
composite filament was prepared by placing SiCW-coated pellets in
the hopper for 15 min for preheating before initial extrusion. The
extruded filament was chopped up and fed back into the extruder for a
second extrusion.
Preparation of 3D-Printed Materials. Samples were printed on

a Builder 3D FDM Printer for DMA and compressive testing. The
dimensions of the DMA samples were 35 × 7 × 2 mm3. The samples
for compression testing were 10 × 10 × 10 mm3 cubes. In order to
accurately measure the temperature of our materials, a variation of the
compression cubes was printed with a 5 mm deep hole (diameter 2
mm) added to allow for our fiber optic temperature probe. Designs
were made on Solidworks software, and printing parameters were
finalized on Slic3r software with a 0.4 mm layer height, a 100% infill, a
60 mm/s parameter speed, an 80 mm/s infill speed, and a 130 mm/s

Figure 1. Scheme for the PP/SiCW layer welding via the MWV treatment process.
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travel speed. All samples were printed at 230 °C onto a 40 °C heated
bed. The printing direction was ±45°. A PP thin film was used to
improve bed adhesion during printing.
Density of the 3D-Printed Materials. The samples’ dimensions

and weight were measured to determine the density of the materials
printed. The dimensions (at multiple points) were measured using a
micrometer. The weight was determined with an analytical balance. In
the calculations, we used the average value of the dimensions, and the
samples were considered to have a rectangular shape.
Microwave Irradiation. Microwave treatment was performed on

a 1000 Watt Laboratory Microwave BP-095 from Microwave
Research and Applications Inc. The samples (enclosed in the
thermoinsulating PP foam container) were positioned in the middle
of the microwave in the plane (X−Y) direction and ∼5 cm in the
vertical (Z) direction. The temperature of the microwave oven
chamber and the cube was measured using a FOTEMP1-H single-
channel portable signal conditioner equipped with a fiber optics FO,
type TS3 temperature probe (Micronor Sensors).
Characterization. Hitachi SEM 4800 and SEM 6600 scanning

electron microscopes were utilized to examine the filament cross
sections. Filament cross-sectional samples were prepared via cryogenic
fracture. To this end, the filament samples (about 3 cm long) were
employed. A notch (∼1 mm deep) was made with a razor blade in the
middle of the filament. Next, the samples were placed into liquid
nitrogen for 10 min. Finally, the samples were broken using two pliers.
Differential scanning calorimetry (DSC) was used to evaluate the
thermal properties. The measurements were conducted at a 20 °C/
min rate between −50 and 200 °C. Dynamic mechanical analysis
(DMA, Q800 TA Instruments) was used to characterize thermal−
mechanical properties. The temperature was ramped from −50 to 120
°C with a rate of 2 °C per min and a frequency of 5.0 Hz. For
compression testing, 10 × 10 × 10 mm3-printed cubes were used. The
testing was done on an Instron 2282 at a 10 mm/min compression
rate. Three parallel DMA and compression samples were tested per
each material.

■ RESULTS AND DISCUSSION
Evaluation of Interfacial Situation. It is well established

that due to the nature of FFF printing, mechanically weak
points occur along the contact line between the extruded
layers.16,31−33 The strength of the link between the two
polymer surfaces welded together is directly tied to the degree
of interdiffusion at the boundary.34−36 The contracting
polymer chains must diffuse and create a welded zone between
the two surfaces whose strength depends on the level of
entanglements that can form. The polymer chains must diffuse
a distance of approx. 0.4 Rg, where Rg is the macromolecule’s
gyration radius, to regain the bulk strength36 and attain
interfacial healing during printing. The extent of the
interdiffusion during the 3D printing is defined by the
temperature profile within the printed layer, with the local
diffusion coefficient dependent on the instantaneous temper-
ature. We approximate the temperature T within the printed
layer during the printing process as37
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where Tc is the chamber temperature (K), Tm is the
temperature of the newly deposited layer (K), Δh is the
layer thickness (m), ϕ is the thermal diffusivity (m/s2), t is
time (s), and Z is the vertical coordinate within the layer (m).
The temperature profile for the PP printing conducted in

this work (estimated by eq 1) is shown in the Supporting
Information, SI (S1 and Figure S1). The importance of the
cooling profile is twofold. First, polymer mobility is directly
tied to the system’s temperature through its relationship with

diffusion. Second, polymer chains can only diffuse significantly
above certain key temperatures: glass-transition temperature
(Tg) for the amorphous phase and crystallization temperature
(Tcr) for the crystalline phase. For PP used here, Tg
determined from DMA of the compression-molded sample is
about −5 °C (SI: S6 and Figure S5); however, the chain
mobility is severely limited once rapid crystallization is
completed at ∼110 °C (SI: S7 and Figure S6). From the
cooling profile (SI: Figure 1S), we concluded that PP chains
reach a stopping point in their long-range diffusion after
approx. 3 s as Tcr is attained. From the PP molecular weight
(MW∼412,000 g/mol, SI: S2) and literature data on the PP
self-diffusion coefficient (SI: S3), we obtained an equation that
allowed us to find the diffusion coefficient across broad
temperature ranges for PP material used here (SI: S3 and eq
S3). The relationship between temperature and diffusion
coefficient was combined with the cooling curve data (Figure
S3) to estimate the change in the macromolecule diffusivity as
the system cooled. We found that the PP chains are capable of
traveling about ∼14 nm, while the estimated Rg for the chains
is approx. 20 nm (SI, S3 and S4). Thus, the required distance
for healing the PP/PP interface in the course of printing is
about 8 nm (0.4 × Rg).
The estimations above show sufficient time for the full

interfacial healing of PP/PP boundaries when printed at 230
°C. Thus, the strength of the welds between the printed layers
had to reach a maximum value. However, it was reported that
interdiffusion and entanglement of the melt across the interface
are significantly affected by high shear rates in the nozzle.38

The shear stress causes deformation and disentanglement of
the polymer chains before welding, reducing mechanical
strength at the layers’ contacts. Specifically, even if a
macromolecule diffusion distance is on the level of Rg, chain
orientation/deformation does not fully relax during the
welding time. To this end, theoretical calculations indicate
the importance of the entanglement number, ZEQ = MW/ME
(ME is the molecular weight between entanglements).

38 The
smaller the number, the higher the extent of the chain
interpenetration at the layer contact. It was found that at ZEQ
≤ 22 the weld thickness becomes independent of the
deformation induced by shear rates in the nozzle at any
printing speed.38

The weld mechanical strength in the 3D printing process is
generally connected to the interdiffusion thickness Sthick and
the integrity of the entanglement network at the weld, νW. The
bulk strength at the contact is expected for νW = 1 and Sthick/Rg
> 1.38 In our case, the ratio is about 0.7. The integrity of the
entanglement network is a function of ZEQ, polymer thermal
behavior, and printing parameters. We used the known ME
value PP (4620 g/mol)36 to estimate ZEQ as 89. McIlroy and
Olmsted38 showed theoretically that under the same printing
conditions, νW for a polymer having a ZEQ of 40 is 5−10 times
larger than νW for a polymer with a ZEQ of 80. Thus, we can
conclude that in our case, the mechanical strength of the PP-
based printed structure cannot rich the highest possible value
during printing. Therefore, MWV postheating can potentially
improve the mechanical properties of the fabricated printed
parts.
Composite Filaments for 3D FFF Printing. Prior studies

have shown that polar SiC does not disperse well in the
nonpolar polypropylene matrix.39,40 Thus, before mixing SiCW
with PP, we modified the whiskers with trimethoxy(octadecyl)
silane to decrease the interfacial tension and improve the
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interaction between polar SiCWs and the nonpolar polymer.
Following the coating step of the SiCW, silane-coated SiCWs
were analyzed using TGA. The coating amount was 0.2% by
weight, translated into ∼0.8 nm layer thickness. Based on the
silane structure and assuming a fully extended conformation
for each bond, the maximum thickness of the trimethoxy-
(octadecyl) silane monolayer is ∼2.3 nm.41 Therefore, the
SiCWs were covered with either the silane monolayer in which
the alkyl chains are not stretched but rather tilted to a certain
degree or with incomplete monolayer.41,42

To fabricate the composite filaments for FFF printing, we
dropped the MEK/SiCW suspension over the pellets (being
stirred by hand using a spatula) until the solution was
exhausted and the pellets were thoroughly coated. After the
solvent evaporation, PP pellets decorated with SiCWs were
obtained and used for extruding the filaments (SI: S5 and
Figure S4). Filament samples were prepared via cryogenic
fracture to evaluate the distribution of the SiCWs in the PP
matrix, and then the cross section was examined with SEM
(Figure 2). The cross section of pure PP filament (Figure 2a)
was compared to that of the PP/SiCW composite filaments
(Figure 2b). From these images, it is evident that there is an
even distribution of the SiCWs (seen as bright speckles on the
SEM image) in the polymer matrix, and one can see no
aggregation of the whiskers. The majority of the SiCWs appear
to be oriented in the direction of the filament extrusion.
DSC results for the first heating of filaments are displayed in

Figure 3. The data show that introducing SiCWs into the PP
matrix has a small effect on the thermal transitions of the

polymer. The onset Tg of the PP and PP/SiCW filaments is
about 0 °C. However, the observed DSC Tg region is broad
and extends until ∼50 °C. This broad transition can be
associated with the orientation of the PP macromolecules

Figure 2. SEM of pure PP (a) and PP/SiCW (b) filament cross sections. Panels (c, d) are EDX spectra taken at spots 1 and 2 indicated in the
image (b), respectively. Pt signal originates from platinum sputtering of the sample prior to the imaging. Therefore, the bright speckles on panel (b)
correspond to SiCWs oriented in the direction of filament extrusion.

Figure 3. DSC traces for PP and PP/SiCW filaments.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c07464
ACS Appl. Mater. Interfaces 2023, 15, 40042−40053

40045

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07464/suppl_file/am3c07464_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07464/suppl_file/am3c07464_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07464?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c07464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


during the extrusion and the high degree of PP crystallinity.
The filaments’ major Tm (melting temperature) is ∼164 °C,
which did not noticeably change with adding SiCWs. The
extruded PP-based materials also have a smaller melting peak,
around 10° below the main melting peak. The main crystalline
peak is typically seen in PP for α-crystals, and the lower-
temperature minor peak is associated with β-crystals.43 The
minor peak is somewhat more pronounced in the filament
made from pure PP. Beyond this, we cannot observe a
significant difference in percent crystallinity, as the filaments
showed around the same percent of crystallinity (∼40%) even
after adding the inorganic additive. In general, the presence of

inorganic material in the PP matrix induces an additional
nucleation and increased degree of crystallinity.36 We associate
the absence of the crystallinity increase with a low
concentration (0.9%) of the SiCWs in the filament.
Microwave Heating of PP/SiCW-Printed Samples. To

estimate the necessary amount of SiCW to be added to the PP
filament, we modeled the microwave heating of the PP/SiCW
mixture at different whisker contents in our 1000 Watt MWV
oven. The goal was to reach a temperature well above Tg for
PP to allow the macromolecules to diffuse and form
entanglements. At the same time, the temperature has to be
well below Tm of PP (∼164 °C) to avoid the change of the

Figure 4. Temperature during MWV heating of the “temperature cubes” (a) calculated in simulations and (b) measured in experiments.
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sample dimensions/shape due to polymer flow. We also
envision that it would be beneficial to avoid reaching Tcr
(∼110 °C). An additional crystallization may occur at this
temperature, causing further material shrinkage and weakening
the layer-to-layer bonding.
To model microwave-induced heating of PP/SiCW

composites for a range of volume fractions of SiCW fillers
added, we solve a heat transfer equation within the cubic
composite sample coupled with the electromagnetic wave
equation within the entire microwave oven. Specifically, the
heat transfer equation within the sample reads

C
T
t

k T Q( )p = +
(2)

where ρ is the density (kg/m3), Cp is the specific heat capacity
at constant pressure (J/(kg·K)), k is the thermal conductivity
of the sample with the chosen volume fraction of nanofillers
(W/(m·K)), and Q is the volumetric heat source (W/m3)
upon the application of microwave power. We assume that the
composite properties are uniform on the length scale of
interest. The parameters of pure PP and PP/SiCW samples are
chosen based on the available literature, as detailed in Tables
S3, S4, and S8. For simplicity, the material’s properties are
assumed to be constant during microwave heating. The
volumetric heat source for the nonmagnetic material with a
complex relative permittivity, εr = εr′ − jεr″, is calculated based
on the electric field intensity in the microwave oven, E, as44

Q E
1
2 0 r

2= | |
(3)

where ω is the angular frequency and ε0 is vacuum permittivity.
Note that for the composites with low conductivities
considered herein, dielectric loss significantly exceeds con-
ductive loss; hence, we only account for the dielectric loss in
the volumetric heat source. The electric field vector E is
calculated by solving the wave equation within the microwave
cavity45,46

i
k
jjjjj

y
{
zzzzz kE E1

0
r

0
2

r× × =
(4)

where μr is the relative permeability, k
c0

0
= is the wave

number in free space, and c0 is the speed of light. We use
COMSOL Multiphysics@ software47 to integrate this system
of equations. All simulation details are provided in Section S8
of the Supporting Information. We chose the sample size of 1
cm3 (same as in the concurrent experiments) and the exact
dimensions of the microwave oven48 used in experiments as
detailed in Table S5 and SI, S8. The sample was assumed to be
fully insulated in our simulations. A power of 1 kW was applied
for 400 s, and the frequency f = 2π/ω was set in the
simulations to 2.45 GHz (same as in experiments). The sample
was suspended at a distance of 5 cm from the oven’s bottom
surface, mimicking the sample’s placement at the underlying
insulating foam layer in the experiments. We note that the
microwave used in experiments is equipped with a mode stirrer
for uniform heating.48 The temperature within the sample as a
function of time is shown in Figure 4a, where the temperature
within the pure PP sample (blue dashed line) is shown along
with the temperatures of the samples with different volume
fractions of SiCWs (as marked in the legend); in all cases,
fillers are assumed to be well dispersed in the sample. As

anticipated, the modeling shows only a moderate heating of
pure PP in the oven. At sufficiently high SiCWs content
(3.05% vol), the temperature reaches values well above Tcr or
Tm of polypropylene within the relatively short time of MVW
irradiation. Therefore, these results indicate that the optimal
content of SiCWs in the PP matrix is approximately between
0.9 and 1.5% (volume % of SiCWs). In what follows, we use
PP/SiCW filaments containing 0.9% vol of the whiskers in our
experiments. This lower concentration was selected to
minimize the influence of the added SiCWs on the properties
of the PP filament.
We printed 1 × 1 × 1 cm3 cubes having a hole for the

temperature probe to be inserted. These ″temperature cubes″
were used to determine how the temperature of the printed
samples changes under MWV irradiation. The results from the
microwave treatment of the PP/SiCW ″temperature cubes″ are
shown in Figure 4b. One can see that there is significant heat
generated due to the presence of microwave-absorbent SiCWs
in the PP matrix. Equally encouraging, these high heating levels
were reached without any significant structural changes in the
3D-printed cubes. The temperature cube kept its integrity and
dimensions. Our modeling approximately captures the extent
of heating observed in our experiments. For instance, the
temperature after 400 s was determined as 77 °C in modeling
(see the black line in Figure 4a, corresponding to 0.9% vol of
SiCW) and 78 °C in the experiment (shown in black in Figure
4b corresponding to the same fraction of whiskers). Hence, our
modeling approach can be used in further studies to
approximately predict variations in temperature in samples
with various fractions of added fillers. The pronounced
difference between the calculated and experimental depend-
encies is the nonlinearity of the one recorded in the
experiment. The linear dependence of temperature on the
irradiation time in Figure 4a is attributed to the fact that all of
the material parameters are taken to be independent of
temperature as detailed in Tables S3 and S4 and SI: S8.
Characterization of the Printed Samples. Samples from

the pure PP and composite filaments were printed and used in
DMA and compression testing measurements. We selected the
printer bed temperature to be 40 °C to minimize the effect of
the temperature on the diffusion processes during the printing
and consolidation of the sample. It was the lowest
(experimentally determined) temperature that allowed reliable
bed adhesion during the printing of the samples. The
mechanical properties of the printed structure depend on the
level of contact consolidation of the printed layers.49,50 For the
ideal case, where the contact zone has the same properties as
the bulk material, the mechanical characteristics of the
obtained structures are determined by their density. The
density of the printed materials depends on the area of layer-
to-layer contact developed via sintering.49,51,52 It is obvious
that sufficient levels of sintering are needed for the printed
objects’ good mechanical properties. In this work, we selected
the density measurement as a parameter to evaluate the
sintering extent. So, as the density of the printed samples is
closer to the density of the PP bulk, the higher the level of the
sintering. PP compression-molded samples were used as a
reference to calculate the void fraction of the printed samples.
In our calculations, we considered the presence of a small
fraction of the high-density SiCWs. The results presented in
Table 1 show that the samples containing SiCWs have a
significantly higher level of sintering (lower pore fraction) than
the pure PP-printed material. We associate this observation
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with the extremely high thermal conductivity of the SiC
whiskers. Thus, an increased thermal conductivity of the
printed filaments allows for a longer time for samples to sinter
as the lower layers are heated during the top layer application.
Another important observation is that microwave treatment
only slightly (∼2%) increases material density. Therefore,
there is no significant additional sintering during the MWV
irradiation. This result could be anticipated since the
temperature of the samples (Figure 4b) is not approaching
the melting point of the PP matrix, and the crystals restrict the
flow of the material.
The DSC data for the printed samples is shown in Figure 5.

The time that the filament was heated within the printing head

was relatively short, but the cooling environment was certainly
different from the extrusion process used for filament
fabrication. The FFF-printed parts were printed onto a heated
bed and had additional heating provided by the heated nozzle
swiping across the sample. First, we found that Tm is not
changing significantly upon printing. The most noteworthy
observation is how the printing process greatly impacts the
percent crystallinity of the materials. Specifically, the percent of
crystallinity for the printed samples containing SiCWs was
significantly higher. If the PP-printed parts have the same
degree of crystallinity as the filament used for their
manufacturing (∼40%), PP/SiCW parts have an ∼53%
crystallinity. As for the density results, this observation can

be associated with the extremely high thermal conductivity of
the SiC whiskers. The increased thermal conductivity of the
printed filaments allows for longer crystallization of the lower
layers heated during the top layer application. Also, the
orientation of the polymer chains and SiCWs in the filament
direction could cause efficient heterogeneous nucleation
originating from the SiCWs’ surface.36,40,53 We compared the
crystallinity of PP/SiCW samples before and after MWV
irradiation. There was no considerable difference in the degree
of crystallinity since the temperature increase caused by MWV
did not reach the crystallization temperature for PP (110 °C)
(SI: Figure S6). Another interesting detail from the DSC
results is the decrease in the lower-temperature peak associated
with the β-crystals.
Estimating SiCW Effect on Mechanical Properties. We

estimated the increase in modulus of the samples containing
SiCWs because of reinforcing the lower modulus PP matrix
with the minute amount of whiskers possessing extremely high
modulus. Specifically, we calculated the modulus of PP/SiCW
composites using the Halpin−Tsai model commonly used to
estimate nanocomposite mechanical properties (SI:
S9).21,54−57 It was estimated that the possible increase in the
modulus could be between 1 and 15%, depending on the
orientation of the whiskers in the printed filaments. However,
since the prints are produced with a 45° orientation, we expect
that the highest possible modulus increase (even if all SiCWs
are oriented along the printed filaments) would be around
10%, an average between 6 and 15%.
Thermomechanical Testing of the Printed Samples.

DMA was utilized to record the storage modulus, the loss
modulus, and the tan delta to investigate the materials’
viscoelastic properties as a temperature function at low,
nondestructive levels of deformation. These studies utilized a
printing orientation with a ± 45° infill, which struck a good
balance between having the material oriented parallel or
perpendicular to the constant strain rate. The loss modulus and
tan delta results are shown in Figures 6 and 7, respectively. The
data shows that the glass-transition temperature of the PP
matrix is not affected by the SiCW addition and thus does not
affect the storage modulus temperature dependence.
The storage modulus for the printed materials is shown in

Figure 8. One can see how the addition of the SiCWs
demonstrated an immediate improvement compared to that of
the pure PP samples. As shown by the estimates above, this
improvement cannot be attributed only to the reinforcing
effect of high-modulus SiCWs. At room temperature (25 °C),
PP had a storage modulus slightly below 1000 MPa, while PP/
SiCW samples had values closer to 1500 MPa. However, the
greatest difference is seen when the materials are well below
the glass-transition temperature for PP. Around −50 °C, the
PP sample shows a storage modulus of around 1700 MPa,
while the composite samples show at least 2700 MPa. While
this is still not equal to what is seen in compression-molded PP
samples (∼4000 MPa, SI: S6 and Figure S5), we have closed
the gap significantly from the unmodified PP prints. At this
stage, we can also see the greatest difference between the two
PP/SiCW samples, with the microwave-treated sample
increasing to values above 3000 MPa.
As the DMA test runs through higher and higher

temperatures, these differences greatly decrease with a loss in
mechanical properties for PP, but the values for the
microwave-treated samples remain somewhat higher. We
associate the improvement of the mechanical properties with

Table 1. Density Measurements for the Materials and
Samples’ Void Fraction

sample
density
(g/cm3)

void fraction in comparison to the PP
bulk

PP/SiCW 0.72 23%
PP/SiCW post
MWV

0.73 21%

PP (printed) 0.66 28%
PP (bulk) 0.91 0
SiC 3.21

Figure 5. DSC traces for PP- and PP/SiCW-printed samples.
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an increase in the sintering level and the degree of crystallinity
of the PP/SiCW samples. Since MWV treatment does not
significantly change both the sintering and crystallization level
for PP/SiCW-printed materials, we associate the positive effect
of the MWV treatment with the integrity of the entanglement
network at the weld, νW. Indeed, during the MWV heating of
the printed samples, the temperature of the samples (Figure
4b) is significantly higher than the Tg of PP, and macro-
molecular segments not involved in the crystals can reorient
and diffuse, increasing the level of entanglements. The effect is
especially pronounced at temperatures well below Tg, where

the material behaves mostly elastically, and the weld strength
between the layers dictates the stress level transferred through
boundaries.
Density-Adjusted Storage Modulus. To estimate the

level of interfacial healing of PP/PP boundaries in the course
of printing and MWV irradiation, we recalculated the storage
modulus by adjusting the sample’s cross section based on the
porosity data (Table 1). The results are presented for 25 °C in
Table 2. We considered that the strength of the welds between
the printed layers reaches the maximum possible value if the
adjusted storage modulus approaches the one for the PP

Figure 6. Loss modulus versus temperature for PP/SiCW-printed samples (untreated and MWV-treated) in comparison to that of pure PP-printed
samples.

Figure 7. Tan δ versus temperature for PP/SiCW-printed samples (untreated and MWV-treated) in comparison to that of pure PP-printed
samples.
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compression-molded sample. First, modulus adjustment for the
PP-printed materials did not bring the modulus value close to
those of the PP compression-molded samples. It is also
significantly lower than the modulus of the PP/SiCW samples.
The adjusted modulus for the printed PP structures is about
50% of the bulk value. Conversely, the adjusted modulus values
for the PP/SiCW samples are significantly closer to the bulk
ones. Remarkably, after the MWV treatment, the adjusted
storage modulus of the PP/SiCW material was just ∼20%
lower than the PP sample obtained by compression molding.
Therefore, adding SiCWs to the PP in combination with MWV
irradiation considerably improves the strength of the welds
between the printed layers.
Compression Testing of the Printed Structures. The

printed materials’ mechanical properties at a higher deforma-
tion level were studied through compression testing. For this
purpose, 10 mm3 cubical samples were printed from all of the
materials (SI: S5) and either treated via microwave or left
untreated. Three samples were tested per set, with one set
going through the microwave treatment and the other left
untreated. From these tests, stress and strain graphs were built,
and Young’s modulus was calculated based on the slope during
the linear elastic region. The representative stress−strain
curves obtained are shown in Figure S7 and SI: S10. The
results of the tests are displayed in Figure 9. These results
showed the positive impact of the microwave treatment. The
untreated PP/SiCW showed no improvement in Young’s
modulus compared to the pure PP samples, with Young’s
modulus close to 250 MPa. However, the PP/SiCW samples

improved greatly following the microwave treatment, with
Young’s modulus nearly twice as high as that of the untreated
samples. These improvements also translated to the yield stress
(Figure 10), with both PP and untreated PP/SiCW having
yield stress close to 35 MPa, while the treated samples had
values closer to 50 MPa.
We can also calculate the samples’ toughness or ability to

absorb energy during fracture based on the area under the
stress and strain curves (Figure 11). The reinforced PP/SiCW
sample had a toughness similar to PP (12 MJ/m2), while the
microwaved samples showed significant improvement (19 MJ/
m2). The improvement in toughness shows improved strength
and ductility due to improved stress transfer across the
polymer layers following the additional heating provided by the
MWV treatment. However, these improvements did not
translate to superior yield strain (Figure 12), with the

Figure 8. Storage modulus versus temperature for PP/SiCW-printed samples (untreated and MWV-treated) in comparison to that of pure PP-
printed samples.

Table 2. Storage Modulus at 25 °Ca

PP-
printed PP/SiCW

PP/SiCW Post
MW

PP
bulk

Storage Modulus@25 °C
(MPa)

811 1122 1275
1038 1457 1614 1970

aData top subrow shows data as obtained and the low subrow shows
data adjusted using the porosity of the samples.

Figure 9. Young’s modulus for PP/SiCW-printed samples (untreated
and MWV-treated) in comparison to that of pure PP-printed samples.
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untreated PP/SiCW samples having a strain very much in line
with what we saw for regular PP-printed samples. For these
values, the treated samples demonstrated a property loss
because of higher modulus, with a noticeable decrease in the
yield strain.
In general, because of the irradiation, Young’s modulus,

stress-at-yield, and toughness of the printed structures were
increased by ∼65, 53, and 55%, respectively. We noted above
that the sintering and crystallization levels for PP/SiCW-
printed materials do not change considerably during micro-
wave irradiation. Therefore, the positive effect observed can be
linked to improving the integrity of the entanglement network
at the weld (νW). Due to the MWV heating, the temperature of
the samples is significantly higher than the Tg of PP, and
macromolecular segments not involved in the crystals can
reorient and diffuse, increasing the level of entanglements.
Finally, pure PP samples were treated with MWV under the
same conditions and compared to untreated samples to
determine how the microwave oven’s environment heating
influenced the final properties. Results (not shown) allowed us

to conclude that the elevated chamber temperature was not
high enough to influence the bulk properties of the printed
part.

■ CONCLUSIONS
It is demonstrated that adding a minute fraction of the silane-
modified SiCWs to PP filament significantly improves the
mechanical and structural characteristics of the FFF-printed
structures, especially with subsequent microwave treatment.
The MWV irradiation (in 1000 Watt oven) causes an increase
in the PP/SiCW sample temperature from room temperature
to approximately 80 °C in 400 s for the samples with 0.9% vol
of SiCW. This temperature is significantly higher than the Tg of
PP but lower than the Tcr/Tm of the polymer. Our modeling
results show the effect of variation in the volume fraction of
SiCW on the temperature increase under the MWV irradiation.
The printed samples containing SiCWs have a notably higher
level of sintering (lower pore fraction) and crystallinity than
the pure PP-printed material. This finding can be associated
with the extremely high thermal conductivity of the SiC
whiskers, allowing for a longer time for samples to consolidate
and crystallize as the lower layers are heated during the top
layer application. It is also found that subsequent MWV
treatment of the PP/SiCW structures does not substantially
changes the printed material porosity and crystallinity. We
attribute this result to the fact that the temperature of the
samples during MWV treatment is significantly lower than the
melting point of the PP matrix, and thereby the crystalline
regions restrict the flow of the material.
Nevertheless, the MWV application drastically increases the

mechanical characteristics of the PP/SiCW-printed materials.
Namely, the adjusted (for density) storage modulus of the
MWV-treated PP/SiCW material at 25 °C is just ∼20% lower
than that for the PP sample obtained by conventional
compression molding. Due to the MWV irradiation, Young’s
modulus, yield stress, and toughness of the printed structures
(measured in compression test) were increased by ∼ 65, 53,
and 55%, respectively. Since MWV treatment does not
significantly change both the sintering and crystallization
level for PP/SiCW-printed materials, we associate the positive
effect of the MWV treatment with the integrity of the

Figure 10. Yield stress for PP/SiCW-printed samples (untreated and
MWV) treated in comparison to that of pure PP-printed samples.

Figure 11. Toughness for PP/SiCW-printed samples (untreated and
MWV-treated) in comparison to that of pure PP-printed samples.

Figure 12. Yield strain of PP/SiCW-printed samples (untreated and
MWV-treated) in comparison to that of pure PP-printed samples.
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entanglement network at the weld, νW. During the treatment,
the temperature of the samples is significantly higher than the
Tg of PP, and macromolecular segments not involved in the
crystals can reorient and diffuse locally, increasing the level of
interlayer entanglement.
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