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Abstract: In this study, epoxy–cement composites with different concentrations of cement
nanofiller and ~67.5 nm in size (0, 5, 10, 15, and 20 wt%) were synthesized using the
solution casting method. The epoxy–cement composites’ structural, mechanical, wettability,
roughness, and thermal insulation were investigated. The synthesized epoxy resin is
amorphous, whereas epoxy–cement composites are crystalline, and its crystallinity depends
on the filler ratio. The incorporated cement hindered the spread of cracks and voids in the
composite with few illuminated regions, and the epoxy/cement interface was identified.
The Shore D hardness, impact strength, and flexural strength gradually increased to 92.3,
6.1 kJ/m2, and 40.6 MPa, respectively, with an increase in the cement ratio up to 20 wt%. In
contrast, the incorporation of a cement ratio of up to 20 wt% reduced thermal conductivity
from 0.22 to 0.16 W/m·K. These findings indicated that resin and cement nanoparticle fillers
affected the chemical composition of epoxy, which resulted in high molecular compaction
and thus strong mechanical resistance and enhanced thermal insulation. The roughness
and water contact angle (WCA) of epoxy increased by increasing the cement nanofiller. In
contrast, the surface energy (γ) of a solid surface decreased, indicating an inverse relation
compared to the behavior of roughness and WCA. The reduction in γ and the creation of
a rough surface with higher WCA can produce a suitable hydrophobic surface of lower
wettability on the epoxy surface. Accordingly, the developed epoxy–cement composites
benefit building construction requirements, among other engineering applications.

Keywords: epoxy–cement; concrete; wettability; roughness; mechanical; thermal conduc-
tivity; building construction

1. Introduction
Polymer films are optically transparent, but they are thermal and electrical insula-

tors [1–3]. In addition, polymers have poor mechanical properties; therefore, more attention
has been directed to improving their thermal, electrical, and mechanical properties [4,5].

Buildings 2025, 15, 643 https://doi.org/10.3390/buildings15040643

https://doi.org/10.3390/buildings15040643
https://doi.org/10.3390/buildings15040643
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-8232-5823
https://orcid.org/0000-0001-5606-3906
https://orcid.org/0000-0001-8175-2359
https://orcid.org/0000-0002-0882-5539
https://doi.org/10.3390/buildings15040643
https://www.mdpi.com/article/10.3390/buildings15040643?type=check_update&version=1


Buildings 2025, 15, 643 2 of 19

Improvement in the mechanical properties and thermal insulation of a polymer is highly
required for building construction.

The incorporation of nanofillers into a polymer, such as carbon nanotubes, multi-
walled carbon nanotubes, graphene, graphene oxide, and zinc oxide nanoparticles, usually
increases their physicochemical characteristics [6–8]. However, the properties of modified
polymer composites are influenced by the type, concentration, size, and shape of the
incorporated materials [9,10]. The incorporation of new components into polymers usually
has advantages and disadvantages. For example, carbon-based nanomaterials enhance
the mechanical, electrical, and thermal properties of the polymer, but they impair its
optical transparency [2,11]. In addition, considering the cost-effectiveness of incorporated
materials is particularly needed for large-scale development and industry. Accordingly, the
usage of cheap and plentiful materials, such as cement, concrete, fly ash cenospheres, date
palms, etc., to improve the mechanical and thermal characteristics of polymers is beneficial
for building construction and other engineering applications [12–16]. Generally, polymer-
based materials have been employed in environments such as underwater concrete or
reactive particle concrete, which, in some cases, are better than ceramics, to meet practical
applications [17]. Concrete is efficiently suited for enhancing the properties of polymer
materials because its composition can be modified quite simply [18]. Polymer–cement
concretes have promising properties, such as high tensile and high flexural strength, as
well as adherence to a variety of substrates, tightness, and resistance to some chemical
attacks [19]. Polymer–cement composites are being used in the repair and protection of
concrete structures; the construction of pavements, including industrial floors; and the
manufacture of pre-cast parts [20].

Recently, epoxy–cement composites have received a lot of interest in the realm of civil
engineering [21]. Epoxy resins have revealed excellent properties, such as high strength
and durability, low cure shrinkage, adhesion, compatibility with a wide range of materials,
electrical insulation, corrosion, and chemical resistance [22]. Epoxy–cement composites
can be used in load-bearing structures, such as beams, columns, and slabs, due to their
enhanced mechanical properties (e.g., flexural strength, impact resistance). On the other
hand, cement nanoparticles are usually used as a binding medium due to their physical
and chemical properties [17]. The inclusion of cement or concrete nanoparticles into
an epoxy medium to form an epoxy–concrete composite demonstrated a considerable
loss of strength due to the thermo-oxidative deterioration of the epoxy and de-bonding
between aggregates and the binder [23]. Cement can harden into a high-strength matrix
after combining with aggregate and going through a hydration process [24]. The epoxy
plastic plates can be reused by inserting them into concrete to ensure the strength of epoxy
resin concrete [25]. Concrete’s diminishing durability poses major hazards to building
structure safety [26]. Moreover, damage such as erosion and fractures has frequently
occurred at stress concentration places and cyclic deformation zones, resulting in dangers
and possible harm to concrete structures [27]. One of the common modification methods is
to incorporate polymer as a co-binder into concrete, making it more susceptible to changes
in performance [28,29]. The choice of cement nanoparticles as a filler material was driven by
their cost-effectiveness, compatibility with epoxy, self-healing properties, and suitability for
building construction applications. While CNTs and graphene offer exceptional properties,
they are less practical for large-scale construction due to their high cost and processing
challenges. Cement nanoparticles provide a balanced combination of mechanical, thermal,
and surface properties, making them an ideal choice for enhancing the performance of
epoxy composites in construction.
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The analysis of the microstructure of polymer-based composites is required to un-
derstand the interaction between polymer and cement and investigate their interface to
develop polymer properties [30]. Concrete repair and reinforcement are critical for ex-
tending the structures’ service life, with urban growth slowing and infrastructure steadily
improving in terms of maintenance and reinforcement [31]. Therefore, achieving high-
performance buildings using polymeric composite materials is critical. However, there
are still a lot of issues for controlling the microstructure of polymer/cement composites to
improve matrix ductility [32]. The fineness of cement is determined by its particle size, as
the cement hydration rate is proportional to particle size [33]. Further investigations have
revealed that epoxy resin concrete is widely used in building structural reinforcements [34].
Epoxy resin adhesive has major applications in the field of concrete and is extensively used
in the repair of concrete members, bridge engineering, runway repair, road repair, and
structural fracture reinforcement [35]. In addition, epoxy resin is commonly used in bridge
construction to withstand high stresses [36].

The value of thermal conductivity (K), thermal diffusivity, and specific heat of epoxy
composites was reduced by increasing the incorporation of date palm up to 30 wt%, with
a minimum K value of 0.14 W/m·K [14]. The improved thermal insulation properties of
these composites make them suitable for energy-efficient building materials, reducing heat
transfer and improving energy savings. The thermal conductivity and thermal diffusivity
of epoxy increased by increasing the silicon carbide ratio in the range of 0–3 wt%, as well
as by boosting the operating temperature [37]. The thermal expansion of epoxy mortar
composites showed a small rise with a polymer ratio up to 15 wt% and subsequently
increased dramatically with a higher polymer ratio; however, permeability and thermal
conductivity showed an opposite sequence [38]. In contrast, the inclusion of graphene, Cu,
or CaCO3 nanoparticles reduced the thermal expansion of epoxy while increasing the ther-
mal conductivity [6,39]. The mechanical characteristics and thermal conductivity of cement
foam incorporating epoxy polymer at a ratio of 0–9 wt% were investigated. The epoxy ratio
significantly increases thermal conductivity while decreasing mechanical properties such
as plastic viscosity and yield stress [40]. Similarly, epoxy–concrete composites with poly-
mer content ratios ranging from 6 to 16 wt% are thermally treated to increase mechanical
properties such as Young modulus, shear modulus, strength, compressive strength, and
flexural strength [23]. Epoxy–cement has been further developed with various nanofillers,
such as Nb and Zr nanoparticles, for bioactivity applications [41]. The addition of cement
nanoparticles, like other fillers, to polymers should be carefully chosen to boost or reduce
mechanical and thermal properties. For example, the impact strength and Shore A hardness
of acrylic polymer increased with an increase in the cement filler ratio up to 2 wt% and
4 wt%, respectively, while decreasing with further filler ratio increase [24].

Roughness, water contact angle (WCA), or water wettability are fundamental aspects
of medical device biocompatibility, printing on paper, structural integrity in additive
manufacturing, and surfaces after abrasive processing [42,43]. The evaluation of WCA for
epoxy is useful for evaluating the modification in surface properties due to the addition
of cement nanofiller [44,45]. There are two methods to measure the WCA; the first is
the Wenzel state, whereas the second is the Cassie–Baxter state. The Wenzel model is
demonstrated by the drop of water falling on the solid surface, while the Cassie–Baxter
model deals with the drop of water rolling off on the solid surface to determine the ability of
self-cleaning [46,47]. Currently, it has been shown that the surface roughness and WCA of
epoxy vary with cement nanofiller. In addition, WCA can be used to determine the surface
energy of a solid surface (γ), the energy per unit area of an exposed surface of a liquid. The
hydrophobic nature and enhanced wettability of epoxy–cement composites make them
ideal for protective coatings, self-cleaning surfaces, and water-resistant applications in
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construction. The composites offer improved resistance to environmental factors, such as
moisture, chemicals, and temperature fluctuations, making them durable and sustainable
alternatives to traditional building materials.

Nowadays, modifying polymer materials is commonly done to accomplish building
materials engineering. In addition to being designed for usage in harsh environments,
recycled concrete is especially well suited for the modification of polymer materials because
its composition can be readily altered, and admixtures are already a part of contempo-
rary concrete. Therefore, in this study, epoxy–cement composites with cement ratios of 5,
10, 15, and 20 wt% were synthesized using the solution casting method. The structural,
mechanical, and thermal properties of epoxy–cement composites are investigated using
various analytical techniques. The derived results were compared with existing litera-
ture, demonstrating that the incorporation of cement nanoparticles into an epoxy matrix
improves its structural, mechanical, and thermal properties, making it appropriate for
building construction.

2. Materials and Methods
Epoxy was purchased from the Swiss Chemical Company in Egypt. The epoxy has

a density of 1.1 g/cm3 and a viscosity range of 3–5 poise at 25 ◦C. Ordinary Portland
cement (OPC) powder was purchased from Al Gurg Fosroc LLC, Dubai, UAE. The OPC
consists of 63 wt% calcium oxide (CaO), 21.9 wt% silicon dioxide (SiO2), 6.9 wt% aluminum
oxide (Al2O3), 3.9 wt% iron oxide (Fe2O3), 2.5 wt% magnesium oxide (MgO), and 1.7 wt%
sulfur trioxide (SO3). The particle size and particle distribution of purchased cement
powder were determined using an atomic force microscopy (AFM) instrument, model
AFM-AA3000/220V, from Angstrom Advanced, Inc., Methuen, MA, USA.

Pure epoxy and epoxy–cement composites were synthesized using the solution casting
method. The hardener liquid was gradually added to the epoxy resin at room temperature
(RT ≈ 25 ◦C) with a stoichiometric volume ratio of 1:2. The mixture was physically mixed
at RT for 3 min using a mixing stick. For epoxy–cement composites, cement was added as a
filler in ratios of 5, 10, 15, and 20 wt% to the epoxy resin using a high-speed continuous
magnetic stirrer. The mixture was then poured into a stainless-steel mold and allowed to
dry at RT for 24 h. The molds varied in size and dimensions depending on the desired
tests. For example, for the thermal conductivity test, the mold and resulting sample were
cylindrical, with a diameter of 1.5 cm and a thickness of 1.5 cm. Molds and samples for
impact strength, flexural strength, and hardness tests are rectangular, with dimensions of
5.5 cm × 1 cm × 0.3 cm, 8 cm × 8 cm × 40 cm, and 1.5 cm × 1.5 cm × 0.6 cm, respectively. A
silicon-based release agent was used in the mold to simplify the extraction of the composite
samples. Each synthesized sample was allowed to dry for 1 h and then left for an additional
24 h before testing to ensure cohesive curing.

A wide-angle X-ray diffraction (XRD) instrument, model Bruker D-8, operated at 45 kV
and 30 mA was used to investigate the phase purity and crystalline structure of the samples.
A Cu-Kα anode was employed as the X-ray source with a wavelength of 1.5406 Å. The XRD
patterns were recorded with a step size of 0.1◦ and a scan speed of 0.2 ◦/s over a diffraction
angle (2θ) range of 20◦ to 80◦. A scanning electron microscopy (SEM) instrument, model FEI
Inspect S50, operated at 15 kV or 30 kV, was used to examine the surface morphology of the
samples. The SEM system was equipped with energy-dispersive X-ray (EDX) spectroscopy
and EDX mapping capabilities operated by Bruker Nano GmbH, Germany, at a voltage of
15 kV.
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The Shore D hardness was measured using a digital hardness tester with a scale range
of 0 and 100 units. The indenter was affixed to the sample’s surface using a durometer, and
the highest recorded reading was taken as the hardness value [48]. The impact strength
(I.S) was calculated using the formula [49] I.S = Uc

A , where Uc is the fracture energy, and A
is the cross-sectional area. The flexural strength (σ) was determined using a three-point
bending test with a rectangular shape sample, as illustrated in Figure 1a. The flexural
strength was estimated using the formula [50] σ = 3FL

2bd2 , where b and d are the width and
depth of the sample, F is the applied load at the fracture point, and L is the span length, as
shown schematically in Figure 1a.
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Figure 1. Schematic images of (a) flexural strength test and (b) Lee’s disk experiment.

Lee’s disc apparatus, schematically illustrated in Figure 1b, was used to determine
thermal conductivity (K) for the specimens studied [51,52]. The temperatures of the brass
discs A, B, and C, denoted as TA, TB, and TC, were measured using a digital thermometer
after thermal equilibrium was achieved. The heater was operated at a voltage of 6 V and
a current of 0.25 A. The numerical value of K was calculated using the formula [53] K =
ε[TA+

2
r (dA+

ds
4 )TA+

dsTB
2r ]

(
TB−Tc

ds
)

. The parameter ε represents the thermal energy transfer per unit area

of the disc in seconds and is given by [35,39] ε = IV

πr2(TA−TB)+2πr[dATA+
ds(TA−TB)

2 +dBTB+dcTc ]
,

where r is the radius of the disc; dA, dB, and dc are the thicknesses of the brass discs A, B,
and C, respectively; and ds is the thickness of the sample.

The surface roughness of the samples was measured using a surface roughness tester
(TR-100), which quantifies surface texture. Roughness is defined as the vertical deviation
of a physical surface from its ideal smooth form. It is routinely evaluated and plays a
critical role in various processes, such as friction and adhesion. The WCA between the
sample and water, as a liquid, was determined. The WCA of the acrylic polymer/cement
nanocomposites was measured using the sessile drop method with a Kyowa contact angle
meter (Model DME 211, Niiza, Saitama, Japan). On a smooth sample surface, the WCA
was measured at intervals of 45–60 s. Each measurement was recorded at predetermined
intervals and saved as an image.

3. Results and Discussion
3.1. Structural Properties

Figure 2a shows the optical image of the cement nanopowder, which exhibits a fine
powder with a green-grey color. The 2D AFM image and the granularity normal distribution
chart of cement nanoparticles are depicted in Figure 2b and Figure 2c, respectively. The 3D
AFM image for comparable cement nanofillers is available elsewhere [24]. The 2D AFM
image shows that the cement nanoparticles are uniform in both size and distribution. The
granularity normal distribution chart shows a Gaussian distribution for cement particle size
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around the average value, which is common for most AFM analyses [25]. The estimated
range of particle sizes is between 42.5 and 100 nm, while the average particle size of cement
was approximately 67.5 nm.
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Figure 2. (a) Optical image of cement powder, (b) 2D AFM image, and (c) granularity normal
distribution chart of cement nanoparticles.

Figure 3 shows the EDX charts and EDX mapping of epoxy and epoxy–cement com-
posites. The bonding between the epoxy resin and hydroxyl ions is demonstrated in the
SEM and EDX mapping. The circles of different colors that appear in the SEM images
of epoxy and epoxy–cement composites represent C and Al, selected as examples of the
mentioned elements in Table 1. Table 1 summarizes the weight ratio (wt%) and atomic
percentage (at.%) of all detected elements in epoxy resin and epoxy–cement composites.
As listed in Table 1, elements like Zr, Nb, Ru, and O, ordered by their weight ratio, appear
alongside the dominant C element. The ratio of C is 68.56 wt% for pure epoxy, while
the remaining elements constitute 31.44 wt%. The ratio of C decreases to 14.87 wt% and
12.97 wt% for epoxy–cement composites containing 5 wt% and 20 wt% cement, respectively.
In addition, Zr, Nb, Ru, and O disappear completely and are replaced by elements such as
Sb, Rb, Ca, Mo, Si, and Al in epoxy-5 wt% cement composites. Additional elements such as
Ru, Pt, and K, with ratios of 4.47, 8.76, and 1.18 wt%, respectively, are observed when the
cement ratio increases to 20 wt%. These elements are critical components contributing to
the self-healing capacity of epoxy resin and epoxy–cement nanocomposites [54]. However,
the new elements formed in the composites may explain the differences in the mechanical
and thermal behaviors between epoxy and epoxy–cement composites. A similar EDX
investigation for Portland cement has confirmed the presence of Ca, Si, Al, Mg, C, and O
components in other studies [41].
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Table 1. Weight ratio (wt%) and atomic percentage (at.%) of neat epoxy, epoxy-5 wt% cement
composite, and epoxy-20 wt% cement composite extracted from EDX.

Element
Pure Epoxy Epoxy-5 wt% Cement Epoxy-20 wt% Cement

wt% at.% wt% at.% wt% at.%

C 68.56 93.25 14.87 50.51 12.97 47.93
Zr 14.46 2.59 - - - -
Nb 12.30 2.16 - - - -
Ru 3.23 0.52 - - 4.47 1.96
O 1.45 1.48 - - - -
Sb - - 31.93 10.70 24.82 9.04
Rb - - 25.65 12.24 18.88 9.80
Ca - - 10.88 11.07 9.04 10.01
Mo - - 8.59 3.65 12.19 5.64
Si - - 6.18 8.98 5.74 9.07
Al - - 1.89 2.85 1.95 3.21
Pt - - - - 8.76 1.99
K - - - - 1.18 1.34

Figure 4 illustrates the XRD charts of epoxy resin and epoxy–cement composites
with cement ratios of 5 wt% and 20 wt%. It is well known that strong XRD patterns
with a few lines indicate a high-crystalline nature, whereas weaker patterns with more
lines emphasize a lower-crystalline nature [55]. The XRD pattern of pure epoxy shows
no sharp peak, and there is only a broad hump located at 25◦, which is attributed to the
diffused cured epoxy network and confirms its amorphous nature [56]. The XRD pattern of
epoxy–cement composites revealed multiple diffraction peaks, which were ascribed to their
low-crystalline nature. The detected XRD peaks might be attributed to cement products
and compounds between the epoxy and cement. For example, epoxy–cement composites
exhibit several diffraction peaks located at 2θ = 26.5, 29.4, 30.0, 32.1, 32.4, 34.5, 36.5, 36.8,
39.5, 41.2, 42.5, 45.9, 50.2, 54.7 and 56.1◦, demonstrating the formation of the calcium silicate
(Ca3SiO5) phase (ICDD: 00-031-0301) [41]. According to the ICDD card, the Ca3SiO5 phase
has a triclinic crystal structure and a space group of P1. Other XRD peaks could be ascribed
to hydration products, such as Ca(OH)2, and are observed at 2θ = 34.3, 47.2, 51.5, 54.6, 63.4,
and 64.4◦ [57]. In general, the intensity of the XRD peaks of epoxy–cement composites is
lower than that of traditional cement mortar [56]. Also, the intensity of some XRD peaks
decreases as a result of decreasing the amount of Ca(OH)2 with an increase in cement ratio
from 5 wt% to 20 wt%. The decrease in the amount of Ca(OH)2 can be attributed to the
reaction of hydroxide ions, which function as catalysts for epoxy hardening; therefore, the
amount of unhardened epoxy resin increases at high epoxy–cement ratios. Non-crystalline
or amorphous silicate minerals react strongly with Ca(OH)2 generated by cement hydration,
forming additional calcium silicate hydrate gels [58,59].
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Figure 4. XRD patterns of (a) pure epoxy, (b) epoxy-5 wt% cement composite, and (c) epoxy-20 wt%
cement composite.

Figure 5 depicts the SEM images of epoxy resin and epoxy–cement composites. Pure
epoxy exhibits a smooth surface, whereas epoxy–cement composites show a rough surface.
The SEM images for pure epoxy reveal the formation of the spatially cross-linked structure
resulting from the chemical interaction of epoxy with the hardener. The SEM images also
show some voids in pure epoxy that are reduced with the addition of cement nanoparticles.
Increasing the filler ratio results in a more homogeneous distribution, consistent with
previous research [23]. The morphology of cement nanoparticles within the polymer matrix
(epoxy–cement composite) is more heterogeneous, particularly when the epoxy concentra-
tion is low. Lumps and discontinuous fragments of hardened resin are also observed. In
general, the morphology of epoxy-based composites is dependent on numerous aspects,
such as the epoxy-to-filler ratio, curing temperature, preparation process, etc. [8,17,35].
For instance, as the amount of epoxy modifier increases, the structure of the cured resin
becomes more homogeneous, resulting in the formation of a more continuous polymer
film [60]. The observed grains in the epoxy resin samples are exceedingly thin, leaving
no gaps or illuminated patches in the matrix. The illuminated and dark zones in the SEM
images of epoxy–cement composites could indicate the formation of two distinct phases,
consistent with the XRD analysis. The crystal structure and morphology investigation
show a gradual improvement in epoxy properties after cement incorporation, which is
expected to enhance the mechanical and electrical properties of epoxy–cement compos-
ites. In this study, the SEM images of pure epoxy (Figure 5a) clearly demonstrate these
characteristics, showing a flat, featureless surface with no visible particles, agglomera-
tions, or phase separations. This smooth morphology is indicative of a well-dispersed
and homogeneous epoxy matrix, which is critical for achieving optimal mechanical and
thermal properties.
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Figure 5. SEM images of (a) epoxy resin, (b) epoxy-5 wt% cement composite, and (c) epoxy-20 wt%
cement composite.

The SEM images reveal that the cement nanoparticles are well dispersed within the
epoxy matrix, indicating strong interfacial adhesion. This is evidenced by the absence
of visible gaps or cracks at the epoxy–nanoparticle interface. The improved adhesion is
attributed to the chemical interaction between the epoxy resin and the hydroxyl groups
on the surface of the cement nanoparticles, which enhances the mechanical properties of
the composites. The SEM image (Figure 5a) shows a smooth and homogeneous surface,
characteristic of a well-cured epoxy matrix with minimal defects. At lower cement content
(5 wt%), the surface becomes slightly rougher, with visible nanoparticles embedded in
the epoxy matrix (Figure 5b). At higher cement content (20 wt%), the surface roughness
increases significantly, and the nanoparticles are more densely packed, leading to a more
heterogeneous morphology (Figure 5c). The formation of distinct phases (illuminated and
dark zones) in the SEM images suggests the presence of both epoxy-rich and nanoparticle-
rich regions, which aligns with the XRD results showing the formation of calcium silicate
(Ca3SiO5) and hydration products. The increased surface roughness and heterogeneous
morphology at higher cement content contribute to the enhanced mechanical properties
(e.g., hardness, impact strength) and thermal insulation of the composites. The improved
interfacial adhesion and uniform dispersion of nanoparticles are critical for achieving
optimal performance in building construction applications.

3.2. Mechanical Properties

The hardness test is commonly used to evaluate material indentation using an indenter
made of diamond or steel with a specific force and geometry. The findings of Shore D
hardness tests show that increasing the cement content in the composite leads to a gradual
increase in hardness, as shown in Figure 6a. In the present work, the Shore D hardness of
epoxy is 80 MPa, which is higher than those reported (~68 MPa) [7]. The difference between
the two hardness values for epoxy could be related to the varied ratio of epoxy to hardener,
as the ratio in the previous study was 3:1, compared to 2:1 in this investigation. Hardness
values are improved for all epoxy–cement composites, which could be attributed to the
greater cross-linking and stacking [28], thus restricting the movement of polymer molecules
and leading to increased scratching and cutting resistance. Composites are also more
resistant to plastic deformation since material hardness is a measure of the forces between
atoms or molecules in the material; stronger connections improve the hardness value [61].
Shore D hardness increases with an increase in cement ratio in epoxy–cement composites,
similar to the addition of other fillers such as copper and graphene nanoparticles. However,
the hardness increases by a greater factor for the cement ratio than for copper and graphene
fillers [39].
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Figure 6. (a) Shore D hardness and (b) impact/flexural strength versus cement ratio of epoxy–
cement composites.

Figure 6b shows the impact strength and flexural strength versus cement ratio of
epoxy–cement composites. Matrix composites exhibited a considerable increase in impact
energy with the insertion of 20 wt% cement, as shown in Figure 6b. The increase in impact
energy could be ascribed to the good interfacial adhesion between the epoxy and cement
nanoparticles, which increases the impact energy and, therefore, improves the impact
strength (I.S.) [62]. However, flexural strength (σ) is defined by the amount of indirect
tension or stress that concrete must withstand. The behavior of σ versus cement ratio is
similar to the behavior of I.S., and it is usually attributed to polymer concrete formulations.
The highest value of σ is 40.6 MPa for the epoxy-20 wt% cement composite, which is two
times larger than the σ of epoxy ordinary concrete (19.61 MPa). Knowing the value of σ
allows us to build seamless structural components like shafts, beams, and cantilevers. It
can also be used to forecast the durability of raw materials and structures [63,64]. The value
of σ for epoxy–cement composites slightly increased with the cement ratio elsewhere, with
the greatest flexural strength reported as ~15 MPa at a cement ratio of 16 wt%, compared
to ~37 MPa in the current work [23]. Polymer concrete is a composite material in which
polymeric components are used to bind the aggregates, just like Portland cement concrete.
Generally, the applied load immediately reduces when failure occurs [17]. The observed
result can be explained by the greater aggregate size, which reduces voids in the composite
(making it denser) and hence increases σ [65,66].

3.3. Thermal Conductivity

Figure 7 depicts the thermal conductivity (K) of epoxy–cement composites. The value
of K decreases as the cement ratio increases up to 20 wt%. The behavior of K indicates that
the thermal insulation of epoxy improves as the cement ratio increases. This is because
the polymer may establish an interface between the cement fillers [67,68]. The thermal
conductivity of epoxy–cement composites varies (increases or decreases without a clear
trend) with the cement ratio, but there is a clear trend between K and the composite’s
porosity, which decreases as porosity increases [23]. The additional increase in the cement
ratio in the epoxy–cement composite may reduce the value of K, as seen elsewhere where
the value of K approaches less than ~0.07 W/m·K for a cement ratio of ~90 wt% (epoxy ratio
~10 wt%) [40]. Although the thermal conductivity of pure cement was not measured in this
study, we recognize that such data would offer valuable context for interpreting the findings.
Generally, the thermal conductivity of OPC typically ranges from 0.8 to 1.5 W/m·K, which
is notably higher than that of epoxy resin. The observed reduction in thermal conductivity
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with increasing cement content could be explained by the presence of air voids, resulting in
interfacial thermal resistance between the epoxy matrix and cement particles.
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Other fillers, such as date palms, have been used to decrease the thermal conductivity
of epoxy or increase its thermal insulation [14]. For example, the value of K decreased from
0.26 to 0.15 W/m·K when the date palm ratio in the epoxy composites was increased to
30 wt%. The effects of cement on the thermal conductivity coefficient and permeability of
epoxy–cement composites have been investigated [38]. Polymer–mortar composites have
a K of 0.6 W/m·K for 30 wt% polymers. The K of epoxy was improved to 0.449 W/m·K
by incorporating 3 wt% silicon carbide nanowires, which is 1.06 times higher than that of
pure epoxy [38]. Also, the K of epoxy has been improved and reached 0.2 W/m·K with
the addition of 25 wt% nettle fiber [69]. However, epoxy resin–concrete composites are a
new category of concrete that possesses high strength, fast development strength, good
toughness, short forming time, and simple construction, among other characteristics [70].
It also performs well in terms of abrasion resistance, water resistance, chemical corrosion
resistance, and freeze resistance [71]. Therefore, it can be employed in a wide range of
practical engineering fields, such as building construction [24].

As listed in Table 2, the roughness of epoxy is 2.71 µm, but it gradually increased
with cement concentrations until it reached 6.21 µm at 0.20 wt%. This behavior may be
related to the ability of the epoxy surface to hold more nanoparticles with larger visible
agglomerates, causing the epoxy surface to be covered with large agglomerates, resulting
in high roughness [72,73]. As seen in Figure 8, the WCA gradually increased from about
81.61◦ to 89.52◦ as the wt% of cement increased to 10%, but it rose above 90◦ (92.61◦ and
98.87◦) when the wt% of cement exceeded 15%. Similar values are also listed in Table 2.
This indicates that the epoxy became more hydrophobic, and the wettability of the surface
decreased, such that ϕ and wettability should have an inverse relationship. Moreover,
it can easily shed dust and could be used in self-cleaning glass fabrication [74]. Smaller
WCAs or larger spreading areas imply higher wettability because the surface area (SA)
is expected to increase with roughness (the real SA is higher than the geometrical SA).
Therefore, wettability and roughness are strongly related, but the wetting characteristics
of SA depend strongly on the nanoparticle distribution within the surface layers [75–77].

The equation is as follows: (1 + cos θi)γLS = 2(
√

γD
L γD

S +
√

γP
L γP

S ), where L and S refer
to the liquid and solid surfaces, respectively. D and P represent the London dispersion
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force and polar dispersion force, respectively. However, Kennedy et al. and Roberson
et al. converted WCA to surface energy using the following relation [77–79]: γ = 74.5 −
0.372 WCA − 0.00181 × WCA2.
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Table 2. Roughness, WCA, and surface energy (γ) of pure epoxy and epoxy/cement nanocomposites.

Samples Roughness
(µm)

WCA
(◦)

γ
(Dyne/cm)

Epoxy 2.71 81.61 32.09
Epoxy + 5 wt% cement 3.54 84.10 30.41
Epoxy + 10 wt% cement 5.10 89.52 26.69
Epoxy + 15 wt% cement 5.84 92.61 25.67
Epoxy + 20 wt% cement 6.21 98.87 20.03

The values of γ listed in Table 2 are inversely proportional to roughness and WCA.
The rough surface increases the WCA but decreases γ, such that a smaller area of the
composite is in contact with water. In general, lowering γ and creating a rough surface can
produce a suitable hydrophobic surface on a smooth substrate. Water vapor molecules can
interact significantly with hydrophobic moieties when an active photocatalyst is properly
constructed, and a large proportion of its surface is covered with hydrophobic materials.
The surface can repel water droplets [80,81]. It has been stated that the hydrophobicity of the
surface is influenced by the type of matrix and the composition of the filler constituents [82].
In fact, it was expected that as roughness increases, the WCA should also increase, as
explained by the lotus effect, whereby lotus leaves repel water due to the presence of small
bumps at the micro- and nanometer scales on the surface [83,84]. In this case, a drop of
water is supported between the peaks of the protuberances, which provides the shortest
contact, thus acquiring a more spherical shape (i.e., with a higher WCA).

Cement nanoparticles enhance the hydrophobicity of epoxy composites, leading to
an increase in WCA. The incorporation of cement nanoparticles increases the surface
roughness of the epoxy composite. According to the Cassie–Baxter model, a rough surface
traps air pockets beneath water droplets, reducing the contact area between the water
and the solid surface [46,47]. This results in a higher WCA and increased hydrophobicity.
Cement nanoparticles introduce elements such as calcium, silicon, and aluminum, which
can form hydrophobic compounds or coatings on the surface. These compounds reduce
the surface energy of the composite, making it less wettable and increasing the WCA. The
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uniform distribution of cement nanoparticles creates a micro- and nano-scale texture on
the surface, further enhancing hydrophobicity. This texture mimics the lotus effect, where
water droplets bead up and roll off the surface, carrying away dirt and contaminants.

The improvement in WCA can be explained by the formation of a rough surface.
Cement nanoparticles create a hierarchical surface structure with micro- and nano-scale
features. This roughness reduces the contact area between water droplets and the sur-
face, increasing the WCA. The chemical interaction between the epoxy matrix and cement
nanoparticles lowers the surface energy of the composite. A lower surface energy results in
weaker adhesion between water molecules and the surface, leading to a higher WCA. The
rough surface traps air pockets beneath water droplets, as described by the Cassie–Baxter
model [46,47]. These air pockets minimize the contact area and enhance the hydrophobic
properties of the surface. The increased WCA and hydrophobicity of epoxy–cement com-
posites make them suitable for applications such as self-cleaning surfaces; water droplets
roll off the surface, carrying away dirt and contaminants. The water-resistant coatings could
improve resistance to water penetration, enhancing the durability of building materials. In
addition, reduced water contact minimizes the risk of corrosion in structural components.

The percentages of cement nanofillers (5, 10, 15, and 20 wt%) were selected based on
the following considerations. Lower percentages (5–20 wt%) ensure uniform dispersion of
cement nanoparticles within the epoxy matrix, avoiding agglomeration and maintaining
homogeneity. Preliminary studies and literature suggest that these percentages provide a
balance between enhancing mechanical properties (e.g., hardness, impact strength) and
maintaining the structural integrity of the composite [85]. Thermal and surface proper-
ties: The selected range allows for significant improvements in thermal insulation and
hydrophobicity without compromising other material properties. Higher percentages of
cement nanoparticles may lead to processing challenges, such as increased viscosity and
difficulty in mixing, which could affect the quality of the final composite.

While this study focused on cement percentages up to 20 wt%, we acknowledge the
importance of exploring higher percentages. Based on the observed trends and literature,
we anticipate the following outcomes if the cement content exceeds 20 wt%. The hardness
of epoxy–cement composites is expected to continue increasing with higher cement content
due to greater cross-linking and stacking of nanoparticles, which restrict polymer chain
movement. However, beyond a certain threshold (e.g., 25–30 wt%), the hardness may
plateau or decrease due to nanoparticle agglomeration, which can create stress concen-
tration points and reduce overall mechanical performance. Impact strength may initially
improve with higher cement content due to enhanced interfacial adhesion between the
epoxy matrix and cement nanoparticles. At very high percentages (e.g., >30 wt%), the
impact strength could decline due to increased brittleness and reduced flexibility of the
composite. The thermal insulation properties may further improve with higher cement
content, but excessive filler loading could lead to the formation of thermal bridges, reducing
insulation efficiency. Hydrophobicity and surface roughness are likely to increase, but
excessive cement content may lead to uneven surfaces and reduced coating performance.
To address these possibilities, we plan to conduct further studies exploring higher cement
percentages (e.g., up to 30–40 wt%) and their effects on the mechanical, thermal, and
surface properties of epoxy–cement composites. This will provide a more comprehensive
understanding of the optimal filler content for various applications.

4. Conclusions
The structural, mechanical, and thermal insulation properties of epoxy–cement com-

posites with varying cement ratios were investigated. Key findings include:
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• The structure transitioned from amorphous (pure epoxy) to crystalline (epoxy–cement
composites). Cement addition hindered crack propagation, with distinct interfaces
between the cement and epoxy matrix visible.

• Increasing the cement ratio up to 20 wt% led to gradual improvements in Shore D
hardness, impact strength, flexural strength, and thermal insulation. The addition
of fine cement fillers (up to 20 wt%) enhanced molecular compaction, improving
mechanical resistance and thermal insulation by approximately four-fold compared to
Portland cement concrete.

• The epoxy–cement blend exhibited excellent mechanical and thermal insulation proper-
ties, making it highly suitable for building construction applications. The incorporation
of cement nanoparticles significantly improved the Shore D hardness, impact strength,
and flexural strength of epoxy composites. These improvements make epoxy–cement
composites suitable for structural applications in building construction, such as beams,
columns, and coatings, where high mechanical performance is critical.

• The thermal conductivity of epoxy–cement composites decreased with increasing cement
content, indicating enhanced thermal insulation. This property is beneficial for energy-
efficient building materials, reducing heat transfer and improving energy savings.

• The WCA increased with cement content, demonstrating improved hydrophobic-
ity. The hydrophobic nature of the composites makes them ideal for water-resistant
coatings, self-cleaning surfaces, and anti-corrosion applications in construction.

• SEM and EDS analysis confirmed the uniform dispersion of cement nanoparticles
and strong interfacial adhesion with the epoxy matrix. This ensures the structural
integrity and durability of the composites, making them reliable for long-term use in
harsh environments.

• XRD analysis revealed a low-crystalline nature for epoxy–cement composites, with
the formation of calcium silicate (Ca3SiO5) and hydration products. This microstruc-
ture contributes to the material’s mechanical and thermal properties, enhancing its
overall performance.
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