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https://doi.org/10.18280/acsm.500104 ABSTRACT

The development of lightweight structural materials with superior mechanical
performance has driven the use of sandwich composites manufactured via additive
manufacturing (AM). This study aims to analyze the effect of calcium carbonate (CaCOs)
weight fraction variation on the mechanical properties (tensile and flexural tests) and
thermal stability (Thermogravimetric Analysis) of honeycomb-core sandwich
composites with glass fiber skins fabricated using additive manufacturing and hand lay-
up methods, with CaCOs contents of 0, 5, 10, and 15 wt%. The test results indicate that
the tensile strengths were 48.612 MPa, 49.082 MPa, 45.625 MPa, and 36.585 MPa,
respectively, while the corresponding flexural strengths were 76.486 MPa, 78.647 MPa,
66.046 MPa, and 43.432 MPa for 0, 5, 10, and 15 wt% CaCOs. An improvement in
mechanical strength was observed at 5 wt% CaCO; addition; however, a significant
decline occurred at filler contents > 10 wt%. Morphological observations using SEM
revealed particle agglomeration at 10 wt%, which reduced mechanical strength by
increasing stress concentration and weakening interfacial bonding. Meanwhile,
Thermogravimetric Analysis (TGA) results demonstrated that the incorporation of
CaCOs increased the onset temperature (Tonset) and maximum degradation temperature
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(Tmax), indicating enhanced thermal stability of the composite.

1. INTRODUCTION

Three-dimensional (3D) printing, also known as additive
manufacturing (AM) has attracted significant attention from
industry over the past few decades. This growing enthusiasm
has fueled expectations for the development and
commercialization of materials compatible with a range of
AM techniques. The innovation has been progressively
adopted and is now used in the production of products and
components across multiple sectors, including aerospace,
medical, automotive, and even off-site construction [1, 2]. The
implementation of AM technology in off-site construction has
the potential to enhance overall efficiency throughout the
construction process stage [3, 4]. AM is a free-form fabrication
technique based on solid materials that produces objects layer
by layer from a computer-based 3D geometric model, without
requiring molds or tooling. Consequently, this process is not
constrained by the limitations typically encountered in
conventional manufacturing methods such as casting, forging,
or machining. AM also has substantial potential to reduce
energy consumption in manufacturing by minimizing material
waste and eliminating secondary machining. Several studies
have suggested that the widespread adoption of AM could
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significantly reduce global energy demand, potentially by up
to 27% [5, 6].

One of the promising applications of AM technology is the
fabrication of sandwich composite panels for structural
elements in the construction sector, particularly through the
printing of complex honeycomb core geometries. Sandwich
composites are fabricated by bonding two high-strength face
sheets to a lightweight core, resulting in structures with
excellent strength-to-weight ratios [7, 8]. This configuration
provides a combination of high strength and stiffness with low
mass, enabling superior flexural performance, improved
buckling resistance, and enhanced energy absorption under
impact loading. Mechanically, the face sheets carry the
majority of the applied load, while the core provides
continuous support to stabilize the skins [9, 10]. Therefore, the
core must possess low density while maintaining sufficient
thickness to increase flexural rigidity and prevent buckling
[11, 12]. Several studies have demonstrated that the physical
and mechanical characteristics of sandwich composites are
strongly influenced by the properties of the face sheets and the
quality of the interfacial bonding between the skin and the core
[13]. One approach to enhancing both performance and
interfacial bonding in polymer-based sandwich composites is
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the incorporation of inorganic fillers, such as calcium
carbonate (CaCOs) [14, 15].

Previous research has shown that adding CaCOs powder as
a filler to composite materials can improve mechanical and
thermal properties, including increased hardness [16],
compressive strength [17], tensile strength, thermal resistance,
and reduced microcrack formation within the matrix [18].
Furthermore, CaCOs can enhance matrix—fiber interfacial
bonding, thereby improving fracture toughness and flexural
strength [19, 20] and thermal stability [21]. However, several
studies have also reported that excessive CaCOs content can
reduce tensile strength, strain, elastic modulus, flexural
strength, and impact strength. This decline is primarily due to
particle agglomeration, in which fine particles cluster to form
larger aggregates, leading to non-uniform dispersion within
the matrix. At certain CaCQOs concentrations, a larger portion
of the composite surface becomes dominated by particle—
polymer contacts [22, 23]. Such interfaces typically exhibit
lower bonding strength compared to polymer chain
interactions, thereby acting as weak zones that facilitate
deformation under mechanical loading [24, 25].

This study aims to evaluate the effect of CaCOs volume
fraction on the properties of sandwich composites fabricated
via the hand lay-up method, incorporating a 3D-printed PLA
honeycomb core and fiberglass skins. The addition of CaCOs
is expected to significantly enhance the mechanical
performance and thermal stability of the composite, thereby
optimizing its overall structural performance. This
improvement is particularly crucial for sandwich panel
applications in the construction sector, where materials are
required to possess high strength, adequate stiffness,
lightweight characteristics, and resistance to mechanical
loading and temperature fluctuations [19, 26]. Therefore, this
research is expected to make a scientific contribution to the
development of more efficient and adaptable sandwich
composites that meet the demands of modern engineering
applications.
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2. EXPERIMENTAL WORK
2.1 Materials preparation

This study utilizes glass fiber with random orientation as the
skin (Figure 1) and epoxy resin as the matrix. The core
material is produced via 3D printing with an environmentally
friendly PLA polymer filament (Sunlu brand, 1.75 mm
diameter). The core features a honeycomb pattern, with
printing parameters and geometric configurations presented in
Figure 2, and is filled with CaCOs powder with a mesh size of
200.

Figure 1. Fiberglass chopped strand mat

b)

0,44

Figure 2. Honeycomb core fabrication (a) Honeycomb core printing parameters, (b) Honeycomb pattern geometry

2.2 Manufacturing of the honeycomb core

The honeycomb core was fabricated using a Creality Ender
3 Pro 3D printer. The printing performance parameters are
presented in Table 1, while the honeycomb core printing
process is illustrated in Figure 3.
2.3 Fabrication of tensile and flexural test specimens

The tensile test specimens were prepared in accordance with
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ASTM D3039, while the flexural test specimens followed the
ASTM D790-03 standard. In this study, the epoxy matrix,
serving as the bonding layer, was modified by incorporating
CaCOs; powder at 0, 5, 10, and 15 wt%. The process began
with the fabrication of the honeycomb core using Fused
Deposition Modeling (FDM) technology. Subsequently, the
epoxy resin and CaCOs powder were mixed thoroughly to
ensure homogeneous dispersion of the CaCOs particles within
the matrix. The sandwich panels were fabricated by first
impregnating the fiberglass bottom skin with the modified



resin, then placing the honeycomb core on top. The upper skin
layer was then added, and the laminate was consolidated using
a roller to minimize void formation and improve interfacial
bonding quality. The fabricated sandwich composite panels
were then conditioned at room temperature for 24 hours to
allow curing, enabling optimal cross-linking and enhancing
the material's mechanical stability. The configuration of the
sandwich composite structure is illustrated in Figure 4.

2.4 Tensile and flexural testing

The sandwich composite specimens fabricated using the
hand lay-up process were subsequently subjected to tensile
and flexural tests using a Universal Testing Machine (UTM),
SHIMADZU AGX-V2, with a maximum loading capacity of

50 kN and a controlled crosshead speed of 1 mm/min. The
schematic diagrams of the tensile and flexural test setups are
shown in Figure 5.

Table 1. 3D printing parameters

Printing Parameter Value
Filament PLA
Infill pattern Honeycomb
Nozzle temperature 220 °C
Printing speed 35 mm/s
Bed temperature 60 °C
Infill density 60%
Layer thickness 0.2 mm

Figure 3. Additive manufacturing process (a) Fabrication process of the honeycomb core, (b) 3D printing parameter
configuration

Skin

Bonding layer

Honeycomb core

Figure 4. Configuration of the sandwich composite structure

Figure 5. Mechanical testing of composites (a) Tensile
testing, (b) Three-point bending testing
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2.5 Scanning Electron Microscopy analysis

The surface morphology of the composite specimens was
characterized using a Field-Emission Scanning Electron
Microscope (JEOL JSM-IT700HR, Japan) operated at 10 kV.

2.6 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) was conducted to
evaluate the effect of CaCO; volume fraction variation on
several parameters, including thermal stability, decomposition
temperature, mass loss behavior, and residue formation of the
sandwich composite. This analysis aimed to identify the role
of CaCO:s as an inorganic filler in enhancing heat resistance
and retarding the degradation rate of the sandwich composite



material. The test was performed using a Netzsch
Simultaneous Thermal Analyzer (STA 449 F3 Jupiter).
Measurements were carried out over a temperature range of 30
to 600 °C at a heating rate of 10 °C/min under a nitrogen
atmosphere.

3. RESULTS AND DISCUSSION
3.1 Tensile and flexural testing

The tensile test results of the sandwich composite
specimens obtained using a UTM are presented in Figure 6.
The results indicate that the addition of CaCOs powder
significantly influences the tensile strength of the PLA
honeycomb core sandwich composite with randomly oriented
fiberglass skins. The tensile strength increased up to a filler
content of 5 wt%, then declined as the CaCOs concentration
increased to 10 wt% and 15 wt%. In the absence of filler (0
wt%), the sandwich composite exhibited a tensile strength of
48.61 MPa. This value increased to 49.082 MPa with the
addition of 5 wt% CaCOs, representing the highest tensile
strength among all CaCOs variations. This improvement can

be attributed to the role of CaCOs particles as reinforcing
agents, which optimize load transfer and thereby minimize
deformation under applied loading. When CaCO:s particles are
well dispersed within the epoxy matrix, part of the externally
applied load can be sustained by the filler particles.
Additionally, the presence of CaCOs can hinder interfacial
slippage between the matrix and the fibers through a pinning
mechanism. The filler also reduces stress concentration within
the fibers during mechanical loading, thereby increasing the
stress required to initiate failure in the fiberglass
reinforcement. Consequently, a homogeneous dispersion of
CaCO:s results in a more uniform load distribution throughout
the sandwich composite and enhances its overall mechanical
performance. However, at higher filler contents of 10 wt% and
15 wt%, the tensile strength decreased to 45.625 MPa and
36.585 MPa, respectively. The increased CaCOs content may
produce adverse effects due to excessive additive loading. At
10 wt%, particle agglomeration was observed within the epoxy
resin, resulting in microdefects resembling cracks. Under
external loading, stress concentrations tend to localize around
these agglomerated regions, ultimately reducing the
mechanical properties of the composite [27].

O
'
-

[N)
1

-
o
1

0.807

o
©
1

o
o
L

Tensile modulus (GPa)
f

o
[N
1

o
o

T T T

0 5 10 15
CaCOg3 content (wt%)

60
a)
48.61 49.08
—~ 50 45.62
©
o
E 40 -
= 36.59
=
@ —
@ 30
-
7]
2 20-
7]
c
o
F 10-
o T T T T
0 5 10 15
CaCOg3 content (Wt%)
5
c) 4.128
X
©
e
8 31
+—
©
c
0 2
e
©
o
5
'

0 T T

3.68
. 3.38

T T

10

CaCO3 content (wt%)

Figure 6. Tensile properties of sandwich composites (a) tensile strength, (b) tensile modulus, and (c) elongation at break

The flexural test results of the sandwich composite material
(Figure 7) with varying CaCO:s filler contents show higher
flexural strength values compared to tensile strength. In the
absence of filler (0 wt%), the sandwich composite exhibited a
flexural strength of 76.486 MPa. This value increased to
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78.647 MPa with the addition of 5 wt% CaCOs. However,
further increases in CaCOs content to 10 wt% and 15 wt%
resulted in a decrease in flexural strength to 66.046 MPa and
43.432 MPa, respectively. During flexural loading, the
specimen experiences compressive stress in the region above



the neutral axis and tensile stress in the region below the
neutral axis. Under combined tensile—compressive stress
conditions, the matrix's role becomes more dominant than
under pure tensile loading. Consequently, matrix
reinforcement through the incorporation of CaCOs powder is
more effective in improving flexural strength [28-30]. The
results indicate that increasing the CaCOs content enhances
both the elastic and flexural modulus of the sandwich
composite. The elastic modulus values at 0 wt%, 5 wt%, 10
wt%, and 15 wt% CaCOs were 0.807 GPa, 0.885 GPa, 0.931
GPa, and 1.053 GPa, respectively. Meanwhile, the
corresponding flexural modulus values were 1.848 GPa, 2.008
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GPa, 2.262 GPa, and 2.554 GPa. This improvement can be
attributed to the dispersion of CaCOs particles within the
epoxy matrix, which restricts polymer chain mobility and
consequently increases material stiffness. Moreover, the
intrinsic stiffness of CaCOs filler is higher than that of the
epoxy matrix, leading to a significant enhancement in both
tensile and flexural moduli. The filler also fills voids or pores
within the matrix and improves interfacial adhesion by
increasing the effective contact area between the constituents.
In addition, the presence of CaCO:s facilitates load transfer
from the matrix, thereby contributing to the overall increase in
the sandwich composite's modulus [27, 31].
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Figure 7. Flexural properties of sandwich composites (a) flexural strength, and (b) flexural modulus

Figure 8. FE-SEM images of the sandwich composite samples (a) 0 wt% CaCOs, and (b) 5 wt% CaCO:s

3.2 Morphological analysis

The morphological analysis results for the sandwich
composite specimens after tensile and flexural testing are
presented in Figures 8 and 9, respectively.

SEM observations of the sandwich composite specimen
with 0 wt% CaCOs, shown in Figure 8(a), reveal several
fracture mechanisms during tensile testing, including fiber
pull-out and interfacial debonding. Both failure mechanisms
occurred at the interface between the glass fiber and the epoxy
matrix. Fiber pull-out refers to the extraction of fibers from the
matrix, whereas debonding occurs when the externally applied
stress exceeds the interfacial bonding strength between the
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fiber and matrix [32, 33]. In the absence of CaCO:; filler, the
epoxy matrix serves as the sole load-transfer medium,
transmitting stress to the glass fibers. The mismatch in elastic
modulus between the glass fibers and the epoxy matrix leads
to stress concentration at the fiber-matrix interface.
Consequently, microcracks initiate and propagate along the
fiber-matrix interface [34, 35]. This condition occurs more
readily in the absence of CaCOs particles, which could
otherwise enhance matrix—fiber interfacial bonding and
improve interfacial adhesion [36, 37]. The debonding
mechanism eventually progresses to fiber pull-out, in which
the glass fibers are extracted from the matrix without
fracturing under continued loading. Figure 8(a) clearly shows



extensive fiber pull-out traces, indicating weakened interfacial
bonding and inefficient load transfer, ultimately leading to
fiber extraction under increasing tensile load. Figure 8(b)
presents the SEM image of the composite specimen containing
10 wt% CaCOs, illustrating the dispersion of CaCOs particles
within the epoxy matrix. The image shows that most glass
fibers fractured rather than being pulled out, although limited
fiber pull-out is still observed. This suggests that the addition
of CaCOs restricts polymer chain mobility and enhances
matrix cohesion, thereby requiring higher energy for crack
initiation and propagation. CaCO:s particles can also contribute
to crack deflection and crack pinning mechanisms along the
interface. However, particle agglomeration is also evident in
the microstructure [38, 39], potentially forming localized
stress-concentration zones and reducing mechanical strength.
Agglomeration is a mechanism in which small particles cluster
or form lumps into larger particle aggregates due to the
presence of attractive forces between the particles. Regions
surrounding the agglomerates may serve as crack-initiation
sites due to non-uniform stress distribution, leading to
localized stress accumulation. This condition facilitates the
formation of microcracks and accelerates crack propagation.
Furthermore, CaCOs agglomeration reduces the efficiency of

load transfer from the matrix to the reinforcing fibers, thereby
contributing to the reduction in tensile and flexural strength of
the composite [27, 40].

Figure 9(a) shows the macroscopic fracture patterns after
flexural testing of the sandwich composite specimen. For the
0 wt% CaCOs composition, the dominant failure mechanisms
include fiber pull-out and delamination at both the upper and
lower surfaces of the PLA honeycomb core. Delamination is a
typical failure mechanism in layered materials such as
sandwich compaosites, occurring when separation between the
core and skin layers results from reduced interfacial bonding
strength [37]. The macro image of the 5 wt% CaCOs specimen
(Figure 9(b)) shows similar failure mechanisms, including
fiber pull-out and delamination; however, delamination occurs
only on one surface. Figures 9(c) and 9(d) exhibit more
complex failure mechanisms, including fiber pull-out,
delamination, voids, and porosity. Voids and porosity are
formed by trapped air or gas during the hand lay-up fabrication
process, commonly due to insufficient matrix mixing, non-
uniform filler distribution, and excessively high resin viscosity
[41, 42]. The presence of voids and porosity in the composite
reduces tensile and flexural strength due to stress

concentration around these cavities [43, 44].

Figure 9. Macro images of the samples after flexural testing (a) 0 wt% CaCOs, (b) 5 wt% CaCOs, (¢) 10 wt% CaCOs, and (d) 15
wt% CaCOs

3.3 Thermogravimetric Analysis

TGA is a thermal characterization technique used to
monitor changes in material mass as a function of temperature
or time. In this study, the analysis was conducted over a
temperature range of 20 °C to 600 °C to evaluate the thermal
stability of the sandwich composite and examine the effect of
CaCoO:s filler addition on the material's degradation behavior.
Figure 8 presents the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves of the sandwich composite
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specimens. Table 2 summarizes the variations in specimen
composition based on CaCOs content, along with the onset
temperature (Tonset), the maximum decomposition temperature
(Tmax), and the residual mass (Whesiaue), as extracted from the
data presented in Figure 10.

Figure 10(a) presents the TG curves illustrating the mass
loss behavior of the sandwich composites with varying CaCOs
weight fractions. All samples exhibit a similar trend, where the
mass remains relatively stable up to approximately 200-—
250 °C. This indicates that no significant evaporation or



degradation occurs within this temperature range, except for
the possible removal of residual moisture or minor volatile
components. As the temperature increases to 300—400 °C, a
substantial mass loss is observed for all specimens,
corresponding to the primary degradation stage of the polymer
matrix. Beyond 400 °C, differences in the residual mass
among the samples become evident. The highest residual mass
was recorded for the 15 wt% CaCOs specimen at 35.1%,
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value for 0 wt% CaCOs at 17.7%. This phenomenon indicates
that incorporating CaCOs as an inorganic filler increases the
final residual mass after thermal exposure. Consequently,
composites containing CaCOs exhibit improved resistance to
total thermal degradation compared to the unfilled composite
[45, 46].

— 0 wt% CaCO3
5 wt% CaCO3

—— 10 wt% CaCO3

— 15 wt% CaCO3

10 -

-12 4

T T T T T
100 200 300 400 500 600

Temperature (°C)

Figure 10. Thermal analysis of (a) Thermogravimetric Analysis (TGA), and (b) derivative thermogravimetric (DTG) curves

Table 2. Thermal Characteristics of Sandwich Composite

Samples Tonset (QC) Tmax (OC) Wresidue (%)
CaCOs 0 wt% 317.3 361.3 17.7
CaCOs3 5 wt% 326.7 364.9 30.3
CaCOs3 10 wt% 330.1 365.5 325
CaCOs3 15 wit% 332.8 365.9 35.1

According to Table 2, the thermal parameters of the
sandwich composites demonstrate an increasing trend in
thermal stability with higher CaCOs content. The onset
temperature (Tonser) increased significantly from 317.3 °C for
the unfilled specimen to 332.8 °C for the 15 wt% CaCOs
composite, indicating that CaCOs addition delays the initiation
of thermal degradation. This finding is consistent with the
DTG curves shown in Figure 10(b), where the initial
degradation stage corresponds to polymer chain scission and
loss of structural integrity. Meanwhile, the maximum
degradation temperature (Tmax) ranges from 361.3 °C to
365.9 °C. A slight increase in temperature in the filled
composites suggests enhanced thermal resistance. This
behavior is attributed to the inherently higher thermal stability
of CaCOs compared to the polymer matrix, as it does not fully
decompose within the tested temperature range [47, 48].
Furthermore, the presence of CaCOs may promote the
formation of a more stable residual or char layer, which acts
as athermal barrier that reduces heat transfer and slows further
degradation. The addition of CaCOs composition significantly
increases the residual char content, as evidenced by the TGA
results shown in Figure 10 and Table 2. An increase in CaCO:s
content in the sandwich composite material is directly
proportional to the rise in Wiesiaue, indicating the formation of
a higher amount of thermal residue. Furthermore, the increase
in Tonset and Tmax Suggests improved thermal stability of the
material. Overall, these results indicate that the presence of
CaCO:s contributes to the formation of a protective residue that
has the potential to inhibit heat transfer and slow down the
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degradation process. The increase in Wieique reflects an
enhancement in the thermal stability of the material with
increasing CaCO:s filler content [49, 50].

4. CONCLUSION

This study investigated the effect of incorporating inorganic
CaCoO:s filler into 3D-printed PLA honeycomb core sandwich
composites with fiberglass skins on their mechanical
properties and thermal stability, evaluated through tensile,
flexural, and TGA. The main findings can be summarized as
follows:

1. The addition of inorganic CaCOs filler significantly
influenced the mechanical properties of the 3D-printed
PLA honeycomb core sandwich composites with
fiberglass skins. The highest tensile and flexural
strengths were achieved at 5 wt% CaCOs, with values of
49.082 MPa and 78.647 MPa, respectively. However,
both tensile and flexural strengths decreased at higher
filler contents of 10 wt% and 15 wt%, primarily due to
particle agglomeration within the matrix, which reduced
the mechanical performance of the sandwich composite.

2. The elastic modulus and flexural modulus increased with
increasing CaCOs content in the epoxy matrix. This
improvement is attributed to the higher intrinsic stiffness
of CaCOs; relative to that of the epoxy matrix.
Additionally, the dispersion of CaCOs particles enhances
load distribution within the matrix, contributing to the
observed increase in both elastic and flexural moduli of
the sandwich composite.

3. SEM morphological analysis of the sandwich composite
without CaCOs (0 wt%) revealed fiber pull-out and
interfacial debonding mechanisms. In contrast, the
specimen containing 10 wt% CaCOs exhibited fiber pull-
out accompanied by particle agglomeration, which may



lead to stress concentration and reduced mechanical
strength. Macro-fracture observations showed fiber pull-
out and delamination in all specimens. However, voids
and porosity were observed in the 10 wt% and 15 wt%
CaCOs compositions, which contributed to stress
concentration and subsequent reductions in tensile and
flexural strength.

TGA demonstrated that the addition of CaCOs filler
increased both the onset temperature (Tonser) and the
maximum degradation temperature (Tmax). Higher
CaCOs content delayed the initiation of thermal
degradation and improved resistance to thermal
exposure. The presence of CaCOs promotes the
formation of a more stable char layer, which acts as a
thermal barrier and retards further degradation.
Consequently, the residual mass (Wiesidue) increased with
increasing CaCOs content.
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