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ABSTRACT

In this work, polypropylene (PP)-based filaments for Fused Filament Fabrication (FFF) containing boron nitride (BN) and talc
(T) were developed, aiming at formulating multi-material 3D printed parts showing thermal conductivity and balanced me-
chanical properties. Particularly, skin-core structures obtained by localizing BN in the surface layers while confining T in the
core were 3D printed and characterized, and their properties were compared to those of correspondent mono-material samples.
The characterization of the PP/BN mono-material samples revealed a crucial role of the FFF process in inducing higher thermal
conductivity in the radial direction of the specimens as compared to the axial one, owing to the preferential alignment of the
fillers along the printing direction allowing the creation of continuous conductive paths in the in-plane direction. For the multi-
material structures, it was demonstrated that confining the thermally conductive fillers to the surface of the samples allows
achieving higher in-plane thermal conductivity as compared to PP/BN samples; for instance, nearly doubled values were ob-
tained by decreasing the number of BN-containing layers from 15 to 3. Most importantly, the skin-core structures exhibit tensile
modulus and stress practically identical to those of PP/T mono-material samples, despite the lower content of the reinforcing

filler and the presence of interfaces between the two different composites.

1 | Introduction

The Fused Filament Fabrication (FFF) process offers several
advantages over traditional manufacturing, including the abil-
ity to produce components with highly intricate geometries and
internal voids, easy customization without the need for new
molds, and reduced material waste, making it more sustainable
and cost-effective [1-3]. Additionally, the ability to use multiple
materials in a single print offers endless possibilities for creating
innovative skin-core multi-material components [4-6]. By using
composite polymers with specific properties, achieved through
the addition of reinforcing and functional fillers, the ability to
precisely localize these materials in specific areas of the object
unlocks the potential to create multifunctional components with
varied and tailored properties that would otherwise be difficult

to achieve with more traditional manufacturing techniques,
such as press stacking or co-injection molding [7-9]. In fact, 3D
printing is a continuous process that, in a single production step,
allows for high precision and control over the thickness of the
skin layer, along with complete freedom in choosing the exact
localization of the functionalized material, with the ability to
follow specific designs and geometries according to the require-
ments. For instance, Regazzi et al. [10] developed through addi-
tive manufacturing flame-retarded polylactic acid-based skin/
core structures, by localizing the flame retardant system only at
the surface of the material exposed to the flame or radiant heat.
It was demonstrated that selectively concentrating the flame re-
tardant on the sample surface dramatically improved the fire be-
havior, whereas the same amount of flame retardant distributed
throughout the sample was inefficient.
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From a general point of view, multi-material 3D printing pro-
cesses offer the possibility to keep the core of the component
filler-free or strengthen it with a reinforcing filler, while local-
izing the functional fillers only where the functionality is most
required; this strategy allows obtaining components that simul-
taneously exhibit the desired characteristics on the surface and
good mechanical properties. Nevertheless, the achievement of
mechanical properties equivalent to those of parts manufac-
tured through traditional processing technologies (such as in-
jection or compression molding) is still a challenging issue in the
3D printing of multi-material structures [11]. The main reason
is related to the typically weak interface bonding between the
different materials, which dramatically affects the mechanical
properties of the 3D printed part [12]. In fact, by using immis-
cible materials, as well as the same polymer but containing
different types of fillers, the intermolecular diffusion between
subsequently deposited layers is limited, resulting in physical
discontinuities at the interface that cause a worsening of the me-
chanical properties [13].

The transition of 3D printing from a technique primarily used
for rapid prototyping to a process for the production of highly
customizable and functional parts for high-end engineering ap-
plications depends largely on the selection of materials. For this
reason, in this study, polypropylene (PP) was chosen as the poly-
mer matrix instead of polylactic acid or other more commonly
used materials in FFF processes. Despite the fact that the use
of PP in additive manufacturing is still rare due to the various
challenges it presents during the 3D printing process (such as
shrinkage and detachment from the print bed), several studies
have shown that its printability can be improved by using copo-
lymers [14, 15] or polymer blends [16], and through the addition
of fillers such as carbon fibers [17], talc [18, 19], rubber crumbs
[20], husk particles [21], and nanoclay [22, 23].

In this work, filaments based on a heterophasic PP copolymer
and two types of fillers (namely, hexagonal boron nitride (h-BN)
and talc (T)) were formulated and printed through FFF, aim-
ing at creating 3D printed skin-core structures that exhibit both
improved surface thermal conductivity and good mechanical
properties. In fact, h-BN possesses a honeycomb atomic struc-
ture similar to that of graphene and a lamellar morphology, but
shows distinct properties; in fact, due to the absence of free-
moving electrons, the thermal conductivity is completely deter-
mined by phonons. This property allows boron nitride to be an
excellent electrical insulator (electrical resistivity: 3x 107 Qcm),
while simultaneously exhibiting high thermal conductivity
(in-plane of 600W/mK and through-plane of 30 W/mK) [24].
Conversely, talc has been employed as a reinforcing filler to en-
hance the mechanical properties of the polymer matrix [25].

The work can be divided into three parts. The first part focused
on the production of PP-based filaments suitable for 3D printing,
filled with BN or talc, and on the evaluation of their printability.

In the second part, the effect of the 3D printing process on ther-
mal conductivity values, in the in-plane and through-plane
directions of the samples, was evaluated through thermal con-
ductivity measurements on 3D printed specimens. Finally, in
the third part, multi-material combined and skin-core 3D struc-
tures, based on the PP/BN and PP/talc composites, were studied.

2 | Materials and Methods
2.1 | Materials

Polypropylene (PP) ISPLEN PB 170 G2M from Repsol Chemicals
(Madrid, Spain) was used. This is a polypropylene-polyethylene
random copolymer (density of 905kg/m? and melt flow index of
12g/10min (230°C, 2.16kg)).

As fillers, boron nitride from Sigma-Aldrich (average particle
size: ~1 um) (Darmstadt, Germany) and talc HTP1 grade (mean
diameter of 1.9um, density of 2.8 g/cm?), supplied by IMI Fabi
Spa (Valmalenco, Italy), were used.

2.2 | Preparation of the Composites

The four PP-based composites, containing respectively 15wt%
BN (15BN), 20wt% BN (20BN), 30wt% BN (30BN) and 30 wt%
talc (30T), were prepared through melt compounding using a
co-rotating twin-screw extruder LEISTRITZ ZSE 18/40 D. The
heating temperature was set at 190°C in all eight thermostated
barrel blocks, and the screw rotation speed was set at 200 rpm.
Two gravimetric feeders were used: the main hopper for the
polymer and the side feeder for the filler.

A hot plate press Collin P 200T (Maitenbeth, Germany) was
used to obtain the samples for the rheological tests (25mm di-
ameter for 1 mm thickness). The operation was carried out by
pressing the pellets at 100bar into a right-shaped metallic mold
for 2min. The temperature used was 190°C for the pristine PP
and 220°C for the compounds.

2.3 | Filament Formulation

Compatible filaments for the 3D printer, with a diameter of
1.75mm, were produced with a Felfil Evo filament making ma-
chine (Torino, Italy), which is composed of a single-screw ex-
truder, a mobile cooling fan array, and a spooler with two rollers,
a diameter sensor, and a spool holder. Processing parameters
such as extrusion temperature, screw speed, power, and position
of the fans can be optimized depending on the material used,
while the speed of the rollers is automatic and automatically
self-adjusts in order to maintain the set diameter value.

The optimization of parameters for each formulation was car-
ried out by adjusting three main factors: extrusion temperature,
screw speed, and the distance of the fan array from the extruder
(Table 1). Other settings were kept unchanged for all filaments:
filament diameter of 1.75mm, spooler speed at 75rpm, and fan
speed at 180 (with the maximum fan speed being 255).

The optimization of the process began with the selection of the
extrusion temperature and screw speed, as these parameters are
essential to ensure a steady and consistent flow of material from
the extruder.

Furthermore, concerning the position and speed of the cooling
fans, it was observed that a fan power of 180 (70% of the max-
imum power) was suitable for all the different formulations, as
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lower or higher values led to inconsistent diameters and cross-
sections of the filaments. The position of the fans relative to the
extruder head was varied; however, generally, distances greater
than 4 cm caused the extruded filament to bend under the action
of gravity before it could reach the cooling system.

2.4 | Three-Dimensional Printing Equipment

The 3D printer FlashForge Creator 3 Pro (Zhejiang, China),
equipped with a 0.4 mm steel nozzle, was used to 3D print two
different types of specimens: disks with a diameter of 25mm and
a thickness of 3mm for thermal conductivity measurements, and
tensile test specimens (ISO-527A-5A) for mechanical tensile test-
ing. In both cases, monomaterial specimens and skin-core struc-
tures were created by combining the 30BN and 30T composites,
varying the number of layers made with each material (the total
number of layers for all samples is 15). Figure 1 presents a di-
agram of all the specimens studied along with their respective
nomenclature. It is important to note that for the monomaterial
specimens, the name refers to the material used, while for the
skin-core structures, the number indicates the number of layers
containing BN or talc (e.g., the 3BN+ 12T consists of 3 layers
filled with 30 wt% BN and 12 layers filled with 30 wt% talc).

Since PP shows very poor adhesion on any material differ-
ent from PP itself, a polypropylene 3D printing bed and a 3D-
printing adhesive for PP (Magigoo, Curmi, Malta) were used.
The optimized parameters used for the different composites will
be discussed in Section 3.4.

2.5 | Characterization Techniques
2.5.1 | Thermal Properties
The thermal properties of the produced materials were as-

sessed using Differential Scanning Calorimetry (DSC) with a
DSC Q20 by TA Instruments (New Castle, DE, USA). Samples

TABLE1 | Optimized parameters for filaments' extrusion process.

were placed in a nitrogen-controlled chamber and heated
from 50°C to 250°C at a rate of 10°C/min, then cooled back
to 0°C at the same rate, followed by reheating to 250°C with
a 10°C/min ramp. The results obtained from this analysis are:
Crystallization temperature (T,), Melting temperature (T, ) and
Melting Enthalpy (AH, ), evaluated as the area under the endo-
thermal peak of the heat flow during the second heating cycle.
To calculate the crystallinity percentage (X)) of the PP-based
compounds, the following formula (Equation 1) has been used:

_ AH,
(1-x)AH,

(4

@

where AH__ is the melt crystallization enthalpy, AH,_°represents
the melting enthalpy of the 100% crystalline PP, and x is the filler
weight fraction. The value of 207J/g has been considered as a
reference for the 100% crystalline PP melting enthalpy.

2.5.2 | Rheological Analysis

To evaluate the rheological properties of the unfilled PP and
PP-based composites, an ARES (TA Instrument, USA) strain-
controlled rheometer in parallel plate geometry (plate diame-
ter =25mm) was used. For each sample, preliminary strain sweep
tests were carried out at 260°C and a frequency of 10rad/s in order
to select a strain amplitude in the linear viscoelastic region. Then,
the complex viscosity, storage, and loss moduli were measured by
performing frequency sweep tests from 100 to 0.1rad/s.

2.5.3 | Morphology

Both the section of the filaments and of the 3D printed speci-
mens were investigated using an EVO 15 Scanning Electron
Microscope (SEM) from Zeiss (beam voltage: 20kV; working dis-
tance: 8.5mm, Oberkochen, Germany). The investigated surfaces
were prepared by fracturing the samples in liquid nitrogen and
then covering them with a sputtered gold layer. Quantitative com-
positional information was achieved using Energy Dispersive x-
ray Spectroscopy (EDX). To evaluate the amount and dimension
of voids present in the 3D-printed samples and their general qual-

Screw
speed Fan distance ity, x-ray computed tot.n}cl)grapl.ly images werelz( obtained using the
Material T, . [°C] [rpm] [cm] CT-ALPHA system with a MicroFocus 240kV x-Ray Source by
ProCon x-Ray GmbH (Sarstedt, Germany) and the data elabora-
pp 190 3 2 tion was done with myVGL software (Volume Graphics GmbH).
30T 200 2
15BN 190 3 4 2.5.4 | Tensile Characterization
20BN 190 2 0
An Instron 5966 (Norwood, MA, USA) equipped with a 2kN
30BN 200 4 4 load cell was used to perform the tensile tests. A crosshead speed
15BN / 20BN / 30BN
Monomaterial 30BN
samples 2 . - e W | i
3BN+ BN+ 3BN49T+3BN Ll RRINHA ISR
Skin-Core <
samples W o - L = T —— ’

FIGURE1 | Diagram of all the 3D printed monomaterial and skin-core sample.
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of 1 mm/min was applied and maintained up to the achievement
of 0.25% deformation and was then increased up to 10 mm/min
until breaking. The tests were carried out on five specimens, and
the results were averaged.

2.5.5 | Thermal Conductivity

Due to the strong anisotropy of the 3D printed specimens, the
thermal conductivity in the in-plane (IP) and through-plane
(TP) directions was evaluated with an anisotropic method using
the transient plane heat source method (ISO 22007-2:2022) with
a TPS 25008 by Hot Disk (Goteborg, Sweden). All tests were car-
ried out with a 5465 Kapton sensor (radius 3189 mm) and with
a value of heat power of 10mW. The measuring setup was in-
serted in a container dipped in a silicon oil bath (Haake A40,
Thermo Scientific Inc., Waltham, MA, USA) equipped with a
temperature controller (Haake AC200, Thermo Scientific Inc.,
Waltham, MA, USA) in order to control the temperature at
23.00°C £0.01°C.

3 | Results
3.1 | Rheological Characterization

As with all plastic processing and transformation methods, it
is crucial to assess the rheological behavior of materials in the
3D printing process, in order to determine their processability
and, consequently, their suitability for 3D printing [26]. The
complex viscosity of the polymer matrix and all composites
was studied through dynamic frequency sweep tests. The
complex viscosity curves as a function of frequency are shown
in Figure 2.

Unfilled PP is characterized by a Newtonian plateau at low and
intermediate frequencies, with a slight decrease in viscosity
at higher frequencies (mild shear thinning behavior), clearly
indicating that the polymer matrix exhibits a pronounced
Newtonian behavior.

By observing the trends of complex viscosity related to the com-
posites, it is evident that the addition of both fillers generally
leads to an amplification of the non-Newtonian behavior of the
material. The embedded solid fillers, through their interaction
with the macromolecules, restrict the movement of polymer
chains, thereby hindering their complete relaxation. As a conse-
quence, an increase in viscosity occurs at low frequency values,
indicating the appearance of yield stress. Regarding compos-
ites containing BN, it is observed that as the filler percentage
increases, yield stress progressively rises. This indicates that
higher filler quantities facilitate the creation of more filler-filler
and filler-polymer interactions, leading to a more interconnected
and rigid network within the material, which becomes increas-
ingly effective in limiting the mobility of macromolecules [27].
Along with the increase in yield stress, a more pronounced
shear thinning effect at higher frequency values can also be ob-
served, which is milder in the case of 15BN and significantly
more marked in the cases of 20BN and 30BN. Considering now
the 30T composite, it can be observed that it exhibits a viscosity
increase at low frequencies similar to the 30BN composite, but
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FIGURE 2 | Complex viscosity curves of PP and PP-based compos-
ites (the dotted lines are just an eye-guide).

with less pronounced shear thinning. This difference can be at-
tributed to the varying average sizes and aspect ratios of the two
fillers. In particular, talc particles have larger dimensions and a
lower aspect ratio compared to BN platelets. This means that,
under conditions of equal weight percentage, the polymer/filler
interface is smaller in the case of talc, resulting in fewer inter-
actions and, consequently, less interference with the relaxation
dynamics of the PP macromolecules.

Considering the processability of these materials, a pronounced
non-Newtonian behavior is advantageous for the FFF process,
as it ensures appropriate viscosity throughout printing. Low
viscosity under high shear rates when passing through the
nozzle ensures good melt flow and prevents clogging [28-30].
Conversely, a rapid viscosity increase at lower shear rates, at
the nozzle exit, helps retain the extrudate shape throughout the
stand-off region and on the printing platform. Adequate viscos-
ity is also necessary to ensure good interlayer adhesion, which is
essential for achieving strong and stable printed structures [31].
It is therefore evident that all the composites exhibit superior
FFF-printability compared to pristine PP. However, for the pro-
duction of the skin-core structures, only the two composites
with the most pronounced non-Newtonian behavior, 30BN and
30T, were used.

3.2 | Thermal Characterization

DSC analyses were performed on the unfilled matrix and all the
formulated compositesto evaluate the content of crystallinity,
which is directly correlated to the volumetric shrinkage of the
material [32-34].

From the results in Table 2 (the recorded thermograms are
reported in Figure S1), it can be observed that the addition of
fillers does not significantly alter the crystallinity of the PP
macromolecules. However, it is evident that the addition of
fillers leads to a decrease in melting enthalpy (AH, ), and con-
sequently, to a reduction of the crystalline phase fraction in
the printed parts, which corresponds to reduced volumetric
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shrinkage. Specifically, the addition of 30wt% of both talc and
boron nitride results in the lowest melting enthalpy values.
This indicates that the 30T and 30BN materials not only exhibit
better 3D printability in terms of rheological behavior (as ob-
served in Section 3.1), but also improved dimensional stability.
Similar results regarding the reduction of melting enthalpy in
PP-based composites for FFF, filled with h-BN, were obtained
by Li et al. [35].

3.3 | Filament Production Optimization

In order to evaluate the quality of the filaments produced through
the optimization discussed in Section 2.3, SEM analyses were con-
ducted, focusing on both the cross-section and the outer surface.
Figure 3a,c, illustrate the cross-sections of the 30BN and 30T fila-
ments, respectively, showing that the filaments exhibit an almost
perfectly circular cross-section. Figure 3b,d, present the outer sur-
faces, which appear to be smooth and free of significant defects.
Additionally, the measured diameters of the filaments remain
almost constant and within the range of 1.75+0.1 mm. Based on
these observations, it is possible to conclude that the filaments pos-
sessed suitable characteristics for the FFF process [36].

TABLE 2 | Scanning calorimetry data of the materials.

Material T, [°C] T, [°C] AH_ [J/g]  x. [%]
PP 164 110 82 40
30T 166 126 61 42
15BN 165 121 80 45
20BN 164 122 71 43
30BN 164 122 60 41

200 pm

3.4 | Three-Dimensional Printing

An optimization of the printing parameters was conducted for
all specimens to minimize the presence of voids, porosity, and
warpage. A layer thickness of 0.2mm, a 100% infill, and an in-
fill pattern of +45° were used for all specimens. Regarding the
temperatures, while the extrusion temperature was maintained
constant at 260°C for all composites, the printing bed tempera-
ture was adjusted to optimize the adhesion of the printed object
to the platform and thus reduce warpage. In general, the talc-
reinforced composite was easier to 3D print compared to the
one with BN. For the PP with talc, a printing bed temperature
of 50°C was sufficient, whereas for the specimens of PP and PP
filled with BN, it was necessary to raise the temperature to 70°C
and additionally employ a 3D-printing adhesive for PP.

In the specific case of the tensile test specimens, due to their
elongated shape, the effect of warpage was more pronounced.
In particular, for the monomaterial specimen 30BN, it was nec-
essary to use a raft, which was constructed using the composite
30T. This approach took advantage of the excellent adhesion
properties of this material to both the printing platform and the
composite containing BN. In fact, even in the printing of the
skin-core structures, the combination of the two different mate-
rials did not present any issues. On the contrary, the presence of
30T layers at the bottom of the specimens appeared to facilitate
the deposition of 30BN. This aspect will be further explored in
the following sections.

3.5 | SEM and Tomography

To assess the quality of the printed specimens in terms of the
presence of voids and adhesion between the layers, SEM analyses
and tomography were performed. These tests were particularly

1.709 mm

1.687 mm

1.698 mm

400 um

1.763 mm

1.757 mm

[7 1.779 mm

FIGURE3 | SEM micrographs of the filament's cross-section (100x) and surface (50x): (a, b) 30BN, (c, d) 30T.
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crucial for evaluating the compatibility between the two differ-
ent composites used in the formulation of the skin-core struc-
tures. In fact, to ensure both good mechanical properties and
thermal conductivity, it is essential to achieve a strong interlayer
bond through molecular interdiffusion and entanglement across
the inter-filament interfaces [12, 31].

Figure 4a presents a representative SEM micrograph of the spec-
imen 3BN+9T+3BN, in which the distinct layers containing
the different fillers are clearly visible. Figure 4b shows an en-
larged view of the interface between the 30BN and 30T layers,
demonstrating perfect adhesion between them. Confirmation
that we are indeed at the interface between the two composites
is provided by the elemental mapping of silicon, magnesium,
and nitrogen from the EDX analysis, which clearly shows that
the elements constituting talc, such as Si and Mg (Figure 4c,d),
are localized in the upper region, while N (Figure 4e), present in
boron nitride, is located in the lower region.

From the SEM images of the cross-section of the specimens, it
is also possible to observe the orientation of the fillers inside the
filament. Keeping in mind that all samples were printed with a
raster angle of +45° (as illustrated in Figure 5a), in the SEM mi-
crograph in Figure 5b, the y-z cross-section of the layers filled
with talc of the 3BN + 12T specimen is visible. The clear alterna-
tion between the filaments deposited in the x and y directions
can be observed, as well as how the filler lamellae preferentially
align in the printing direction. A similar orientation of the filler,

due to a deposition-induced effect, was observed by Luo et al.
[37] in 3D printed TPU/BN composites and by Jia et al. [38] in
the case of graphite flakes in a PA6/POE-g-MAH/PS matrix.
From the enlargement in Figure 5c, the sections of the deposited
filaments along the x-axis can be identified. Within these fila-
ments, talc lamellae are observed to be aligned along the same
direction and concentric to the filament.

As already widely documented in the literature, the alignment
of embedded particles along the flow direction can be induced
by the variation of the flow channels and the entrance in the
die section during the extrusion process [39]. The elongational
deformation to which the material was subjected both during
the filament extrusion process and FFF process appeared to be
efficient in inducing a stable orientation of the filler platelets in
the printing direction [40, 41].

Finally, tomographic analysis was employed to assess the dis-
tribution and volume of voids within the samples, as it allows
observing sections of the samples at any chosen depth in all x,
y, and z directions [42]. The presence of voids within compo-
nents manufactured using FFF is inevitable, as they arise from
the spaces between successive layers and within the paths of
the deposited filament. Figure 6 presents scans of two mutually
perpendicular sections of sample 3BN +9T + 3BN. From these
images, several porosities within the specimen can be observed.
The voids are depicted in a color gradient indicating their vol-
ume; however, it is evident that these voids are limited in size,

30BN

Si Kal Mg Kal 2 N Kal_2

100um 100pm

100pm

FIGURE4 | (a) SEM image of the cross section of the sample 3BN + 9T + 3BN, (b) magnification 1000X of the interface between 30T and 30B lay-

ers and relative EDX mapping images of (c) Si, (d) Mg and (e) N.

100 pm

FIGURES5 | (a)Schematic diagram of the filament orientation in the 3D printed samples, (b) SEM micrograph of the 30T layers in the 3BN + 12T
sample, (c) enlargement of the cross-section with schematic illustration of the oriented filler.
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ranging from 0.01 to 0.1 mm?3. Furthermore, they are distributed
relatively uniformly throughout the entire height of the section,
notwithstanding a preferential localization in the area closest to
the lateral surface of the disk, resulting in a more compact center
of the specimen with fewer defects. Nevertheless, it is interesting
to observe that there is no preferential localization of voids at the
interface between the surface layers containing boron nitride
and those of the core containing talc, further demonstrating the
excellent adhesion between the two composites, as previously
indicated by the SEM analyses.

3.6 | Thermal Conductivity

To evaluate the effect of the amount of boron nitride on the final
thermal conductivity of the specimen, initial measurements
were conducted on PP, 15BN, 20BN, and 30BN. The results, re-
ported in Figure 7a, revealed a consistent improvement in ther-
mal conductivity with increasing the filler content both in the
in-plane and through-plane directions. A similar improvement
in thermal conductivity in PP/BN composites was observed by
Chen et al. [43].

Volume [mm?]

0.10

Volume [mm?]

e SR :,m‘;_‘:;?!ﬁi-d E

What is more interesting, however, is that the values of thermal
conductivity in the radial direction of the specimen were consis-
tently higher than those in the axial direction. This is primarily
due to the FFF process itself, as the layer-by-layer deposition of
the material means that 3D printed specimens are inherently
characterized by defects and voids, especially in the axial di-
rection. Indeed, considering the conductivity values at 0wt%
of BN, which should ideally be equal, the value in the in-plane
direction is higher. Furthermore, an important contribution
also comes from the preferential alignment of the filler in the
printing direction, previously observed in the SEM micrographs
(Figure 5), induced by the elongational flow to which the com-
posite is subjected during extrusion, facilitating the formation of
continuous conductive pathways in the IP direction compared
to the TP direction.

Given these results, it was decided to localize the conductive ma-
terial only in the surface layers, creating the skin-core structures
previously described in Section 2.4. The comparison between
the TP and IP conductivity values of the different structures is
shown in Figure 7b. From these, it can be immediately observed
that the 3D specimen 30BN shows conductivity values similar

N L

e

e

FIGURE 6 | X-raycomputed tomography images of two sections of the 3BN + 9T + 3BN sample.
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FIGURE 7 | (a) Thermal conductivity as a function of content of BN (the dotted lines are just an eye-guide), (b) comparison between the TC and

IP thermal conductivity of the 3D printed samples.
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in both directions. As the conductive layers containing BN are
replaced by those reinforced with talc, decreasing from 15 in the
30BN sample to 7 in the 7BN + 8T specimen, and then to 3 in the
3BN+12T and 3BN + 9T + 3BN specimens, there is a simultane-
ous increase in IP thermal conductivity and a decrease in TP
thermal conductivity.

The decrease in TP conductivity is easily understood, as there
is a gradual increase in the number of layers containing talc,
which are less conductive, therefore hindering the transfer
of thermal energy through the thickness of the specimen.
However, the increase in IP thermal conductivity is less ob-
vious and can be explained as follows. As mentioned in para-
graph 3.4, talc-filled PP is more easily printable compared to
BN-filled PP; therefore, the presence of some layers of 30T at
the bottom of the sample allowed for the creation of a compact
and well-adhered base on the printing platform, on which lay-
ers of 30BN could be deposited with better quality compared
to the pure 30BN specimen, also owing to the excellent com-
patibility between the two composites. As a result, despite the
reduction of the number of conductive layers from 15 to just
3, the IP TC value nearly doubled. These results indicate that
to achieve a component capable of dissipating heat effectively,
it is sufficient to localize the conductive filler in the upper-
most layers of the sample. However, it is crucial to ensure good
material deposition, as the presence of voids and defects can
drastically worsen the conductivity properties. This allows for
a reduction in the amount of conductive fillers required, re-
sulting in cost savings. Additionally, if the second material is
functionalized, it can lead to the creation of multifunctional
components.

Considering the obtained thermal conductivity values, it can be
observed that, despite the localization of the conductive filler
solely in the surface layers, it was possible to achieve values
of thermal conductivity similar to or even higher than those
reported in the literature. For instance, Chen et al. [43], using
a 20wt% of BN, were only able to reach a maximum value of
thermal conductivity of 0.45W/mK. To achieve an even more
significant increase in conductivity, it becomes essential to con-
sider another important factor, that is the size of the BN lamel-
lae. Indeed, some studies have demonstrated that, contrary to
common belief, slightly thicker stacks of BN nanosheets with
larger lateral size were better thermally conductive fillers [44].
Luo et al. [37], for example, explored the influence of filler
size on thermal conductivity along different directions of 3D
printed TPU specimens. Their study showed that larger size
h-BN was more likely to orient to form better thermal con-
ductive paths. In addition, the larger size filler had a smaller
specific surface area and therefore lower interfacial thermal re-
sistance between filler and matrix. In particular, with a 30 wt%
of 27umh-BN, they were able to reach a value of thermal con-
ductivity of 2.58 W/mK, which was 10 times that of pure TPU.
Li et al. [35] also observed an increase in thermal conductivity
with an increase in h-BN particle size from 4 to 27 um, specif-
ically from an in-plane TC value of 1.23 to 2.02W/mK. In the
case of this work, however, the BN platelets used were signifi-
cantly smaller, measuring approximately 1 um, making it much
more challenging to achieve a continuous conductive pathway
within the sample.

3.7 | Mechanical Properties

Regarding the mechanical properties, tensile tests were con-
ducted on 30T and 30BN mono-material specimens as well as on
skin-core structures 3BN + 12T and 3BN + 9T + 3BN. The values
of elastic modulus and tensile stress are reported in Figure 8. It
can be observed that the presence of boron nitride alone leads
to the poorest mechanical performance, with average elastic
modulus and maximum stress values of 600 and 13 MPa, respec-
tively. A reduction in tensile strength, following the addition of
BN, has also been observed by Chen et al. in their study on the
effect of boron nitride on the mechanical properties of PP com-
posites [43]. In contrast, as already extensively observed in many
studies [45], talc has proven to be an excellent reinforcing filler,
and a 30wt% content resulted in the highest values of modu-
lus and stress (average values of 1441 and 20 MPa, respectively).
Concerning the skin-core structures, it is remarkable to observe
that, despite the presence of layers containing BN and conse-
quently one or two interfaces between the two different compos-
ites, they exhibit modulus and maximum stress values that are
almost identical to those of the 30T specimens.

These results can be partly attributed to the fact that, in the com-
bined specimens, the reinforced layers constitute the majority of
the volume and the core of the sample, which largely determines
its mechanical strength. Additionally, they are certainly a con-
sequence of the excellent adhesion between the two composites,
providing further evidence of their outstanding compatibility:
the presence of talc-filled PP facilitated the deposition of higher-
quality BN-filled layers, which consequently improved their me-
chanical performance.

The significance of these results becomes even more evident
when compared to those reported in the literature. In fact, de-
spite the presence of interfaces between the two composites, of
BN-filled layers, and of the typical defects arising from the 3D
printing process, the 3BN + 9T + 3BN specimen exhibits a tensile
strength (20 MPa) equivalent to that reported by Wu et al. [46]
for an injection-molded PP-based specimen containing 20 phr
of talc.

[ ]Modulus E
[ Istresso

30T 3BN+12T  3BN+9T+3BN 30BN

FIGURE 8 | Average values of elastic modulus and stress of tensile-
tested 3D-printed specimens.
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4 | Conclusions

This work has demonstrated the possibility of utilizing PP-
based filaments functionalized with BN to 3D print objects
with enhanced thermal conductivity, especially in the in-plane
direction. Moreover, it has been demonstrated that by printing
combined/skin-core structures in which only the topmost layers
contain the conductive filler, while the layers within the core
of the specimen contain a reinforcing filler, it is possible to si-
multaneously achieve good surface thermal conductivity and
a significant enhancement of the mechanical properties. More
specifically, as the number of conductive layers decreases and
the number of talc-reinforced layers increases, the thermal con-
ductivity in the through-plane direction is reduced, while that
in the in-plane direction is increased. Simultaneously, from a
mechanical perspective, these samples have demonstrated per-
formance similar to the sample containing only talc, despite
the presence of one or two interfaces between the two different
composites. Therefore, the Fused Filament Fabrication process
not only allows for the creation of a multi-material and mul-
tifunctional component in a single step but also results in an
object that simultaneously exhibits improved in-plane thermal
conductivity compared to the 30BN mono-material sample,
while maintaining mechanical behavior comparable to that
of the reinforced sample 30T. This work provides further ev-
idence of the significant potential of 3D printing, particularly
emphasizing the immense capabilities of polypropylene in this
technique for creating innovative and highly customizable
multi-material components.
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