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Highlights

What are the main findings?

* Particle geometry and interlayer govern stress-wave attenuation.
* Hollow particles yield over 20 % higher damping than solid ones.
* Particle orientation alters attenuation efficiency up to 18.5 %.

What is the implication of the main finding?

* Hollow and anisotropic shapes enhance energy dissipation.

* Soft interlayers improve damping but lower strength.

¢ Design must integrate shape, orientation, and interface control.

Abstract

This study investigates, at the microscale, how particle geometry, orientation, and the interfacial layer
affect stress-wave attenuation in particle-reinforced composites designed for dynamically loaded
components. Representative unit cells with different particle shapes (circular, elliptical, rectangular,
annular, and hollow) were modeled in ABAQUS using the explicit finite element analysis. The
simulated impulse loading enabled the observation of stress-wave propagation and scattering within
the polymer matrix. The results revealed that the presence of reinforcing particles —particularly their
shape and the interfacial layer—has a significant influence on wave attenuation. Hollow particles
consistently exhibited higher attenuation compared to solid ones. The hollow rectangular particles
being the most effective, improving attenuation by more than 20 %. These findings highlight the
critical role of microscale morphology in designing composite materials with optimized dynamic
properties and provide recommendations for engineering applications requiring efficient vibration
amplitude suppression.

Keywords: particle-reinforced composites; microscale; stress-wave; attenuation; explicit fea;
impulsive loading

1. Introduction

In modern manufacturing and technological systems, mechanical components are increasingly
designed to operate at higher speeds, power levels, and loading frequencies. This trend leads to
elevated dynamic stresses in structures, often manifested in undesirable vibrations and increased
deformability of mechanical systems. Excessive oscillations negatively affect the accuracy of
manufacturing processes, the reliability of operation, and the service life of both individual
components and entire devices. Reducing vibration amplitudes and efficiently dissipating
mechanical energy represent key challenges in the design of advanced engineering systems. One
promising strategy for mitigating dynamic effects is the use of composite materials, which exhibit a
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higher degree of intrinsic material damping compared to conventional materials. This property arises
from the combined action of the elastic matrix, reinforcing particles or fibers, and interfacial
interactions among the composite’s constituents.

Optimising the microstructure of a composite material can enhance its dynamic properties
without significantly increasing weight or macro-structural complexity. The study presented in [1]
stated that the optimal heterogeneous distribution of the core in a structural layered sandwich
composite can nearly triple its stability compared to a homogeneous distribution. Thus, the optimised
core, as a decisive factor of the sandwich microstructure, improved the static properties by up to 200
% under static loading.

However, damping is not solely an intrinsic property of the material; it also depends on several
factors, such as temperature, dynamic loading frequency and amplitude, material anisotropy, and
the physical characteristics of the individual components.

For the effective design of composite structures, it is essential to understand the mechanisms of
vibration transmission and dissipation at the micro-level. In particle-reinforced composites, the
geometric and distributional parameters of the reinforcing particles—such as their shape, size, spatial
arrangement, and interaction with the matrix — play a crucial role. By altering the topology of the
composite particles, it is possible to significantly influence the direction of stress-wave propagation
and the rate of attenuation. For instance, hollow or annular particles provide additional interfaces
where mechanical energy is scattered, thereby enhancing damping efficiency. This microscale
structural variability enables designers to tailor composite materials with properties optimized for
the specific dynamic requirements of their applications.

In recent years, it has become evident that traditional macroscopic approaches are insufficient
to fully capture the phenomena associated with stress-wave propagation and damping in composite
materials. Consequently, multi-scale modeling strategies, incorporating meso-, micro-, and nano-
scale representations of the material structure, are increasingly employed. These approaches utilize
numerical methods, primarily the finite element method (FEM), to simulate the dynamic behavior of
composites. Explicit dynamic analyses, performed for example in the ABAQUS environment, enable
a detailed examination of stress-wave propagation in representative unit cells with various
reinforcing particle topologies. Such simulations provide valuable insights into the ability of specific
microstructures to absorb and scatter mechanical energy, thereby contributing to the design of
composites with optimized damping properties. An integrated numerical approach thus serves as an
effective tool for identifying structures that exhibit reduced stress-wave amplitudes and enhanced
energy dissipation.

The article analyzes stress-wave propagation in particle-reinforced composites at the microscale.
Using explicit finite element analysis, various cross-sectional shapes of the reinforcing particles—
circle, ellipse, rectangle, and their hollow counterparts (hollow circle, hollow ellipse, and hollow
rectangle) —are modeled within a polymer matrix. Simulated impulsive compressive loading
generates a stress wave, and its attenuation at the wavefront over time is monitored. Stress-wave
attenuation can be considered a manifestation of the material’s intrinsic damping and of the
composite topology’s ability to dissipate mechanical energy.

The primary objective of this study is to provide a detailed analysis of the influence of reinforcing
particle geometry, their orientation relative to the prevailing load, and the effect of the interfacial
layer on the vibrational and damping characteristics of particle-reinforced composites. Current
research in the design of composite materials for dynamically loaded applications highlights the need
for an integrated approach, encompassing the identification of vibration sources, quantification of
material damping, and systematic investigation of the morphology of reinforcing components. The
study presented in this article offers new insights and recommendations for the effective design of
reinforcing particles, visualising the propagation of stress waves within the composite microstructure
over time through detailed numerical model analyses. The proposed recommendations align with
current trends and findings in the published literature, thereby significantly contributing to a deeper
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understanding of the relationship between the microstructure of composite materials and their
macro-scale dynamic mechanical properties.

2. Theoretical Foundations of Vibrational Damping in Composite Materials

According to Bendat and Piersol [2], the primary macroscopic manifestation of damping in
structural materials is the dissipation, or loss, of mechanical energy in vibrating elements of a
mechanical system. The presence and intensity of damping can be quantified using a hysteresis loop
(see Figure 1), which allows for the identification of the type of damping and the determination of
the amount of mechanical energy lost from the system. This approach is typical for homogeneous
viscoelastic or anelastic materials, where energy is converted into heat during cyclic loading.

TENSION

COMPRESSION d

Figure 1. Material hysteresis loop under cyclic loading [3].

In our numerical models, both the matrix and the particles were considered ideally elastic;
therefore, the stress-wave attenuation observed in the simulations is caused solely by wave scattering
and interference, representing an effective form of mechanical energy dissipation induced by
microscale structural heterogeneity. The amount of mechanical energy lost from the system during a
single loading cycle can generally be quantified via the area of the hysteresis loop. The area enclosed
by the hysteresis loop in this work serves solely as an illustration of the general principle of damping.
The energy loss coefficient, or the relative damping factor W, is defined as the ratio of the area of the
hysteresis loop (representing the energy loss AWd during one cycle) to the area under the loading
curve and the x-axis, corresponding to the maximum strain energy W during one cycle.

AW,
W

LY (1)

The energy loss in a loaded material system during a single cycle can be expressed using a line
integral:

AW, = fa de (2)

where o is the stress and ¢ represents the strain developed in the loaded system.

Internal (material) damping arises from the anelasticity of the material itself. Mechanical energy
is converted into heat due to microplastic deformations and random microstructural defects, such as
dislocations or microcracks. Energy loss is typically modeled using a hysteresis loop, where the
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damping force is proportional to the velocity and the natural frequency of vibration. It is commonly
represented as:

Fy = —knx (3)

Material behavior can also be expressed using a complex stiffness, which combines the elastic
component of stiffness with an imaginary component representing damping:

k* = k(1 +in) “4)

where k is stiffness, 7 is material loss factor (damping factor), and x is displacement.

In composite materials, internal damping arises from their complex internal structure and the
combination of constituent materials. In addition to conventional fiber- and particle-reinforced
composites, there are structured composites such as laminates, sandwich panels, or hybrids. These
materials are characterized by specific internal reinforcement arrangements (disposition and
topology), which may include cellular structures, pores, or lattices. Parameters that significantly
influence the mechanical and dynamic properties of a composite include layer orientation, fiber
volume fraction, number and thickness of layers, layer sequence, and the composition of both fibers
and matrix.

The damping mechanisms of polymer composites, however, are not limited solely to the
viscoelasticity of the matrix; a significant contribution to energy dissipation also originates from the
following phenomena:

o Internal damping through fillers — various types of particles or reinforcing fibers absorb
mechanical energy through their own deformation or viscoelastic relaxation.

o Interfacial slip at the matrix—filler interface — interactions between the matrix and the filler
allow microscopic slips that convert mechanical energy into heat. This effect is influenced by
the type, size, shape, surface treatment, and volume fraction of the particles.

In addition to material parameters (stiffness, density, hardness), damping is largely determined
by the geometric and topological characteristics of the reinforcement and their arrangement. Effective
damping requires a proper combination of the matrix, the reinforcement, and their interface.

2.1. Multiscale Modeling — Hierarchical Arrangement

A detailed understanding of the dynamic behavior of composites requires the application of
multiscale modeling.

Macroscale:

Macro-scale methods are based on phenomenological models and experimental data; they are
capable of describing the overall behavior of the entire laminate but cannot capture local effects of
reinforcement, such as fiber damage or stress-wave scattering. For this reason, three smaller scales —
meso-, micro-, and nano-levels—have been introduced. These are often combined with the finite
element method, enabling a link between structural parameters and resulting properties [4].

Mesoscale:

At the meso-scale, the composite is considered a two-phase system consisting of fiber bundles
or clusters of particles embedded in the matrix. Structures at this scale are larger than microstructures
but smaller than macrostructures (typically ranging from millimeters to centimeters). Mesoscale
analysis is used to compare the behavior of different composite layers under dynamic loading, as
each layer may have a distinct reinforcement orientation [5].

Microscale:

At the microscale, the focus is on the unit cell, the smallest repeating element of the composite
that represents its microstructure. In terms of vibration damping, the interaction of propagating stress
waves with the reinforcement is crucial: as the waves travel through the material, they encounter
particles or fibers, and their scattering and interference cause attenuation. An important aspect is the
accurate constitutive modeling of both the matrix and the reinforcement, as well as the consideration
of the spatial arrangement of the reinforcement [6,7].
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Nanoscale:

At the nanoscale, composites with nanoparticles, such as carbon nanotubes or nanofibers, are
studied. Their high aspect ratio and large interfacial area enable intensive interfacial slip, which leads
to effective frictional energy dissipation. As a result, nanocomposites exhibit exceptional damping
capabilities, provided that the representative volume is properly defined and the orientation and
volume fraction of the nano-reinforcement are carefully designed. Specialized methods, such as
Dynamic Mechanical Thermal Analysis (DMTA) or resonance frequency analysis, are used for their
characterization [8,9].

Figure 2 shows the hierarchical subdivision of multiscale analysis for a composite. The figure
illustrates the transition from a macroscopic view of the entire laminate to microscopic and
nanometric representations of the reinforcement, with each scale analyzing different characteristics
of the structure and material behavior.

Nanoscale Microscale Mesoscale Macroscale
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Figure 2. Hierarchical subdivision of multiscale analysis for a composite [10].

Effective vibration damping in composite structures thus depends on a complex combination of
material composition, reinforcement topology, and the degree of interactions at the reinforcement-
matrix interface. Internal damping is provided by the viscoelasticity of the polymer matrix as well as
additional mechanisms, such as filler slip or interfacial sliding. To enable the design of composites
with optimized damping performance, hierarchical multiscale methods are employed, linking
macroscopic behavior with structural details at the meso-, micro-, and nano-scales. These tools allow
for the prediction of dynamic response, identification of dominant damping mechanisms, and the
design of suitable reinforcement topologies for specific applications.

3. Review of Published Works in the Field of the Studied Problem

In recent decades, research on composite materials with a focus on their dynamic behavior has
expanded significantly, with particular attention given to the mechanisms of mechanical energy
propagation and dissipation in heterogeneous structures. Several studies highlight the importance of
microstructural parameters, such as the shape, size, orientation, and distribution of reinforcing
particles, influencing the damping properties of composites. In the published work [11], the authors
created 2D representative cells with circular, elliptical, and short-fiber particles, in which they
simulated impulse wave propagation using the explicit finite element method. The stress-wave
amplitude gradually decreased due to interactions with the microstructure, and attenuation was
evaluated based on the reduction of von Mises stress. The study demonstrated that a 3.5 % fraction
of circular particles increased wave attenuation to 40-43 % (the homogeneous matrix exhibited
attenuation of ~12.5 %) and that the topology of the particle arrangement could further enhance
attenuation by up to 15.3 %.

In the work [12], a mathematical model of damping in layered fiber-reinforced composites was
developed and experimentally validated. The authors investigated the effects of fiber volume
fraction, layer thickness, and reinforcement orientation on the damping ratio and dynamic response
under sinusoidal excitation. Comparison of the calculated and measured time histories of the
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dynamic response showed that the proposed model accurately predicts the composite behavior. The
study also demonstrates that increasing the reinforcement fraction and applying appropriate layer
sequencing can effectively influence damping.

The work [13] addresses harmful torsional resonances in high-speed rotor bearings and
proposes the use of composite inserts with carbon micro- and nanofibers shaped into honeycomb
macrostructures. Resonance attenuation was achieved through the hierarchical microstructure and
hollow cavities; at a frequency of approximately 2100 Hz, the average and maximum torsional
amplitudes were reduced by 33 % and 43 %, respectively. The authors visualized the propagation of
the stress wave at the micro-scale using explicit FE analysis, identifying wave dispersion along the
fibers as the source of high damping.

The authors of work [14] describe the development of the explicit D-FE2 method, which enables
simultaneous modeling of macro- and micro-scales in dynamic problems. The new algorithm is based
on explicit integration within representative unit cells and was validated on examples including
stress-wave propagation in porous materials, impact testing of honeycomb structures, and damage
in fiber-reinforced composites. The results confirmed that the explicit D-FE2 method is effective for
simulating transient dynamic phenomena and provides accurate solutions for problems involving
large deformations.

The article [15] presents a comprehensive experimental investigation into the effectiveness of
multi-unit particle dampers (MUPDs) applied to a cantilever structure subjected to harmonic and
random dynamic excitation. The cantilever was selected as a model platform due to its significantly
amplified response near resonance, particularly at the free end. Under extreme acceleration
conditions, the maximum measured acceleration exceeded 50 times the gravitational acceleration.
The study systematically examines key parameters influencing damping efficiency, including cavity
geometry, orientation relative to the vibration direction, and the size and number of particles within
the damper. Experimental results demonstrate that even with a minimal mass penalty —up to 8.8 %
of the primary structure’s mass—the MUPD system can reduce resonance amplitude by more than
50 % under both sinusoidal and random excitation. Furthermore, optimization of cavity configuration
and particle distribution significantly enhances the system’s capacity to absorb mechanical energy,
especially in high-acceleration environments. These findings contribute to the advancement of
passive damping technologies designed for extreme dynamic applications.

The work [16] numerically analyzes the propagation of a laser-induced pressure wave in three-
dimensionally woven carbon composites using detailed and homogenized FE models. The authors
investigated whether a detailed model could be replaced by a homogenized one. It was found that
the geometric architecture significantly influences the rear-surface velocity profile and that
homogenized models fail to accurately reproduce the pressure wave. Additionally, the detailed
model predicted crack initiation in resin-rich regions, whereas the homogenized model could not
capture fiber failure.

The study presented in work [17] investigates the dynamic response of multi-layer floors with a
damping layer. The model is based on three-dimensional laminate theory and Chebyshev
polynomials. The authors demonstrated that, under multi-source excitation, the dynamic response
decreases with increasing thickness and elastic modulus of the damping layer, and that the position
and trajectory of the moving load significantly affect the vibration amplitude.

Works [18-21] share a focus on reducing vibrations and improving the dynamic response of
complex composite systems through appropriate modification of their internal structure. Research
on 3D-printed composites showed that arranging Kevlar and glass fiber reinforcements at angles of
45°, 90°, and +45° significantly enhances damping capacity, whereas the orientation of carbon fibers
at 0° or 0°/90° reduces damping. Jalgarova et al. [19] demonstrated that epoxy—cement composites
with an optimal amount of nano SiO, and graphene exhibit 92 % higher compressive strength and 38
% higher damping factor than conventional cement mixtures. Raza and co-authors [20] simulated
and experimentally validated the vibration response of additively manufactured PLA composites
with fiber reinforcement, finding that the 0°-0° orientation provides the highest natural frequencies
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and, when combined with MFC piezoelectric actuators, significantly enhances active damping.
Murcinkova et al. [21] showed that integrating composites filled with carbon powder, hollow glass
microspheres, and sand into the bearing housings of high-speed rotating machinery can reduce the
resonance peak by 30-70 %. All of these studies demonstrate that the appropriate combination of
reinforcement materials, nanoparticles, and design modifications can effectively suppress resonances
and ensure improved dynamic response in composite systems.

4. Methodology of Numerical Simulation of Composite Structures

The microscale analysis of particle-reinforced composites was conducted in ABAQUS/CAE. The
matrix material, with a density of 1,200 kg-m= and a tensile modulus of 2.4 GPa, was reinforced with
discrete particles of various shapes (circular, elliptical, rectangular). These particles were oriented
either parallel or perpendicular to the direction of the impulse loading. The density and tensile
modulus of the reinforcing particles were chosen to be twice that of the matrix. To analyze the
dynamic response under impact loading, two-dimensional models of Representative Unit Cells
(RUCs) were created to capture the repeating microgeometry of the composite. Using the explicit
finite element analysis, the propagation of a stress wave induced by a unit impulse was simulated,
and the time histories of Mises stress were evaluated at monitoring points. Attenuation was
quantified based on the rate of amplitude decay of this stress wave —the greater the decay, the higher
the damping.

The impulse load (see Figure 3a) was modeled as a pressure pulse acting perpendicular to the
top edge of the model. The pressure increased linearly from 0 MPa to 10 MPa and then returned to
zero over 2x107 s, creating a short but intense stress impulse.

S 10 ] Impulse| load
[
PRANA
T 4
2 2 [\
_g- 0 II I\ 1 T T T 1 1 T T 1
T S QS QP
& X ¥ XK K
o QQ QQ QQ QQ 00
On W ™ %} @ Y
Time (5) Boundary|in Y direction
(a)

Figure 3. (a) Impulse load, (b) Boundary conditions and model geometry.

After the impulse was applied, the stress wave began propagating from the impact location, i.e.,
the top edge. The degree of freedom in the Y-direction was fixed at the bottom edge, and symmetry
boundary conditions were applied on both vertical edges (see Figure 3b). The simulation was
performed in 100 steps, with the total time interval of 1x10-> s evenly divided into increments of 1x10-7
s. Under this setup, the time increment was at the stability limit of the calculation, indicating high
accuracy and the relevance of the obtained results.

Figure 4 shows the individual RUC variants with different shapes of the reinforcing material.
Since the RUC is 2D, the circle, ellipse, and rectangle represent the cross-sections of particles or fibers.
The hollow circle, hollow ellipse, and hollow rectangle correspond to their hollow variants. The
rectangle can also represent the cross-section of a short fiber with its axis in the plane of the RUC. The
RUC in Figures 4f represents a short tubular fiber.

The presented numerical models can be modified by introducing a transition zone as a thin
interphase between the stiffer particle and the softer matrix, representing a RUC with interphase at

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1693.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2025 d0i:10.20944/preprints202510.1693.v1

8 of 16

circular particle (Figure 4h). All representative unit cells containing a particle were compared with a
reference model without a particle (Figures 4a and 5a), i.e., an empty homogeneous matrix. In all
cases, the same matrix-to-particle area ratio (Am:A,) was maintained to ensure consistency of
geometric parameters across the different models.

\
\
(b) (c) (d) .
l
\
—Il = I

(e) (f) (g)

Figure 4. RUCs with different particle shapes: (a) RUCO, i.e., particle-free model, (b) RUCeircte, (c) RUCeltlipse, (d)
RUCrectangle, (e) RUChollow circle, (f) RUChollow rectangle, (g) RUChollow ellipse, (h) RUCinterlayer.

The finite element mesh (Flgure 5) for RUCO, RUCcircle, RUCellipse, RUCrectangle, RUChotiow circle, and
RUCrollow rectangle was composed of 4-node bilinear quadrilateral plane stress elements with reduced
integration (CPS4R). The mesh density was set to 0.55 mm with a minimum curvature factor of 0.1

(10 %), resulting in 1,178 elements.
|
I

(b)

(d)

1

(e) (f)

Figure 5. Numerical models with finite element mesh (CPS4R): (a) RUCo, (b) RUCeircte, (c) RUCeliipse, (d) RUCrectangle,
(e) RUCholiow circle, (f) RUCholiow rectangle.
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The initial numerical model shows the monitoring points (Figure 6), through which the stress is
captured over time as the impulse wave propagates through the computational model. These points
are used to evaluate the stress wave attenuation along three vertical lines (1-4, 5-8, 9-12) for all
particle composite model configurations.

1 5 9
2 6 10
3 7 11
4 8 12

Figure 6. Numerical model showing the location of monitoring points for stress wave attenuation evaluation.

As described, the impulse pressure load applied to the top edge of the model generated a stress
wave that propagated through the composite structure. Based on the values at the wavefront, i.e., the
first maximum amplitude of the Mises stress at the monitoring points, the stress wave attenuation
was calculated along three lines of monitoring points: 1-4, 5-8, and 9-12. The overall attenuation was
determined as the average of the attenuations along lines 1-4, 5-8, and 9-12. The stress attenuation
along each line of points is determined as follows:

attenuation = ——M*3 . 100 %; i = 1,5,9, (5)
Omi
where owmi is the value of the Mises stress at the wavefront of the propagating stress wave at the i-th

monitoring point.

5. Analysis of the Influence of Particle Geometry and Orientation on Stress
Wave Attenuation

For comparison of the stress wave attenuation simulation, Figure 7 shows the stress wave
propagation phases for the particle-free simulation model as well. Wave propagation in the particle-
free model is not affected by any interaction with stiffer reinforcing material or interfaces. The stress
wave remains homogeneous. The RUCo without a particle exhibits an attenuation of 12.5 %.

t=6.4x10%s t=8.7x10Fs

t=2x107Fs I

81 MPa

@) (b) (©
Figure 7. Stress wave propagation phases in the particle-free model RUCo: (a) phase 1, (b) phase 2, (c) phase 3.

5.1. Mechanisms of Stress Wave Propagation and Scattering in Particle-Reinforced Composites

The application of an impulse load to the top edge of the particle-reinforced composite initiates
the propagation of a stress wave in the vertical direction across the entire width of the model (Figure
8a). In the initial phase, the wave propagates without interacting with the reinforcing elements until
it first contacts a particle. As shown in Figure 8b, upon reaching a stiffer particle, an interaction occurs
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between the wave and the particle, leading to a gradual reduction in stress amplitude (Figure 8c). As
the wave continues to propagate through other regions of the composite material, a significant
attenuation of the Mises stress at the wavefront is observed, with substantially lower stress values
recorded at the final monitoring points (Figure 8d).

Recall that the numerical model included reinforcing particles with a Young’'s modulus twice
that of the base material (matrix). Figures 8-12 illustrate the various phases of stress wave
propagation through the composite structure with different particle geometries.

65 MPa_ 67 MPa 65 MPa;

79MPa  79MPa 79 MPa

(a) (b) (©) (d)

Figure 8. Stress wave propagation phases for RUCrectangle: (a) phase 1, (b) phase 2, (c) phase 3, (d) phase 4.

69 MPa  59MPa 69 MPa
79MPa  79MPa 79 MPa

(@) (b) © (d)

Figure 9. Stress wave propagation phases for RUCelipse: (a) phase 1, (b) phase 2, (c) phase 3, (d) phase 4.

69 MPa _55MPa 69 MPa
80 MPa 80 MPa 80 MPa = . i

(a) (b) (© (d)

Figure 10. Stress wave propagation phases for RUCuirce: (a) phase 1, (b) phase 2, (c) phase 3, (d) phase 4.

66 MPa
80MPa 80 MPa 3

() (b) (0) (d)

Figure 11. Stress wave propagation phases for RUChollow circle: (a) phase 1, (b) phase 2, (c) phase 3, (d) phase 4.
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r
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Figure 12. Stress wave propagation phases for RUChollow rectangte: (a) phase 1, (b) phase 2, (c) phase 3, (d) phase 4.

The influence of the interlayer on stress wave propagation depends on its properties. The
interlayer can be stiffer or softer than the matrix, with ratios of Em:Einterlayer=1:0.2, 1:0.5, and 1:1.5.
The final propagation phase can be compared for all three cases (Figure 13). For a softer interlayer
(Figure 13a,b), the stress wave exhibits significantly greater scattering with visible numerous
interactions, whereas a stiffer interlayer than the matrix results in only minor scattering (Figure 13c).

(a) (b) (c)

Figure 13. Phase 4 for RUCinterlayer,(a) Em:Einterlayer =1:0.2 (b) Em:Einterlayer =1:.0.5 (C) Em:Einterlayer =1:1.5.

6. Interpretation of Numerical Results and Implications for Composite Design

The results clearly demonstrate that the geometric shape of the reinforcing particles has a
significant impact on the stress wave attenuation in particle-reinforced composites. RUC models with
hollow particles consistently exhibited higher attenuation compared to their solid counterparts,
which can be attributed to more effective mechanical energy scattering due to altered particle
stiffness, internal structure, and increased interfacial areas.

The highest attenuation among the models with solid particles was observed for the RUCeirce,
where the overall attenuation reached 24.7 % (Fig. 15). Compared to the reference model without
particles, RUCy, the attenuation with solid particles was nearly twice as high. Models with hollow
particles demonstrated that the achieved attenuation values exceeded those of the solid particle
models. The hollow circular particle, RUCholiow circte, exhibited 7.3 % higher attenuation than the solid
circular particle, RUCecirce. The hollow elliptical particle, RUCholow ellipse, showed an 11.0 % increase
in attenuation compared to the solid elliptical particle. The most notable improvement was observed
for the hollow rectangular particle, RUCholiow rectangle, which achieved 20.6 % higher attenuation than
its solid equivalent, RUCrectangle. By comparing the attenuation of RUCs with solid and hollow
particles, it is indicated that the hollow core leads to a more significant dispersion of stress waves.
This finding aligns with the assumption that shape anisotropies and internal cavities enhance the
interaction between the wave and the reinforcing element.
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Figure 14. Stress wave attenuation for different particle shapes along three lines of points (1-12).

Based on the attenuation analysis for different particle shapes, a numerical simulation was also
performed for the case of vertically oriented particles in the matrix, representing a change in
orientation relative to the loading direction. The results of the overall stress-wave attenuation for
particles rotated by 90° clearly show that particle orientation significantly affects the attenuation level
(Figure 15). When the solid elliptical particle, RUCelipse, was rotated, the total attenuation decreased
by 3.1 %, whereas for the hollow elliptical particle, RUChollow cliipse, it dropped by 8.7 %. For the solid
rectangular particle, RUCrectangle, attenuation decreased by 2.9 %, and for the rectangular particle with
a longitudinal cavity, RUChollow rectangle, the decrease reached 18.5 %.

Pewoieo=inm

35.1%

26.4% 26.6%
211% 245%
21.0% 21.6%
. I

Overall attenuation at points 1-12 [%]

Figure 15. Comparison of analyzed stress-wave attenuation values for different particle shapes rotated by 90°.

Although the interlayer is thin—on the order of micrometers to nanometers—it alters the
mechanical properties and influences damping-related processes. A softer interlayer increases the
amount of dissipated energy, resulting in an enhanced damping of approximately 10 % for the same
interlayer thickness. It can be expected that a thicker, softer interlayer will further increase the
damping (see Figure 16).
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Figure 16. Comparison of the interlayer effect on the level of damping.

The numerical results presented in the previous sections clearly demonstrate that the geometric
shape and orientation of reinforcing particles, as well as the presence of an interlayer, play a key role
in the level of damping and the manner in which stress waves are scattered in particulate composites.
This effect can be explained by a combination of mechanisms through which the stress wave, as a
carrier of mechanical energy, propagates, changes direction, or is absorbed and dissipated:

o reflection, refraction, and scattering: When a stress wave reaches the particle-matrix interface,
i.e. an interlayer during wave-particle or wave—-interphase—particle interactions, part of its
mechanical energy is dissipated, and the wave is redistributed in multiple directions across the
composite’s material phases,

o wave interference: Partially reflected waves interact with one another, leading to mutual
attenuation and a reduction in overall wave amplitude.

Hollow particles, as well as the presence of an interlayer, introduce multiple internal interfaces
that markedly enhance the probability of interactions between the propagating stress wave and the
internal topology of the composite.

The numerical simulations consistently revealed that hollow geometries exhibit superior
damping performance compared to their solid equivalents. The most significant improvement was
observed for the hollow rectangular particle, which demonstrated a 20.6 % higher attenuation than
the solid rectangular configuration. These findings corroborate the hypothesis that the combined
effect of particle geometry and internal cavities constitutes an effective design strategy for
maximizing mechanical energy dissipation.

An important aspect is the orientation of the particles relative to the loading direction. A 90°
rotation demonstrated that even for identical particle geometries, the attenuation can vary
significantly (up to 18.5 % for the hollow rectangular particle). This finding highlights the necessity
of controlled orientation of reinforcement elements during composite manufacturing, as random or
unfavorable alignment may reduce the damping efficiency.

In addition, the presence of a compliant interlayer between the matrix and the particle further
enhances damping. However, since a softer interlayer also decreases the overall strength of the
composite, this approach to improving damping through soft interlayers is suitable only for
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components where structural strength is not critical and which are introduced primarily to serve as
damping components in joints.

From the perspective of designing composites for dynamically loaded applications (e.g., rotating
machinery subjected to non-harmonic excitations, load-bearing structures exposed to seismic effects,
or components under impact loading), several recommendations can be drawn:

J Preference for hollow particles, which introduce multiple internal interfaces and enhance the
scattering of mechanical energy.

U Optimization of particle orientation with respect to the dominant direction of stress wave
propagation.

J Use of soft interlayers in components of minor structural significance, where strength is not

critical and damping performance is prioritized.

The findings of this study carry broader implications for the design and optimization of
advanced composites. They clearly demonstrate that the performance of a composite cannot be
assessed solely on the basis of the volume fraction of its constituents; rather, the internal microscale
structural topology plays a decisive role in controlling its dynamic response. This insight aligns with
current directions in multiscale modeling, which highlight the governing influence of micro- and
nanostructures on macroscopic behavior. Consequently, rational design strategies for dynamically
loaded components should integrate not only material composition but also the tailored engineering
of particle geometry, orientation, and interfacial architecture. Such an approach opens new
opportunities for enhancing damping efficiency while preserving structural integrity in next-
generation composite systems

It is important to emphasize the limitations of the performed simulations. The model was two-
dimensional and assumed ideal adhesive bonding between the composite phases, which may not be
fully satisfied under real conditions. Moreover, the simulations focused on impulse loading within a
short time interval, whereas in practice, repeated dynamic excitations may occur. Future research in
this field will be directed towards:

o 3D modeling with realistic interfacial conditions,
o experimental validation of the results through dynamic testing,
i analysis of frequency-dependent behavior and multi-cycle loading.

7. Conclusions

The presented study provides new insights into how the microscale structural arrangement of
reinforcing particles influences the ability of particle-reinforced composites to dissipate mechanical
energy. The analysis was based on numerical modeling and the results confirm that microstructural
topology plays a crucial role in the design of materials intended for dynamic loading.

The most important contribution of this work lies in the methodological framework, which
enables a systematic investigation of the effects of particle shape, orientation, and the presence of
interlayers on the damping properties, without the need for demanding experiments in the early
stages of material development. This approach establishes a foundation for the efficient optimization
of composite design and reduces the risk of failure in practical applications

From a practical standpoint, the findings of this study provide valuable guidance for the design
of lightweight structures with enhanced vibration resilience, a critical requirement in mechanical,
automotive, and aerospace engineering, as well as in constructions subjected to seismic or impact
loading. The numerical approach presented in this study also opens opportunities for investigating
additional parameters, such as combined reinforcement geometries, various types of matrix
materials, and particle-matrix interfacial interactions.

Overall, it can be concluded that appropriately selected geometry and orientation of the
reinforcing particles and presence of an interlayer represent an effective means of enhancing the
damping capacity of particle-reinforced composites without altering the material composition itself.
This approach offers a promising pathway toward the design development of next-generation
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structural materials, capable of providing improved reliability, durability, and safety in dynamically
loaded systems.
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