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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/paolodeangeli Carbon-based nanoparticles can significantly enhance the specific characteristics of polymers, impacting
s/CGMD_PLA-Gr, https://doi.org/10.5281/zen mechanical, thermal, electrical, and magnetic properties. However, incorporating these enhancements into final
0do.14056590 products can be challenging due to the influences of subsequent processing steps required to transform the
Keywords: material into components. This is the case of nano-modifications of 3D printing thermoplastic filaments. The
Nanocomposites filament characteristics and the printing process’s resulting material microstructure affect the final properties
Multiscale modeling of the material produced. The resulting material exhibits a hierarchical multiscale structure, necessitating a
Coarse-grained molecular dynamics combination of various simulation approaches and methods to capture the relevant effects and influences across
Polylactic acid different scales, ultimately allowing for accurate prediction of the final material response in the product. This
g];agzi':fng study focuses on predicting key thermal and mechanical properties of polymer nanocomposites and 3D printing

materials. The analysis is based on coarse-grained molecular dynamics and continuum models across different
scales, complemented by experimental characterization of the base material (filament) and micrographic
analysis of the printed material. The findings demonstrate the potential of modeling to predict various
material responses. The multiscale model reveals that with a modest addition of nanofiller (up to 2 wt%),
the Young’s modulus and thermal conductivity show up to 11% enhancement. These predictions closely align
with the experiments, exhibiting a maximum deviation of 2.3%. In conclusion, this study demonstrates that
the combination of diverse modeling techniques and experimental validation provides valuable guidance for
materials development and engineering, as well as a deeper understanding of the process/structure/properties

Thermal and mechanical properties

relationships.
1. Introduction production of 3D solid objects from digital files through the layered
deposition of materials. These technologies mark a paradigm shift in
The term “additive manufacturing” encompasses a range of tech- product design and manufacturing, being increasingly used in sec-
nologies, including Fused Filament Fabrication (FFF), Stereolithog- tors such as automotive, aeronautics, medical, energy, and consumer

raphy (SLA), and Selective Laser Sintering (SLS), which enable the
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Fig. 1. Scheme of the multiscale approach employed in this work to characterize enhanced filaments for 3D printing, both in silico and in operando.

goods [1-3]. 3D printing offers advantages over conventional methods,
including reduced material waste and the ability to create complex
shapes without molds [4]. It allows the fabrication of intricate struc-
tures that support localized cooling requirements. For instance, Chen
et al. [5] demonstrated leaf-vein-like aluminum oxide (Al,0;) struc-
tures embedded in epoxy (EP) matrices, enhancing thermal conductiv-
ity by up to 5585% compared to neat EP. However, limitations exist in
terms of materials, properties, sizes, and post-processing requirements.

Among the various 3D printing techniques, FFF uses a continuous
filament of a thermoplastic material that is extruded and deposited
according to a predefined geometry [4]. The performance of the printed
product will be influenced by the key processing parameters such as
printing velocity, temperature, or filament diameter [4]. One of the
most critical aspects in 3D printing is the proper definition of the
printing parameters to avoid problems such as distortions or voids.
Precise parameter definition is crucial to mitigate these defects, which
continue to pose challenges and frequently compromise the strength
of printed components. Numerous studies have explored the influence
of different printing parameters on product quality and properties.
For example, Coppola et al. [6] studied the effect of the printing
temperature on PLA/clay, while Yao et al. [7] investigated the effect of
the printing orientation on the ultimate tensile strength. Chacén et al.
[8] analyzed the influence of the built orientation, layer thickness and
feed rate. The effect of the voids was studied in detail by Tessarin et al.
[9] and Tao et al. [10]. Rahmatabadi et al. [11] observed that the
presence of voids and the unique morphology characteristic of PLA and
thermoplastic polyurethane (TPU) blends impact the material’s ability
to store and release strain energy. Some authors have performed similar
studies using computational tools such as parametric studies of the
printing parameters [12], reduced order models [13] or probabilistic
analysis [14].

The properties of 3D printing materials can be significantly en-
hanced through the incorporation of fillers [15], including carbon
fibers, carbon nanotubes (CNTs), and graphene particles [16,17]. Var-
ious micro or nano-modified polymer products are available in the
market [18,19]. Enhancing filament properties through material mod-
ification is an area of active research. For instance, Arunkumar et al.
[20] investigated the influence of carbon additives on tensile, bending,
and impact strengths in Polyamide (PA) and Polylactic Acid (PLA) 3D
printed structures with varying filler concentration. Caminero et al.

[21] studied the effect of graphene nanoplatelets on the properties
of PLA FFF printing material. Aumnate et al. [22] have evaluated
the production of acrylonitrile Butadiene Styrene (ABS) modified with
graphene oxide to enhance the mechanical properties. Masarra et al.
[23] examined PLA and Polycaprolactone (PCL) nanomodification for
higher electrical conductivity.

Beyond enhancing material strength and conductivity, the use of
nanofillers can also impart time-dependent responsiveness in printed
objects, enabling materials to respond dynamically to thermal, electri-
cal, or magnetic external stimuli. This adds a “fourth dimension” to tra-
ditional 3D printed structures, giving rise to 4D printing, a field focused
on creating materials with programmable dynamic responses [24]. This
innovative use of nanofillers expands the scope of additive manufac-
turing to produce functional objects for applications such as shape-
memory devices, piezoelectric soft sensors, and soft robotics. For in-
stance, Mousavi et al. [25] created a novel tactile sensor by reinforcing
polylactic acid (PLA) with carbon nanotubes (PLA/CNT), introduc-
ing anisotropic structures that allow multidirectional tactile sensing.
Another study by Rahmatabadi et al. [26] demonstrated the inte-
gration of Fe;O, nanoparticles in polyethylene terephthalate glycol
(PETG), enabling shape recovery activated by both magnetic and ther-
mal stimuli. Even in this context, both printing parameters and the
interaction between nanofillers and the polymers were thoroughly
investigated to control the behavior of materials under dynamic con-
ditions. Zolfaghari et al. [27] further analyzed the impact of print-
ing parameters and recovery temperature on shape memory behavior
in PLA blended with TPU, which provided insights into how these
factors influence shape memory polymer (SMP) functionality. Rah-
matabadi et al. [28] investigated the effects of blending PLA with
various concentrations of polybutylene adipate terephthalate (PBAT),
finding that a 30% PBAT concentration achieved an optimal balance
between mechanical integrity and rapid shape recovery.

While these fillers contribute to enhanced material properties and
behavior, they also modify other important aspects such as the density
or the melting point. Therefore, optimizing printing parameters to en-
sure proper processing and achieve the desired product characteristics
is essential.

A major challenge in materials science is the accurate modeling
and prediction of behavior for these complex, multi-component materi-
als [29-31]. The final properties of the printed material are influenced
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not only by the filament characteristics but also by the internal mate-
rial structure developed during the printing process. This yields to a
hierarchical multiscale structure: nanoscale polymer modifications, mi-
croscale internal structures, and macroscale product features including
potential printing defects. Each level significantly influences the final
material properties. From the point of view of the material modeling,
this requires a combination of different simulation approaches allowing
to capture the relevant effects and influences at the different scales
and, together, permitting to obtain a prediction of the final material
response in the product [32,33].

In light of the aforementioned research landscape, the primary ob-
jectives of this study are to: (1) develop an in silico model for 3D printed
PLA nanocomposites by integrating mesoscale, homogenization, and
continuum methods; (2) predict the impact of various nanofillers on
the mechanical and thermal properties of the material and validate
these predictions through experimental characterization; and (3) assess
the performance of these enhanced materials and evaluate the effects
of printing-induced defects on the final 3D printed product. Specifi-
cally, we focus on PLA-based nanocomposites due to their significant
technological and scientific interest [34]. PLA is a biocompatible and
biodegradable thermoplastic polymer that can be obtained either from
natural resources or synthetically. Due to its low production cost and
minimal environmental impact compared with other materials, it has
been considered for applications in food packaging, textiles, and re-
cently as an engineering plastic [34,35]. Molecular dynamics (MD)
simulations have the capability to foreknow the material properties
(for example, structural and thermal properties) of polymers from
their description at the atomistic level. However, these techniques are
constrained by the length and time scales required for comprehen-
sive analysis of nanocomposite properties [36]. To overcome these
limitations, mesoscale models, particularly coarse-grained models, are
essential. In these models, various atoms are clustered into one new
united particle for which interparticle interactions are derived from
the full atomistic simulations. This approach not only reduces the
system’s degrees of freedom but also enables the study of larger systems
over extended time scales. At this scale of material description, it
becomes feasible to transition to continuum modeling using analytical
or computational approaches. These last models are well-suited for
studying material structures at the microscopic level, including defect
patterns induced during 3D printing processes.

Taking all this into account, a “multiscale bottom-up linked” [37]
approach was designed to address this challenge, with performance
illustrated in the following results section. This approach uniquely com-
bines Coarse-Grained Molecular Dynamics (CGMD), mean field, and
finite element methods, bridging molecular insights with continuum-
level modeling to predict the thermal and mechanical properties of
PLA/graphene nanocomposites for 3D printing. Unlike previous studies,
which often isolate molecular or macroscopic properties, our integrated
approach captures the combined influence of nanofiller characteristics,
filler-matrix interactions, and the structural defects resulting from the
3D printing process on the final material properties. Our methodology
employs a dedicated set of equations for each scale, with crucial param-
eters at each scale fed from the model at the lower scale, as depicted in
Fig. 1. This multiscale framework enables a comprehensive understand-
ing of the relationships among nanocomposite composition, 3D printing
parameters, and final product properties, directly addressing a critical
gap in current understanding.

In our protocol, we begin by developing a mesoscopic model of
neat PLA using the Martini Coarse-grained force field [38]. The PLA
system was modeled through CGMD simulations and then the curve of
density of material versus temperature acquired to determine the glass
transition temperature. Subsequently, we analyze the PLA system to
determine key thermophysical properties, including Young’s modulus,
Poisson’s ratio, specific heat capacity, and thermal conductivity. Next,
we develop CGMD models for various fillers: graphene (Gr), graphene
oxide (GO), and reduced graphene oxide (rGO). The results of the
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coarse-grained simulations were compared to published mesoscopic
results. We then assess the impact of these fillers on the thermophys-
ical properties of PLA. Finally, to verify our CGMD model of PLA/Gr
nanocomposites, we compare its predictions against those of continuum
Finite Element (FE) and Mean Field (MF) models. For further valida-
tion, we conduct experimental characterization of elastic constants and
thermal conductivity for both PLA and PLA/Gr nanocomposites. In all
cases, different graphene particles concentration have been evaluated.
Lastly, we develop another FE model to evaluate the material properties
of 3D printed structures. The homogenized thermal and mechanical
properties of a 3D printed material were estimated using the properties
obtained from the CGMD models and the internal structure of a real
printed sample.

In Section 2, we detail all the technical aspects of the models and
experimental setups. The protocol’s results are presented in Section 3,
followed by the conclusions and a discussion on the future outlook in
Section 4.

2. Methods

This section provides a comprehensive overview of the technical
details underlying our study’s methodology. We begin by outlining
the multiscale protocol, detailing the physical phenomena at different
scales and the derivation of the corresponding material properties.
Next, we describe the experimental techniques used to characterize the
nanocomposite material and the 3D-printed samples that validate our
model predictions.

2.1. Multiscale protocol and experimental characterization of nanocompos-
ite filament

The PLA filament studied is a blend of the polymer with various
types of graphene-based nanoparticles at different concentrations. Mod-
eling such composites necessitates a clear definition of the constituents.
Depending on the approach, this can be achieved through dedicated
models for each phase or material, or via experimental methods.

In this work this has been done through dedicated CGMD mod-
els for both the PLA matrix and the graphene fillers (Gr/GO/rGO).
These models were subsequently integrated into nanocomposites CGMD
model.

To verify the results obtained for the nanocomposite, we compared
them with MF and FE simulations, which serve as continuum models
for the PLA/Gr composite. Additionally, an experimental campaign
was conducted to validate the model and the underlying hypotheses
associated with the specific graphene filler used.

2.1.1. Coarse grained model

The Martini force field was employed to model the intermolecular
and intramolecular interactions in PLA, where each PLA molecule
(C3H,0,) was represented by a single bead. In the CGMD model of
graphene and graphene oxide, three to four atoms are clustered into
a single bead, simplifying the representation of these materials. The
models contain bonded and non-bonded interactions. Bonded interac-
tions consist of bonds, angles, and dihedrals, whereas the non-bonded
interactions are defined by the 12-6 Lennard-Jones (LJ) potential. The
12-6 LJ potential is also adopted to simulate van der Waals forces
that contribute to the interfacial adhesion between the polymer matrix
and nanofillers. A detailed description of the formulations and param-
eters for both bonded and non-bonded interactions for each phase is
provided in a dedicated Section S2 of the supplementary material.

To conduct the simulations, a structured data file defining the
structure of the materials and an input file containing the information
of the force-field parameters, conditions and commands are needed. In
this work, the data file for CGMD model of PLA was constructed using
the Mc_gen software developed by Tschopp and Ward [39]. The CGMD
PLA model was thus obtained defining the chain length (150 beads in
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a single chain of PLA), the number of chains (400), the bond length
(0.434nm) and the molecular weight of the PLA bead (72.06 g/mol).

The data file of graphene for CGMD simulation has been created
using Visual Molecular Dynamic (VMD) [40], where the atomic bond
length (0.142 nm) for carbon-carbon (C-C) interactions was adjusted to
match that of the CGMD model for graphene (0.248 nm). For the initial
structure of graphene oxide and reduced graphene oxide, a custom
C++ code was developed to facilitate the necessary modifications, as
detailed in the supplementary material file (Section S4). The composite
systems of PLA with varying weight fractions of graphene, graphene
oxide, and reduced graphene oxide were constructed using the “fix
deposit” command from the LAMMPS (Large-scale Atomic Mas-
sively Parallel Simulator) [41] package. This method randomly places
nanofillers throughout the simulation box, with each nanoparticle also
undergoing a random rotation around its center of mass to simulate a
realistic nonuniform distribution.

All the CGMD molecular dynamics simulations for the PLA, the
graphene and the composites were carried out with the code LAMMPS.
The control of pressure and temperature was done through the Nose—
Hoover barostat and thermostat [42,43] with relaxation constant t
of 0.1 ps and 1 ps respectively. The Verlet algorithm was employed to
integrate the equations of motion, with a time step of 1 fs. Prior to com-
puting the thermophysical properties, the models underwent an initial
energy minimization procedure. Next, the models were equilibrated in
a constant number of atoms, volume and temperature (NVT) ensemble
at 500K for 1 ns. The simulation box was then compressed in a constant
number of atoms, pressure and temperature (NPT) ensemble at 5atm
and 300K for 1ns. Finally, the models were further equilibrated in an
NPT ensemble at 1atm and 300K for 15ns. Supplementary Figure S1
shows an example of the box used for the PLA, composed of 60000
beads containing 400 chains, with each chain having 150 repetitive
units. The specific protocols to be followed depend on the property
being characterized, as outlined below.

i Density and glass transition temperature (T,). The glass transition
temperature is a key physical property of polymeric materials, defining
whether they exhibit glassy or rubbery behavior and influencing their
processing and operational temperature range. In the CGMD simula-
tions conducted, 7, was determined by observing changes in density
or specific volume as a function of temperature. This method leverages
the distinct linear relationships between density and temperature above
and below T,. Thus, after equilibrating the coarse-grained model of
PLA, the glass transition temperature was determined by recording
the density at various temperature conditions applied during NPT
equilibration. Specifically, the equilibration process involved gradually
increasing the temperature from 280K to 400K in 10K increments.
Using the densities obtained from the equilibrated model at different
temperatures, the glass transition temperature was computed by an-
alyzing the discontinuity in density as a function of the temperature
profile.

ii. Mechanical properties (E and v). Mechanical properties, including
Young’s modulus (E) and Poisson’s ratio (v), were characterized. In
CGMD simulations, uniaxial deformation was applied to the system
independently along the three principal directions (x, y, and z), and the
mechanical response was recorded. For unidirectional tension, strain
was applied along one direction at a time, and the procedure was
repeated for the other two directions using the same undeformed
structure. The elastic behavior of the molecular systems was inter-
preted using continuum mechanics. These deformation processes were
performed in an NVT ensemble at a temperature of 300 K.
The deformation process obeys the Hooke’s law [44]:

o =Ce, (@)

where o is the stress vector, ¢ is strain vector and C is the stiffness
matrix. Polymers are considered as isotropic materials, which means
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that material properties are constant in each direction. Isotropic mate-
rials are characterized by two independent variables (elastic constants)
in their stiffness and compliance matrices, while anisotropic materials
possess 21 elastic constants. For the isotropic case, the two elastic
constants are Young’s modulus E and the Poisson’s ratio v [44]:

£ 1 —-v v 0 0 0 o1
£9n -v 1 —v 0 0 0 %)
e _ 1[—v —v 1 0 0 0 o33 | @
€3 E|O 0 0 1+v 0 0 053
€13 0 0 0 0 I+v 0 o3
€1 0 0 0 0 0 1+v]lop

For unidirectional tension, a small axial strain rate (1 x 10~/ nm/fs =
1 mm/s) was applied on the simulation box while the other strain com-
ponents remain at zero. Hence the Poisson ratio and elastic modulus
was calculated for each direction and averaged values were taken.

iii. Thermal conductivity (1). To investigate the thermal conductivity,
a Miiller-Plathe method [45] based on non-Equilibrium Molecular dy-
namics simulations is used. This non-equilibrium MD (NEMD) method
involves setting up two cold regions at opposite ends of simulation box.
A heat flux is then imposed at middle region (hot section) thus inducing
the temperature gradient in the model. Velocities exchange between the
atoms of hot and cold region generates heat flux. The periodic boundary
conditions (PBC) were applied in x, y, and z directions. Once the system
reaches a steady state, the amount of energy per unit time and cross-
sectional area transferred from the hot region to the cold region by the
exchange of velocities between molecules can be determined using the
following equation [46]:

j: ﬁ Z [% (Ufwt_uiold)]’ (3)
trans fers

where j represents the heat flux, ¢ is simulation time, A is cross-
sectional area normal to the heat flux direction, m is mass, v, and
U014 are the velocities of the defined atoms. The factor of 2 is due to
the energy flow from the hot region to cold region in two directions.
Using the heat flux and temperature gradient, thermal conductivity can
be obtained using the expression of Fourier’s law [46]:
J

A=--L.
VT

@
iv. Specific heat capacity (c,). Specific heat capacity is defined as the
amount of heat required by a material of unit mass to raise its tem-
perature by one degree [47]. It is a fundamental property used to
describe the thermophysical and thermodynamic behavior of a material
system [48]. Thermodynamic properties such as enthalpy, entropy, and
Gibbs free energy, are closely related with specific heat [49], which are
derived from atomic vibrational motions within molecular structures.
Specific heat is typically described at either constant pressure c, or con-
stant volume c,. In this study, we determined the specific heat capacity
of the models at constant pressure. To achieve this, we measured the
average enthalpy and temperature across a range of temperatures: from
280K to 350K for pure PLA, and from 280K to 345K for graphene. The
averaged enthalpy was then plotted against the average temperature,
resulting in an enthalpy-temperature plot. Finally, the ¢, of material
was determined from the slope of a linear fit of enthalpy-temperature
curve.

2.1.2. Continuum models for nanocomposite properties prediction

In addition to the coarse-grained analysis, continuum models were
employed to predict the thermal and mechanical behavior of the
nanocomposites at the macroscopic level. Two types of continuum
scale models were utilized in this study: the mean field model and
the finite element method. The MF homogenization approach is based
on the first-order Mori-Tanaka method [50], which does not require a
Representative Volume Element (RVE) model or meshing. RVE models
for PLA/Gr nanocomposites were developed to facilitate FE analysis. To
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achieve a comprehensive continuum model that accounts for matrix—
filler interactions and thermal boundary resistance, the interphase
Mori-Tanaka MF (iMF) and FE (iFE) models were employed. In this
model, the interphase is conceptualized as a distinct coating surround-
ing the nanofiller, with its thickness precisely defined at 0.5 nm, a value
derived from mesoscopic simulations. Within the framework of the
micromechanical model, the interphase significantly contributes to the
enhancement of the composite’s elastic modulus, thereby improving
its mechanical integrity. In the thermal model, the interphase plays a
crucial role as a thermal boundary resistance, modulating heat transfer
across the interface with the surrounding matrix. The dual functional
role of the interphase — both in mechanical reinforcement and thermal
regulation — substantially influences the overall material properties,
making it an essential factor in predicting the effective thermal and
mechanical behavior of the composite material. In the FE method,
the RVE consists of a PLA matrix with graphene particles included
as platelet-like shapes, assuming a perfectly bonded interface with an
aspect ratio of 10, as shown in supplementary Figure S5, and similar
to that used CGMD model. The mesh type used for the FE analysis was
conforming tetrahedral with quadratic elements, incorporating internal
coarsening and curvature control. Periodic boundary conditions were
applied to the RVE models to ensure an accurate simulation of the
material’s bulk behavior.

FE models calculated the thermal conductivity of nanocomposites
by numerically solving Fourier’s law of conduction. These models
also served to understand the macroscale mechanical properties of
nanocomposites by simulating mechanical tests. The constituents of the
RVE were assumed to be isotropically symmetric within the nanocom-
posite, with the constitutive relation described by generalized Hooke’s
law. Both approaches mentioned (MF and FE) were employed to eval-
uate the Young’s modulus, Poisson’s ratio, and thermal conductivity of
the models. The RVE model was generated by assigning different mass
fractions (0.5 wt%, 0.8 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt%) to study the
different fillers concentrations and considering a random distribution
of inclusions.

2.1.3. Nanocomposite experimental characterization

To experimentally characterize the mechanical properties of PLA
and PLA/GNPs nanocomposites, a thermomechanical testing campaign
was conducted. For sample preparation, Polylactic Acid polymer was
supplied by PrimaValue and used as filament for 3D printing. The
specific properties of the filament include a density of 1.03g/cm?, a
material flow rate (MFR) of 8.0 g/min at 220°C for 10kg, a diameter of
1.75 mm, melting temperature of 210 + 10°C, and melting point range
145-160°C [51].

The production of graphene nanoplatelets was carried out using
a commercially available shear laboratory mixer from Silverson. The
resulting size distribution of the graphene platelets is presented in
supplementary Figure S9. The raw material for the production pro-
cess was graphite powder obtained from NGS Naturgraphit GmbH,
Germany, with an average particle lateral size of 500 pm. The main
component of the mixing apparatus is a 4-blade rotor placed within
a fixed screen (stator), which applies the necessary shear stress for
graphite exfoliation.

After weighing the graphite powder into the mixing vessel, an
aqueous-based exfoliating liquid containing surfactant (Triton-X) was
added. During the initial stage of the shear exfoliation process, the
mixer head is submerged in the liquid solution and operates at a low
rotational speed. The speed is gradually increased from 1000rpm to
5000 rpm, and the system runs at high speed for approximately 40 min.
Finally, the mass of the produced exfoliated graphene is measured after
drying at 80 °C for 24 h under vacuum conditions.

The carbon content of the produced graphene nanoplatelets is ap-
proximately 91%. The GNPs powder was dispersed on adhesive con-
ductive tape for scanning electron microscope (SEM) characterization,
as shown in Fig. 2. The platelets exhibit a lateral dimension within the

Composites Part B 298 (2025) 112354

Fig. 2. SEM images of graphene nano-platelets, at different magnifications (IMM-CNR
Bologna, Italy). CC-BY 4.0 [32].

range of 2-5um and a thickness of 5-7 nm. The material appears to be
partially exfoliated or reaggregated, with some platelets showing highly
exfoliated regions alongside thicker crystals.

PLA containing 0, 0.5, 1.0 wt% of the graphene were prepared
by means of the hot press. For preparation of the polymeric film of
PLA, we took around 15 ¢ of PLA and heated them at 210 °C using hot
press for around 5 min, then pressed at high pressure of 30bar. The
procedure was followed ten times to get homogeneous material. Films,
after heating and pressing, were taken out from the hot press, and
then quenched in the ice to get amorphous structure and prevent crys-
tallization. Amorphous polymers are generally preferred due to their
enhanced processability, faster production rates, and isotropic proper-
ties. A similar procedure was applied to the PLA/Gr composite, with the
addition of a melt premixing step to incorporate nanoinclusions into the
PLA matrix at concentrations of 0.5 and 1.0 wt%.

Specimens of PLA, PLA/GNPs were prepared using ASTM interna-
tional standard test method for tensile properties of Plastics (ASTM
D882-02 [52]). They were machined into 100 x 10 mm? rectangle spec-
imens. Thickness of these samples were taken at various length and
the average value recorded, then the area of each strip was calculated
to determine the stress acting on the strips. Specimens were tested in
mechanical tensile system (MTS) at room temperature with the strain
rate of 25mm/min as illustrated in Fig. 3. Five test repetitions for
each composition were done at 300K, and average values of Young’s
modulus were obtained.

To investigate the thermal conductivity of pure PLA and PLA/GNPs
(0.5 and 1.0 wt%) composites, test specimens were prepared in a rect-
angular shape with dimensions of 30 mm in length, 30 mm in width, and
5mm in thickness. Two samples of each configuration were prepared,
and repeated measurements were performed five times for each sample.

Thermal property measurements were conducted on the PLA and
PLA/Gr composite samples using the transient plane source (TPS)
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Fig. 3. Experimental protocol for the mechanical characterization of PLA/GNPs com-
posite.

method and the Hot Disk thermal constants analyzer at room tempera-
ture (~25°C). This investigation adhered to the guidelines outlined in
the international standard ISO 22007 [53] for both the TPS method and
the Hot Disk instrument.

In this study, the sensors were carefully positioned between the
planar surfaces of two sample pieces of the material under investiga-
tion. The Hot Disk sensor, which comprises a double spiral electrically
conductive pattern etched into a thin nickel sheet, played a pivotal role
in the measurements. The fundamental principle of the experimental
setup involved providing a continuous power supply to the initially
isothermal sample through the Hot Disk sensor.

Subsequently, the same sensor functioned as a resistance thermome-
ter to monitor the resulting temperature rise over a defined heating
period. Throughout the experimental procedure, the dynamic char-
acteristics of the temperature rise were meticulously recorded and
analyzed by examining the corresponding changes in sensor resis-
tance. This analysis allowed for the determination of both thermal
conductivity and thermal diffusivity from a single transient recording.

2.2. Modeling and experimental characterization of final 3D printed mate-
rial

Following the previously described workflow, the second part of the
study focused on analyzing the thermal and mechanical properties of
the 3D printed material. These properties are crucial for the analysis
and design of components made from these materials, integrating the
effects of polymer nano-modification and the manufacturing process.
The microstructure plays a significant role in determining the prop-
erties studied, necessitating an ad hoc approach to characterize the
geometrical aspects of the internal structure. To achieve this objective,
a FE model of a RVE of the 3D printed material was developed.
This model considered the internal structure characterized from a
real sample, allowing for a more accurate representation of the ma-
terial’s behavior. In this section, we present a comprehensive report
on the methodology and standards followed to complete the multiscale
protocol, culminating in the final product properties prediction and
experimental validation.

2.2.1. 3D printing material characteristics extraction

Due to the manufacturing process, void channels appear between
filaments, resulting in an anisotropic material with different properties
along its directions (see Fig. 4). The material system used in this char-
acterization focused initially on pure PLA. The sample was fabricated
and sliced to enable the acquisition of images using optical microscopy.
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Fig. 4. Section of the 3D printed sample prepared for analysis, showing examples of
the triangular and rhomboidal defects resulting from the printing process.

Table 1
Dimensions of the triangular defects.
Area (mm?) a (mm) b (mm) ¢ (mm) 0 ()
Triangle M (i) 0.095 0.003 0.063 0.023 6.936
Triangle L (ii) 0.176 0.011 0.125 0.049 12.98
Triangle S (iii) 0.095 0.001 0.0364 0.0133 6.936

Specifically, the specimens manufacturing was done using a “Raise3D
Pro 2 Plus FFF” system, with the printing parameters detailed in
supplementary Table S8. An example of one of the sections obtained
from the sample is shown in Fig. 4, providing a visual representation
of the internal structure produced by the 3D printing process.

As observed, the defect pattern is not uniform across the sec-
tion, with varying sizes and shapes of defects present. Additionally,
the defects are not evenly distributed throughout the material. This
phenomenon can be attributed to manufacturing conditions such as
deposition velocity and filament thickness.

To gain further insights, a surface analysis was performed using the
software ImageJ [54,55]. The analysis reveals that the global porosity
of the studied section is approximately 0.87%, although different areas
exhibit variable porosity levels.

The geometry and dimensions of the defects were analyzed, re-
vealing that most defects have a triangular shape; however, some
rhombus-shaped defects were also observed and characterized (see sup-
plementary Figure S6 for additional information on geometry control).
Furthermore, the distances between defects were also determined. The
parameters used to characterize each shape and the defect area were
measured using ImageJ [54,55].

As observed in Fig. 4 (right), different defect geometries are created
depending on the location within the section. To evaluate the effect of
the observed defect morphology, four cases were studied:

i An average triangular defect obtained from two defects (Triangle
M).

ii A large triangle derived from the lower part of the section,
characterized by larger distances between defects (Triangle L).

iii A triangle similar to that in case (i) but representing the most
frequently occurring area (Triangle S).

iv The same average triangle as in case (i), but with a shift applied
to every second line equal to half the triangle’s step (Triangle
Alt).

v An irregular rhombus obtained from the upper part of the section
(Rhombus).

The software used can provide a list of defects and their sizes; however,
due to the small dimensions of some defects, manual measurement is
not feasible. Therefore, the triangle in case (iii) is considered propor-
tional to case (i), scaled to represent the most frequently occurring area.
This area has been determined to be 0.001 mm?. The exact dimensions
of the triangular and rhombus defects are included in Tables 1 and 2.

The distances between consecutive defects in the vertical and hor-
izontal directions (see Fig. 12.a) have been estimated to define the
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Table 2

Dimensions of the rhombus defects (iv).
a (mm) b (mm) ¢ (mm) a (%) B () 7y ()
0.05 0.09 0.05 53.97 39.81 48.58

defects distribution. The average horizontal distance is 0.366 mm, while
the average vertical distance is 0.212 mm. However, it is observed that
in the lower left part of the section, where defects of type (ii) are found,
the defects are larger, and the separation between them is greater.
Consequently, in this zone, the horizontal and vertical distances are
approximately twice the average values. In future studies, this image
processing approach could be improved using artificial intelligence
methodologies, allowing faster extraction and averaging of information
from larger samples/areas [56] and transfer to models.

2.2.2. Continuum model for 3D printing material properties prediction

A Python script was implemented to automatically generate the
model geometry with the desired number and shape of defects. RVEs
were created considering the defect geometries presented in Fig. 12.a.
The RVEs consist of regular 3D structures, including 10 defects along
each direction, except for configuration (ii), which, due to the sep-
aration between defects, includes 5 defects in each direction. The
dimensions of the RVEs are 3.66 mmx2.12 mmx0.2 mm. The volume must
be meshed such that the meshes on parallel faces coincide, allowing for
the application of the periodic boundary conditions defined in the next
section. To verify that the mesh refinement is adequate for accurate
simulations, a mesh sensitivity analysis was conducted. Coarse and
fine mesh configurations were compared (supplementary Figure S8),
showing a difference of less than 1% in the estimated mechanical and
thermal properties (see supplementary Table S10 and Table S11). This
confirms that the coarse mesh provides sufficient accuracy for our
analysis. Heat transfer elements (6-node linear triangular prism and
8-node linear brick [57]) are employed in the thermal analysis, while
stress elements (4-node linear tetrahedron and 8-node linear brick [57])
are used in the mechanical analysis. A total of five structures were
simulated. In four of them the defects are evenly distributed creating
a regular grid and in the last one defects of type (i) are in alternated
positions on each printing plane (Fig. 12.a).

The procedure to estimate the thermal and mechanical properties
of the printed material consists of a homogenization analysis with
some particularities in each case. The homogenized properties are
obtained using the Micromechanics Plug-in for Abaqus/CAE [58]. The
homogenization process involves the three following steps.

In the first step, the model is built, and loads and boundary condi-
tions are defined using the Micromechanics Plug-in. PBC are imposed
on the RVE to ensure that it is representative of a larger material
volume. This means that the RVE repeats periodically in all three
spatial directions, and the conditions on parallel faces are identical.
An example of a possible RVE of the printed material is presented
in supplementary Figure S7. The plug-in imposes a relationship on
the boundary nodes of the RVE using equation constraints. These
relationships can be in terms of displacements to obtain the mechanical
properties or temperatures to obtain the thermal conductivities. A
reference node, to which the load is applied, is defined, and parallel
faces of the RVE are related to the load node through the equations.
PBC require nodes to be positioned periodically to impose the periodic

equations.
A solution field, ¢, with periodic response exhibits the form [59]:
o9
fp(xi+pj‘)=¢(x[)+<a—xi>p§’ ©)

where x; is the coordinate, p} is the ath vector of periodicity, and
(0@/0x;) is the far-field gradient of the solution field.
Thermal loads are defined using three load cases corresponding to

three temperature gradients imposed between parallel faces of the RVE.
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These temperature gradients induce thermal fluxes between parallel
faces.

Mechanical loads are defined using six load cases corresponding to
six imposed deformation modes, according to the normal and shear
directions.

In the second step, the analysis is solved using Abaqus [60]. The
load cases are executed sequentially, simulating heat fluxes (thermal
analysis) or deformations (mechanical analysis) along the three di-
rections. The final step involves post-processing the results with the
Micromechanics Plug-in to obtain the homogenized material response.
The thermal conductivities are determined by applying Fourier’s Law
(see Eq. (4)).

It is possible to select the desired material type that better fits the
homogenized material. In the analysis here presented the analyzed ma-
terial has been considered orthotropic (transversely isotropic), defined
by the directional thermal conductivities, 4;;, 4, and 433.

Similarly, the mechanical behavior of the material can be character-
ized according to different material models. In this work, the material is
characterized by its elastic properties, specifically the elastic modulus,
Poisson’s ratio, and shear modulus. Then, the anisotropy is only due to
the internal material structure produced by the 3D printing process.
More complex constitutive models could be used to perform further
analysis, for example trying to reproduce non linear behaviors or other
effects as anisotropy due to reinforcement reorientations [61,62].

3. Results

In this section, we present the results of the multiscale bottom-up
linked model developed to predict the properties of composite filaments
for additive manufacturing. The evaluation begins with the thermal and
mechanical properties of the individual matrix and filler components.
The influence of these fillers on the overall material properties is
assessed at the mesoscale. These key parameters are then used in a
continuum model to investigate the impact of the microstructure on
the filament and the final printed product. Following the intrinsic
hierarchical structure of the problem, we begin with the mesoscale
evaluations and progressively move to the continuum models and
experimental validations.

3.1. Mesoscale

3.1.1. Polylactic Acid (PLA)

The coarse-grained model of PLA, illustrated in Fig. 5.d, reduces the
degrees of freedom of the atomistic model, enabling efficient modeling
of relatively large simulation boxes. To assess the effectiveness and
limitations of this coarse-grained approximation, we computed several
key macroscopic quantities.

By simulating the system in an NPT ensemble with varying tem-
peratures from 280 K to 400 K and a constant pressure of 1 atm,
we observed that the density ranged from 1.14g/cm? to 1.19 g/cm?.
These values are consistent with literature reports, which indicate that
PLA density ranges from 1.13g/cm? to 1.195g/cm?® [63]. Through this
initial simulation campaign, the glass transition temperature (7,) of the
polymer was determined. As shown in Fig. 5.a, the density exhibits a
significant change in slope with increasing temperature. By splitting the
data into two sets at a threshold temperature and fitting each set with a
straight line to minimize residuals, we estimated the T, - For our model,
T, was found to be between 330K and 332K, consistent with both
fully atomistic simulation and experimental values (333K) [63,64].
This property is strongly related to the relative arrangement of the
chains and van der Waals interactions [65], indicating that the CGMD
model adequately captures the internal chains mobility and binding
interactions. These findings validate the CGMD model’s accuracy in
predicting the structure arrangement and intramolecular properties of
PLA, which is crucial for the further analysis.
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Fig. 5. Coarse-grained model predictions for pure polylactic acid (PLA) polymer. (a) Glass transition temperature predicted by identifying the slope change point in the temperature-
density curve, using linear fitting (R* = 99.9% for T < T,, R* = 99.7% for T > T,,). (b) Stress—strain plot showing the three normal stress components from an axial tensile test
along the x, y, and z directions. The shaded line represents the direct stress measurement for the simulation for deformation along the z direction; solid lines are corrected curves
from the compliance matrix formulation, and dashed lines show ideal elastic behavior. (c) Enthalpy-temperature plot with linear interpolation (R> = 99.8%) to compute isobaric
specific heat capacity (c,), with shaded area showing the 95% confidence interval (CD). (d) The PLA coarse-grained model, illustrating the atoms represented by each bead.

The CG model’s investigation continued with a detailed study of the
mechanical properties of PLA. Specifically, we computed Young’s mod-
ulus and Poisson’s ratio of PLA by applying a progressive deformation
to the simulation box along the three principal tensile directions. This
induced a one-dimensional strain on the polymer, denoted as ¢, ¢,,,
and ¢35 for the tensile tests along the x, y, and z directions, respectively.

However, due to the simulation setup and the box size, applying
uniaxial strain resulted in significant deformations along the other
two dimensions because of section reduction. This caused observable
strains, €;, £y, in addition to the imposed one (e33), as shown by
the shaded line in Fig. 5.b. Consequently, the resulting stiffness matrix
contained off-diagonal components. As depicted in Fig. 5.b, the shaded
line indicates the stress measured while applying 35 to the simulation
box, clearly showing that the stresses measured along the orthogonal
directions are not negligible. By measuring the slope of the linear fit to
the stress—strain curve obtained from the simulation within the strain
region ¢ € [0.0,0.05), where the material exhibits ideal elastic behavior
(Fig. 5.b), the elastic constants C;;, Cs,, and C;; were calculated.
To accurately determine Young’s modulus E and Poisson’s ratio v,
we solved the compliance matrix formulation after computing all the
elastic matrix components, as previously detailed in Section 2.1.1 of the
Methods. This procedure allowed us to convert the three-dimensional
stress state from the simulation to a one-dimensional equivalent, as
illustrated in Fig. 5.b by the new stress—strain curves.

After applying this correction, the Young’s modulus for the PLA
phase was determined to be 1.6 GPa, which falls within the literature
range of 0.35GPa to 3.5GPa [66]. This value also aligns well with
our experimental measurement of 1.80 GPa, resulting in a deviation of
approximately 11%. The Poisson’s ratio was found to be 0.38, which is
in good agreement with experimental values around 0.36 [66]. These

results further demonstrate the accuracy of the CGMD model, which
correctly describes the interactions between the PLA molecules and
their tangled structure.

Following the validation of mechanical properties, thermal proper-
ties were analyzed to complete the characterization of the PLA model.
We computed the thermal conductivity (1) of PLA using the Miiller-
Plathe algorithm [45]. The method imposes a thermal flux, consisting
in the exchange of kinetic energy between particles and thus gen-
erating a temperature gradient. By applying Fourier’s law, we ob-
tained a value of 0.112W/(mK). This value is in agreement with the
literature measurements where A ranges between 0.13 W/(mK) and
0.19 W/(mK) [67-70], but it is 44% lower than our experimental value
(0.205 W/(mK)). Possible reasons for the discrepancy include variations
in sample preparation, morphological changes in the test specimens,
measurement techniques, or intrinsic material properties due to pro-
cessing conditions. Additionally, as noted in the literature [32], in
CGMD models, groups of atoms are clustered into single beads, signif-
icantly reducing the degrees of freedom (DOF). This reduction allows
for larger time steps and the simulation of larger systems, facilitating
connections between computational predictions and experimental ob-
servations. However, the reduced DOF at the CGMD level can impact
the accuracy of thermal property predictions, which are based on
phonon transfer, at atomic or quantum scales. Consequently, capturing
phonon-driven thermal phenomena remains a challenge with CGMD.

Additionally, the specific heat capacity (c,) of CGMD PLA was
computed by measuring the rate of change of enthalpy with varying
system temperatures using an NPT ensemble. In the temperature range
of 280K to 350K, we observed a linear increase in enthalpy, as shown
in Fig. 5.c. By interpolating the enthalpy measurements at each temper-
ature, we obtained a specific heat capacity of 446.5J/(kg K). This value
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Fig. 6. Coarse-grained model predictions for pure graphene sheets. (a) Stress-strain plot showing normal stress components from axial tensile tests along the zigzag (o,
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is significantly lower than the experimental value of 1800J/(kgK) at
room temperature [70]. The significant discrepancy is primarily due to
the DOF reduction introduced by the Martini force field employed in
the coarse-grained model, which neglects the internal kinetic energy
exchange of the atoms present into each larger bead of the CGMD PLA
molecule [32].

3.1.2. Graphene-based fillers (Gr/GO/rGO)

Fig. 6.d illustrates the coarse-grained model of graphene (Gr). In this
model, the atoms at the vertices of the hexagonal lattice and their three
bonded atoms form the beads of the CGMD model [71]. This approach
ensures that each bond in the CGMD model substitutes for two covalent
C-C bonds, thereby preserving the hexagonal structure. The CGMD
model was generated using Visual Molecular Dynamics (VMD) [40].
The construction of the structure involved changing the C-C bond
length from 0.145nm to 0.280nm, as described in the atomistic-to-
coarse-grained mapping strategy, Fig. 6.d, detailed in Section S2 of
the supplementary material. The final graphene sheet size was set to
20nm X 40 nm, with a thickness determined by the interplanar spacing
of the graphene sheets, which is 0.335nm. Furthermore, the resulting
structure was oriented in the simulation box such that the x and y axis
directions corresponded to the zigzag and armchair edges, respectively.

After initial equilibration using an NVT ensemble at 300K for 100 ps,
the mechanical properties of the CGMD graphene were investigated.
By simulating a progressive box deformation along the x and y axes,
an uniaxial strain was applied to the graphene along the armchair and
zigzag directions, respectively. The internal stress components parallel
to the deformation direction were measured, obtaining the stress—strain
curve shown in Fig. 6.a. By measuring the slope in the elastic regime
of the material, ¢ € [0.0,0.05), indicated with the black dashed line in

Fig. 6.a, we determined a Young’s modulus of 916 GPa and a Poisson’s
ratio of 0.15 in the zigzag direction. Similarly, along the armchair
direction, the slope of the curve in the elastic regime (gray dashed line
in Fig. 6.a) yielded a Young’s modulus of 845 GPa and a Poisson’s ratio
of 0.14. These results agree with literature values (900-1050 GPa and
0.14 — 0.19) [71,72], confirming that the MARTINI force field adopted
for graphene effectively describes the internal forces, even after the
coarse-grained approximation.

Following the approach used for PLA, the thermal properties of pure
graphene were investigated. The CGMD graphene underwent several
NPT simulations with temperatures ranging from 300K to 345K. By
evaluating the average enthalpy from each simulation, the specific
heat capacity (c,) of the filler was computed. By linearly interpolating
the data points in Fig. 6.b, we determined the specific heat capacity
to be 430J/(kgK). This value is approximately 40% lower than the
experimental value of 700J/(kg K) measured at room temperature [73].
As previously noted, such discrepancies are commonly observed in the
literature [32] when using CGMD models, since the loss of vibrational
DOF in CGMD simulations impact on the accurate description of kinetic
energy and both inter- and intra-molecular interactions.

Since the filler aims to enhance both the mechanical strength and
thermal conductivity of the final product, thereby improving the print-
ing process and solidification, it is essential to investigate the thermal
conductivity of pure graphene (Gr). However, working with relatively
small systems and PBC introduces challenges. When phonons encounter
a boundary, they can be reflected or transmitted, affecting their mo-
mentum and propagation, which in turn impacts the conductivity.
To tackle this challenge, we utilize the ballistic-to-diffusive crossover
formula [74]:

ﬁ:%(u%), )
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Fig. 7. Mechanical properties degradation for Graphene Oxide (GO) and reduced
Graphene Oxide (rGO). (a) Young’s modulus of GO at varying oxidation levels, with
equal ratios of hydroxyl-oxidized (blue beads) and epoxide-oxidized (red beads) defects.
(b) Young’s modulus of coarse-grained rGO at different defect percentages, with a 4%
oxidation level. Error bars show standard deviation from five replicas per system. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

where A(L)~! is the reciprocal of the conductivity, also called thermal
resistivity, L is the characteristic length of the sample, £ represents the
mean free path of phonons in graphene, and 4, denotes the thermal
conductivity at infinite length. Thus, we constructed five additional
CGMD Gr systems with simulation box lengths varying from 10nm to
100nm. The thermal conductivity was then computed using a similar
NEMD method as used in the pure PLA study. The reciprocal of the
resulting A values was plotted against the inverse of the length, produc-
ing the graph shown in Fig. 6.c. By performing a linear fit on the data
measured along the armchair and zigzag directions, we determined the
intercept of the straight line, corresponding to a maximum resistivity
of 0.0017mK/W and 0.0015mK/W. This translates to a maximum
conductivity of 588 W/(mK) and 667 W/(mK) for the armchair and
zigzag directions, respectively. As expected, the simplification of the
problem by reducing the degrees of freedom with CGMD beads resulted
in an underestimation of the conductivity. Fully atomistic molecular
dynamics studies in the literature report a thermal conductivity for
graphene of 746 W/(mK) [74]. Similar to PLA, the reduced degrees
of freedom in the mesoscale model lead to an underestimation of the
kinetic energy and consequently its flux.

To enhance the composite morphology and functionality, incorpo-
rating Graphene Oxide (GO) and reduced Graphene Oxide (rGO) can
significantly improve the nanocomposite properties. GO can markedly
improve the dispersion of graphite flakes within the polymeric matrix,
thereby optimizing the mechanical and thermal properties of the final
product [75]. The functionalized surface of GO not only controls the
dispersion or aggregation of the graphene flakes, providing additional
material design flexibility, but also enhances the thermal and electrical
properties of the polymer. This enhancement makes nanocomposites
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with GO and rGO suitable for a variety of advanced applications,
including energy storage, stimuli-responsive materials, anticorrosion
coatings, and separation processes [76]. To accurately develop our
multiscale composite model, it is essential to recognize that pure and
ideal graphene do not fully represent the material, as the addition
of GO and rGO can significantly alter the mechanical properties of
the nanocomposite. Therefore, we characterized the elastic modulus of
the coarse-grained models for graphene oxide and reduced graphene
oxide. The GO model included two new CGMD beads: one representing
hydroxyl-oxidized groups (replacing 4 carbon atoms and the bonded
hydroxyl group -OH) and another representing 2 carbon atoms and an
epoxy group (C-O-C). Different grades of oxidation were modeled and
subjected to tensile tests, considering an equal ratio (1:1) of hydroxyl-
oxidized and epoxide-oxidized beads. From the stress—strain curves, the
Young’s modulus was computed by evaluating the slope in the elastic
deformation region. A degradation of the modulus was observed with
increasing degrees of oxidation, with values ranging from 412 GPa to
287 GPa, as shown in Fig. 7a. Fig. 7.b also presents the results of tensile
stress tests for coarse-grained rGO with varying defect percentages. The
rGO model was created by randomly deleting carbon beads from the GO
model to simulate defects. The base model, a 4% degree of oxidation
monolayer sheet of GO, was used to construct rGO sheets with different
defect percentages. As expected, the Young’s modulus decreased with
increasing defect percentages, ranging from 316 GPa to 151 GPa.

However, it is important to note that the observed elastic modulus at
0% oxidation/defects, as depicted in Fig. 7, is lower than the modulus
of pure graphene reported earlier in this study. This discrepancy arises
due to the use of force field parameters from the GO model that
account solely for carbon—carbon (C-C) interactions (type-I, refer to
supplementary Table S7). Meng et al. [77], who developed the CG force
field for GO, used these same parameters and observed similar results
for pure graphene. This suggests that while the force field is effective
for modeling GO at oxidation levels greater than 0%, it may not fully
capture the properties of pure graphene. The lower elastic modulus at
0% oxidation highlights the impact of force field parameterization on
the calculated properties, even for identical materials. This justify the
necessity of using different force fields for Gr and GO/rGO to accurately
capture the distinct mechanical behaviors of these fillers.

3.1.3. Polylactic acid nanocomposites (PLA/Gr, PLA/GO and PLA/rGO)

After the pure components investigation, a CGMD model of the
nanocomposite was employed to comprehensively understand the im-
pact of Gr, GO, and rGO inclusion on the thermo-physical properties of
pure polylactic acid. Various concentrations of Gr, GO (60% oxidized),
and rGO (4% oxidized with 10% defects) (namely: 0.5 wt%, 0.8 wt%,
1.0 wt%, 1.5 wt%, 2.0 wt%) were incorporated into the polylactic acid
matrix. As an example, Fig. 8.d illustrates the equilibrated system of
PLA reinforced with 2.0 wt% Gr.

Fig. 8.a provides a comparative analysis of the relative Young’s
moduli for the PLA/Gr, PLA/GO, and PLA/rGO nanocomposites. The in-
clusion of Gr, GO, and rGO significantly enhances the Young’s modulus
of pure PLA. Specifically, the Young’s modulus of PLA/Gr nanocom-
posites increases from 4.60% (0.5 wt%) to 11.54% (2.0 wt%). Due
to the finite size of the simulation box and the distribution of fillers,
variations in elasticity along the x, y, and z directions are observed,
even though the property is isotropic. Therefore, values are averaged
across directions, resulting in mean value and error as shown in Fig. 8.a.
In PLA/GO nanocomposites, the Young’s modulus rises from 1.69% (0.5
wt%) to 8.18% (2.0 wt%), while PLA/rGO nanocomposites exhibit an
increase from 0.6% (0.5 wt%) to 7.7% (2.0 wt%). Among these, PLA/Gr
nanocomposites demonstrate superior mechanical properties compared
to PLA/GO and PLA/rGO nanocomposites, in line with the mechanical
performance of fillers alone.

The impact of Gr, GO, and rGO on the thermal conductivity of
PLA was investigated to understand their potential enhancements. The
trends are illustrated in Fig. 8.b, which depicts the relative thermal
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conductivity of the composite material at room temperature as a func-
tion of the weight percentage of Gr, GO, and rGO nanofillers. As with
Young’s modulus, we assume isotropic conductivities, averaging values
across the x, y, and z directions to obtain a mean and associated error,
as shown in Fig. 8.b. Pure PLA exhibits a low thermal conductivity of
0.112W/(m K). Our results demonstrate a slight increase in thermal con-
ductivity with the addition of nanofillers. For PLA/Gr nanocomposites,
the maximum observed thermal conductivity was 0.125 W/(mK) at 2.0
wt%, representing an improvement of 11.6%. In contrast, the PLA/GO
nanocomposites showed thermal conductivity values very close to that
of pure PLA. Similarly, PLA/rGO nanocomposites exhibited trends akin
to PLA/Gr nanocomposites, with an average maximum thermal conduc-
tivity of 0.121 W/(mK) at 2.0 wt%, matching the maximum value for
PLA/Gr composites. Thus, our findings indicate that, up to 2.0 wt%,
graphene fillers enhance the thermal conductivity of the PLA matrix
by approximately 10%, consistent with the observed improvements in
mechanical properties. However, the absolute enhancement in conduc-
tivity may seem lower than intuitively expected, given the order of
magnitude difference between the conductivities of PLA and graphene.
This is due to the significant interfacial thermal resistance (Kapitza
resistance), which, for fillers with such a high aspect ratio and limited
thermal conductivity due to their size, has a non-negligible effect.

To enhance the robustness of our nanocomposite modeling, we
compared it with respect to Mean Field and Finite Element models. This
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integration aimed to evaluate these methods as potential alternatives
and assess their contribution to the overall comprehensiveness of the
study. While continuum approaches like MF and FE offer valuable
insights, they inherently lack the ability to accurately capture filler—
matrix interactions and the effects of interface functionalizations. This
shortcoming is mitigated by mesoscopic simulations, which provide a
molecular-level understanding of these interactions. To ensure a com-
prehensive comparison, we juxtaposed the predictions from our CGMD
model with those from continuum approaches. Following the linked
multiscale protocol depicted in Fig. 1, input parameters for the con-
stituents were derived from coarse-grained simulation results. For PLA,
the parameters included a density of p©t4 = 1.188g/cm’, an elastic
constant of EPL4 = 1.6 GPa, a Poisson’s ratio of vP14 = (.38, a specific
heat capacity of ¢/"4 = 446.5J/(kgK), and a thermal conductivity of
APLA = 0.112W/(mK). For graphene, the parameters were a density
of p% = 1.402g/cm’, an elastic constant of EG" = 916 GPa, a Poisson’s
ratio of v" = 0.15, a specific heat capacity of ¢&" = 430J/(kgK), and a
thermal conductivity of A" = 628 W/(mK), which is an average value
of the two directions previously computed. Subsequently, the Repre-
sentative Volume Element (RVE) model was generated. We selected
various mass fractions (0.5, 0.8, 1.0, 1.5, 2.0 wt%) and introduced
a corresponding number of graphene inclusions, dispersed randomly
within the PLA matrix, mirroring the setup of our CGMD models. This
approach allowed us to rigorously evaluate the multiscale modeling
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technique, providing a detailed comparison between mesoscopic and
continuum methods. The results obtained from the FE and MF models
were compared with those from the CGMD simulations in Fig. 9. For all
properties and each model, we assumed isotropic materials, measuring
each property along the three orthogonal directions and averaging the
results, with error bars representing deviations shown in Fig. 9. In the
CGMD simulations, the Young’s modulus increased from 4.60% (0.5
wt%) to 11.54% (2.0 wt%) compared with bulk PLA, whereas the FE
and MF models showed an increase from 1.60% (0.5 wt%) to 7.44%
(2.0 wt%) as shown in Fig. 9.a. This indicates that both FE and MF
models underestimate the Young’s modulus enhancement provided by
graphene inclusions. In contrast, the CGMD model delivers more ac-
curate results by modeling the filler-matrix interaction with molecular
precision. Fig. 9.b illustrates the Poisson’s ratio of PLA/Gr composites
as predicted by mesoscopic and continuum models. The CGMD, FE, and
MF models all predict a progressive reduction in Poisson’s ratio with
increasing graphene concentrations. However, the CGMD simulation
predicts a more significant reduction compared to both FE and MF mod-
els. To address the limitations of matrixfiller interactions in continuum
approaches, Ji et al. [78] proposed an interphase micromechanical
model based on the Takayanagi homogenization technique, incorpo-
rating interfacial contributions. Therefore, an interphase was similarly
introduced as a coating on the filler in the finite element and mean field
models, characterized by a thickness of 0.5 nm and an elastic modulus of
3 GPa. The interphase thickness of 0.5 nm was determined by analyzing
the radial distribution function (RDF) of PLA molecules around the
fillers from the CGMD simulations, which helped identify the affected
region. The elastic modulus of 3 GPa was derived from CGMD simula-
tions and used as a reference to accurately parameterize the mechanical
properties of the interphase in our models [32]. This approach reflects
the significantly enhanced elastic modulus of the interphase, similar
to the findings of other studies [79-82] which have shown that the
polymeric region adjacent to the filler exhibits increased mechanical
properties compared to the bulk matrix. Incorporating this interphase
led to the development of the interphase finite element model (iFE) and
the interphase mean field model (iMF). Fig. 9 illustrates that the results
from the iMF and iFE models, represented by the cyan and yellow
lines, demonstrate strong agreement with the coarse-grained simulation
results.

Fig. 9.c presents a comparison of the thermal conductivity of
PLA/Gr composites as predicted by mesoscopic and continuum ap-
proaches. The thermal conductivity of PLA composite material in-
creases with the weight percentage of graphene fillers in all cases.
However, CGMD predictions show a lower enhancement due to the
consideration of thermal boundary resistance at the filler—filler and
filler-matrix interfaces. To address this issue in continuum approaches,
similar to the methodology for mechanical properties, a Kapitza re-
sistance was introduced at the interphase between the polymer and
graphene, with a value of 3.7x10~° Km? /W [83]. This adjustment led to
a thermal conductivity of the interface of approximately 0.135 W /(m K),
which aligns closely with the CGMD thermal conductivity of pure
PLA. By incorporating thermal boundary resistance at the filler-matrix
interface, the continuum model results achieved good agreement with
the CGMD results.

In practical applications, single-layer graphene is not commercially
available; it is typically obtained as graphene nanoplatelets (GNPs),
composed of stacked graphene sheets. The properties of polymer com-
posites are influenced by factors such as filler dispersibility, interface
adhesion, and filler morphology [84,85]. Generally, the elastic modulus
and thermal conductivity of nanocomposites increase with the aspect
ratio of the platelets [86]. However, larger GNPs often suffer from
inadequate dispersion, leading to the formation of massive agglomer-
ates. This phenomenon is mitigated at the low concentrations studied
in this work. Conversely, increasing the aspect ratio of GNPs can
induce wrinkling, negatively affecting the effective ratio of the fillers
and diminishing their overall contribution to mechanical and thermal

12

Composites Part B 298 (2025) 112354

properties. In this study, the aspect ratio of GNPs used for experimental
characterization ranged from 500 to 1000, deviating significantly from
the actual aspect ratio of the fillers incorporated into the composites.

To provide context for our modeling approach, previous studies
have highlighted the importance of considering the effective aspect
ratio of GNPs. Kalaitzidou et al. [87] found that the elastic modulus
of xGnP-15/PP composites was overestimated using the Halpin-Tsai
and Tandon-Weng models due to the theoretical aspect ratio of ~1500,
whereas the effective aspect ratio during processing was at least an
order of magnitude smaller [87]. Similarly, Jun et al. [88] demon-
strated that the predicted modulus of PP/GNP composites using the
Halpin-Tsai equation was higher than experimental values, which was
corrected by using a measured aspect ratio of ~50 instead of the
theoretical value. Innes et al. [89] also noted that the effective aspect
ratio contributing to the enhancement of the elastic modulus was
significantly smaller than the manufacturer’s anticipated value.

These findings underscore the necessity of appropriately adjusting
theoretical parameters to accurately predict the properties of GNPs
within composites. In this study, we used an effective aspect ratio of
50, measured after composite processing, instead of the nominal aspect
ratio. This approach ensures a more accurate prediction of the elastic
modulus and thermal conductivity, providing a realistic representation
of the material behavior, as demonstrated by Muhammad et al. [32].

The interphase mean field model was utilized to evaluate the
Young’s modulus and thermal conductivity of PLA nanocomposites
reinforced with graphene nanoplatelets (PLA/GNPs), as tested in the
experiments. The model input parameters were aligned with exper-
imental data: polylactic acid had a density of 1.24g/cm’, a Young’s
modulus of 1.84 GPa, a Poisson’s ratio of 0.36, and a thermal con-
ductivity of 0.204 W/(mK). For graphene, the properties included a
density of 2.2 g/cm?, an effective aspect ratio of 50, a Young’s modulus
of 1030 GPa, a Poisson’s ratio of 0.19, and a thermal conductivity of
3000 W/(mK). The interphase properties were derived by fitting the
CGMD results.

Overall, the Mori-Tanaka MF model, incorporating an interphase
(iMF) and an effective aspect ratio, provides predictions for the elastic
modulus and thermal conductivity of PLA/GNPs that align well with
experimental results. The maximum deviations are 1.9% for E and
2.3% for A within the [0,1] wt% filler interval, as shown in Fig.
10. Following the workflow represented in Fig. 1, the thermal and
elastic properties reported in this section were used as input for the
models developed to predict the homogenized properties of 3D printing
materials. The results of these predictions are presented in the next
section.

3.2. Properties prediction for 3D printed PLA composites

The final specimens resulting from printing the nanocomposite fil-
ament were thoroughly investigated. The manufacturing process fre-
quently results in the formation of void channels between filaments,
leading to the formation of an anisotropic material. To examine the
internal structure of the printed samples (Fig. 4), cross-sections were
prepared and analyzed using optical microscopy, which revealed a non-
uniform distribution of defects throughout the material. Quantitative
analysis indicated a global porosity of approximately 0.87%, with
significant variations observed across different regions of the samples.
The observed defects were predominantly triangular in shape, with
occasional rhomboidal formations also identified. Detailed measure-
ments of defect geometry and spacing were conducted, following the
methodology outlined in Section 2.2 of the Methods.

Consequently, to comprehensively assess the impact of these de-
fects, five different possible defect sizes and shapes were analyzed,
as illustrated in Fig. 12.a. Mechanical and thermal properties were
subsequently measured for the nanocomposite systems (i.e., PLA/Gr,
PLA/GO, and PLA/rGO), as well as for the printed structures charac-
terized by an average triangular (Triangle M) pattern, illustrated in
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Fig. 11. Reference frame for the experimental specimens and FE model used to
investigate the anisotropic properties resulting from the manufacturing process.

Table 3

Thermal conductivity of the bulk materials obtained from finite element analysis
compared with the directional thermal conductivities of 3D printed structures, using
the average size porosity defects specified as Triangle M (Fig. 12.a).

Material system 4 (W/(mK))  4;; (W/(mK)) 1y, (W/(mK)) 43 (W/(mK))
PLA 0.112 0.1047 0.1027 0.1096
PLA/Gr 2% 0.121 0.1102 0.1081 0.1154
PLA/rGO 2% 0.125 0.1130 0.1108 0.1182

Fig. 12.a.i. Additionally, these properties were evaluated in different
directions, as illustrated in Fig. 11, to measure the anisotropy of each
property.

For the thermal properties, the directional conductivities estimated
by the FE analysis for the different material systems are reported
in Table 3. In this context, A3; represents the conductivity in the
printing filament direction, while 4;; and 4,, denote the conductivities
in the transversal directions, as indicated by the axes in Fig. 11. The
results indicate that the printing process induces anisotropy in thermal
conductivity due to the distribution and shape of defects with variations
up to 6.7% between maximum and minimum conductivities in different
directions. This result is in line with thermal conductivity variations ex-
perimentally characterized in various works for FDM/FFF 3D printing
polymers [90,91]. Notably, even the two transversal directions exhibit
slight differences in conductivity attributable to the defect shapes. The
thermal conductivities used to inform the FE models in this study were
derived from the CGMD models discussed previously. These values
were used as bulk properties for defining the material constituents.

The PLA was analyzed in its pure form, doped with 2 wt% of
graphene, and doped with 2 wt% of reduced graphene oxide, which

represents the maximum concentration within the studied range aimed
at achieving the highest properties improvement. It was observed that
the ratio between each directional conductivity and the bulk mate-
rial conductivity remains consistent across all materials, being solely
dependent on the material structure.

Similarly, the directional thermal conductivities of the five struc-
tures depicted in Fig. 12.a were calculated for the base material system,
neat PLA. It is important to note that the porosity of each structure
is influenced by the size and number of defects, regardless of the
defect shape. The resulting conductivities are presented in Fig. 12.b
(for detailed numerical values, see Table S1 in the supplementary
material). It can be observed that as the porosity increases, anisotropy
becomes more pronounced, resulting in a greater difference between
the conductivity in the filament direction and the transversal values.
Additionally, the dependence of the conductivity on porosity is clearly
linear within the studied range.

Regarding the mechanical properties, the results obtained from the
CGMD models for pure and doped PLA were used to define the con-
stituent behaviors. PLA, PLA/Gr, and PLA/rGO, each with 2 wt%, were
analyzed using the average triangular defect size (structure Triangle M
sketched in Fig. 12.a.i) to evaluate the effect of voids. The mechanical
properties of the 3D printed material, in terms of elastic constants,
are included in Table 4. It was observed that the values of the elastic
moduli and shear moduli are proportional to the elastic modulus of
the bulk material in each case, indicating that this relationship is
solely dependent on the material structure. Additionally, the predicted
Poisson’s ratios remain constant across all material systems, as they are
considered to be the same in each case. The anisotropy observed in the
elastic moduli is greater in relative terms (approx. 12% variation be-
tween maximum and minimum Young’s moduli in different directions).
The differences are in line with results reported in other studies, as in
the work of Song et al. [92], where relative variations up to 4.7% were
observed in the tensile elastic modulus of 3D printed PLA in different
directions with a porosity close to 1% (lower than the one of average
triangle — Fig. 12.a.i). In the work of Chacén et al. [8], differences
around 16% in different directions are reported for the same property,
depending on the PLA processing conditions.

Similarly, the mechanical behavior of the structures with bulk PLA
material properties is analyzed in terms of elastic constants. The pre-
dicted values as a function of the structure porosity are represented
in Fig. 12.c, .d, and .e. The corresponding numerical values can be
found in Table S2 of the supplementary material. It is observed that
all parameters are influenced by the void structure. Interestingly, for
similar porosity values, some parameters exhibit higher variability
depending on the structure. For example, cases Triangle M (i), Triangle
L (ii), and Alternated Triangle (iv) have almost the same porosity,
but parameters such as E,, and v,; show significant differences, while
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Table 4

Mechanical properties derived from finite element analysis of pure PLA and carbon-based nanocomposite systems, incorporating the average
defect size structure (Triangle M, as shown in Fig. 12.a). Young’s modulus (E) was evaluated along principal strain directions (1, 2, and 3),
while Poisson’s ratio (v) and shear modulus (G) were assessed along corresponding shear planes (12, 13, and 23).

Material Ey Ex Es; Vi Vis Va3 G Gi3 Gy

system (MPa) (MPa) (MPa) &) &) &) (MPa) (MPa) (MPa)

PLA 1445.3 1406.1 1576.6 0.35 0.348 0.339 514.5 541.9 529.8

PLA/Gr 2% 1621.5 1577.6 1768.9 0.35 0.348 0.339 577.2 608.1 594.4

PLA/1GO 2% 1563.8 1521.4 1705.9 0.35 0.348 0.339 556.7 586.4 573.3
parameters like E;; and v,, have very similar values. This highlights 4. Conclusions

that both porosity and the distribution/shape of defects significantly
affect the material behavior.

Overall, these findings underscore the importance of considering
both porosity and defect distribution/shape when predicting the me-
chanical properties of 3D printed PLA nanocomposites. A multiscale
model, such as the one proposed, can serve as a valuable tool in
material design. In relation with the graphene particles addition, as ex-
pected, the improvements obtained in the whole set of elastic constants
is proportional to the enhancement introduced in the filament material
properties definition. These trend agrees with previous works in the
literature, as in the work of Cataldi et al. [93] or in the review of Silva
et al. [94].
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In this work, we presented a comprehensive multiscale approach
to accurately determine the thermal and mechanical properties of
3D printed nanocomposite filaments, bridging scales from molecular
interactions to full component performance.

In detail, we performed CGMD simulations that successfully repro-
duced the thermophysical properties of PLA, Gr, GO and rGO. These
CGMD models were then coupled to reproduce in silico samples of
PLA/Gr, PLA/GO, and PLA/rGO nanocomposites. Our study demon-
strated that even low concentrations of fillers significantly impact the
properties of PLA/Gr, PLA/GO, and PLA/rGO nanocomposites. Young’s
modulus and thermal conductivity are enhanced with increasing per-
centage of Gr, GO as well rGO. However, the mechanical and thermal
properties of PLA/Gr nanocomposites were found to be superior to



A. Muhammad et al.

those of PLA/GO and PLA/rGO nanocomposites. For the multiscale
nature of the problem, we then upscaled CGMD model of PLA/Gr to
continuum model using results obtained at the CGMD level in MF and
FE analyses. The CGMD predictions were verified by the MF model with
interphase, which demonstrated superior predictive capability com-
pared to traditional continuum approaches due to detailed modeling
of the filler-matrix interactions. The MF model with interphase was
validated against experimental results, showing excellent agreement.
Furthermore, the homogenized thermal conductivities and elastic
properties of a 3D printed material made of the PLA-based nanocom-
posites have been evaluated. Through optical microscopy analysis, we
characterized the internal structure of printed samples, identifying
shape and dimension of microstructural defects resulting from the print-
ing process. These observations informed FE simulations, which were
used to model various internal morphologies and integrate the thermal
and elastic properties from the CGMD models. Several combinations of
structure and material composition were analyzed using this bottom-up
informed continuum model, enabling the observation of their effects:

» For a given material structure, the ratios between the homog-
enized and the bulk material properties depend only on the
structure and not on the bulk material properties.

+ The porosity of the printed material is a crucial parameter when
modifying the material structure without changing the material
properties.

» For a fixed porosity, the effect of the defect’s shape is smaller
in the printing direction than in the transversal ones, because in
the printing direction the effective area of the section remains
constant for a given porosity independently of the defect’s shape.

The proposed multiscale approach not only enhances predictive
accuracy, but also serves as a versatile tool for advancing nanocom-
posite material design. By capturing the effects of filler-matrix inter-
actions, structural defects, and porosity, this model can support the
optimization of 3D [5,15] and 4D printed [24] functionalized devices,
paving the way for the development of more efficient and effective
nanocomposite technologies in various mechanical applications. Re-
garding broader implications of this work, CGMD models are limited
in predicting electromagnetic properties due to their coarse-grained
nature, which lacks the electronic detail required for accurate conduc-
tivity predictions. For conductive materials like graphene, electronic
properties are better captured by quantum mechanical or ab initio
simulations. Future studies could incorporate such electronic models
for electrical property evaluation, extending the applicability beyond
mechanical reinforcement (e.g., sensing [95]).
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