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Abstract: This study investigates the effect of silylation and cellulose loading on the tensile properties
of epoxy composites. We use the hydrolyzed (3-aminopropyl)triethoxysilane (APTES) as a crosslinker
for epoxy and as a coupling agent for cellulose. The cellulose chains are silylated to enhance the
interfacial adhesion between epoxy and cellulose through the covalent bonds formed at the interface
by silane and amine parts of the APTES. The effect of non-covalent bonds, such as hydrogen bonds, on
the interfacial adhesion at the epoxy/cellulose interface is considered by using APTES as a crosslinker
for epoxy and then implementing raw cellulose as a reinforcement for the resulting composite. The
tensile properties of the epoxy composites are evaluated using the molecular dynamics simulations.
The silylated cellulose at 28.1 wt.% enhances the tensile modulus, shear modulus, and strength of
the epoxy composite by 14.55%, 15.65%, and 17.11%, respectively, compared to the properties of the
epoxy/raw cellulose composite. Using the silylation treatment on cellulose that reinforces epoxy at
43.9 wt.% improves the elastic modulus, shear modulus, and tensile strength of the epoxy/cellulose
composite by 4.23%, 4.64%, and 16.50%, respectively. The silylation treatment can effectively increase
the tensile strength of epoxy/cellulose composites even at high cellulose contents.

Keywords: cellulose; epoxy; silylation; strength; elasticity; ReaxFF

1. Introduction

Cellulose has attractive ecological properties with high stiffness and strength at low weight [1].
The mechanical properties of cellulose-based materials such as wood are highly affected by their density.
The densification improves the homogeneity of the material and absolute mechanical properties. The
regenerated cellulose is basically different from natural fibers in terms of structure and properties.
Fibers are partially crystalline (cellulose II) and highly oriented, with the degree of orientation higher
in the external surface relative to the core of the fiber. The highly oriented cellulose nanofibrils (CNF)
show tensile strength of 57654 MPa and stiffness of 32.3+5.7 GPa. The regenerated cellulose fibers
are highly extensible, with a failure strain between 8.0% and 25% compared to natural fibers that
ideally fail at 1.0-2.0% strain due to the relatively high proportion of non-crystalline cellulose [2,3].
The regenerated cellulose fibers have good performance in terms of work to fracture, making them a
suitable option for composite applications where high fracture toughness is needed [4]. For instance,
the regenerated cellulose fiber of lyocell has a tensile strength of 556+78 MPa and elongation at break
of 8.7+1.6% [5].

The cellulose fibers significantly increase tensile modulus, tensile strength, flexural modulus
and strength, fracture toughness, elongation at break, and impact toughness of epoxy [6-9]. The
CNF at 0.1 wt.% increases the tensile strength of epoxy by 6.45% [10]. The stiffness, strength, and
fracture toughness of epoxy/cellulose composite can be significantly improved by controlling the
porosity and fiber volume of cellulose fiber [11]. The cellulose long filaments improve the flexural
modulus and flexural strength of biobased vanillin epoxy resin significantly by 135.1% and 542.8%,
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respectively [12]. The cellulose fibers at high fiber content have better interfacial bonding with
epoxy matrix [13]. Increasing the content of microcrystalline cellulose (MCC) increases the strength,
elongation at break, and stiffness of epoxy. The particles of MCC arrest the cracks propagating within
the epoxy matrix, which improves the fracture energy of the epoxy composites [14]. Incorporating
18-23 weight fraction (wt.%) of CNF into epoxy nanocomposites noticeably increases their mechanical
properties [15]. Reinforcing epoxy with 20-36 wt.% of CNF doubles the tensile strength and modulus
of the resulting composites [16]. Adding 13 volume fraction (vol.%) of CNF to bioepoxy increases the
storage modulus from 2.8 to 4.2 GPa and strength from 89 MPa to 107 MPa [17].

The cellulose nanofillers of CNF can be utilized to mitigate the adverse impact of moisture on
the epoxy nanocomposites. CNF can be blended with graphene oxide to develop high-humidity
sensing filament. The humidity-sensing behavior of the developed filament is observed by the
resistivity changes in different humidity and temperature levels [18]. The presence of high aspect
ratio and high crystalline CNF at 23 wt.% mitigates the water vapor permeability of pure epoxy resin
by more than 50% [15]. The surface of regenerated cellulose fiber is highly polar due to abundant
hydroxyl groups that interact with the surrounding atmosphere, enabling the fiber to adsorb water.
The interfacial bonding between cellulose fiber and epoxy is considerably degraded when the fiber
absorbs moisture from the humid environment, leading to a reduction in the mechanical properties
of the epoxy/cellulose composite. The moisture absorption of cellulose fiber reduces the fracture
toughness, flexural strength, and modulus of epoxy/cellulose composite. The use of an appropriate
coupling agent is necessary to improve the interfacial adhesion between regenerated cellulose fibers
and the non-polar matrix of epoxy. The cellulose reinforcements can be chemically modified using
their hydroxyl groups, enabling different methods for surface chemical modification [2,7,19].

APTES is one of the most important linkers used for cellulose functionalization [20]. The surface
of cellulose nanofillers such as cellulose nanocrystal (CNC) can be silylated firstly by hydrolyzing
APTES in water and then adsorbing it onto CNC via hydrogen bonds; finally, the surface of CNC is
covalently linked to the chain hydrocarbon through Si-O-C bonds, which formed via the condensation
reaction between silanol groups and hydroxyl [21,22]. The tensile strength of poly(methyl methacrylate)
(PMMA) composite reinforced with 1.0 wt.% of silylated CNF is more than twice that of neat PMMA
resin [23]. The bamboo cellulose fibers treated with silane coupling agent improve the elongation at
break and tensile strength of epoxy/cellulose composite by 53%, and 71%, respectively, relative to its
untreated counterpart. The improvement in the mechanical properties of epoxy/cellulose composite
with silane treatment can be attributed to the formation of covalent bonds that link the epoxy and
the cellulose, improving their interfacial interactions [24]. The epoxy resin is modified with 3 wt.%
of APTES to enhance the tensile properties of viscose fabric composite. The elongation at break and
tensile strength of the viscose fabric composites synthesized from modified resin are increased up
to 14 and 41, respectively. The enhancement in the tensile properties is justified by the improved
interfacial adhesion between viscose fabric and epoxy after the resin modification [25]. The viscose
fabric composite synthesized from epoxy modified with 5 wt.% of APTES shows a twofold increase
in toughness relative to the raw composite. Modifying the epoxy resin by APTES is considered a
better option when taking into account low energy consumption and less process waste relative to wet
chemical functionalization methods such as acetylation and alkali treatments [26].

In the published literature, the molecular dynamics (MD) simulation is used to investigate
the effect of chemical functionalization on the durability and the interfacial behavior of cellulose
nanofiber-reinforced epoxy nanocomposites under salt and aqueous environments. The cellulose chain
is functionalized by adding carboxyl groups to the surface of cellulose nanofiber [27]. However, the
reactive MD simulation has not been implemented yet to evaluate the effect of silylation treatment
on the mechanical properties of cellulose-reinforced epoxy composite. Additionally, the capability
of silylation in improving the mechanical properties of epoxy composites at high weight fractions of
cellulose is not addressed in the previously published studies. This study covers this research gap
by using the reactive MD simulation to characterize the effect of improved interfacial adhesion at
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the silylated cellulose/epoxy interface on the mechanical properties of epoxy composites. The epoxy
thermoset is reinforced with raw and silylated cellulose at different loadings of 28.1 wt.% and 43.9
wt.%. The computational models based on MD simulation are prepared for 10 raw cellulose chains, 20
raw cellulose chains, 10 silylated cellulose chains, and 20 silylated cellulose chains, which are used as
reinforcements for epoxy thermoset.

The content of this paper is arranged in four parts. The details of the main elements used to
assemble the epoxy/cellulose composites are provided in Section 2, including the introduction of the
methods of molecular modeling performed. Then, the effect of silylation treatment and loading of
cellulose on improving the tensile properties of epoxy composites is discussed in Section 3. The main
findings of this paper are summarized in Section 4.

2. Materials and Methods

Molecular modeling constitutes an effective approach to characterizing the impact of silylated
cellulose on the tensile properties of epoxy composites. Details on the type of ensembles and forcefields
used for the equilibrium of the molecular models and the characterization of stress-strain response
are discussed in subsection 2.1. The hydrolyzed APTES is used to modify the epoxy thermoset and
the silylation of cellulose. The details of the epoxy functionalization process and the implementation
of silylated cellulose as a reinforcement for epoxy composites are discussed in subsection 2.2. The
cellulose reinforcements composed of 10 raw cellulose chains, 20 raw cellulose chains, 10 silylated
cellulose chains, and 20 silylated cellulose chains are compared in terms of the highest enhancement
that can be attained in the tensile strength and modulus of epoxy thermoset. Then, the stress-strain
response for raw cellulose-reinforced epoxy is chosen as a baseline to evaluate the enhancements in
the mechanical properties of epoxy/cellulose composites achieved by silylation treatment.

2.1. Molecular Dynamics Simulation

The open-source software of the large-scale atomic/molecular massively parallel simulator
(LAMMPS) is implemented for MD simulations [28]. The MD simulations are used to evaluate
the stress-strain response of epoxy/cellulose composites deformed under uniaxial tensile loading. The
polymer consistent forcefield (PCFF) and its addendum (PCFF+) obtained from MedeA software [29]
are used to describe the bond and non-bond interactions in silylated cellulose and epoxy based on
parameters retrieved from ab initio calculations. The valence forcefield of PCFF/PCFF+ contains
predefined bonds, angles, and torsions for organic and inorganic materials. However, the PCFF/PCFF+
can not be implemented to describe the breaking of nanocovalent bonds between atoms taking place
under the tensile load. Hence, the reax forcefield (ReaxFF) is used to evaluate the tensile strength of
epoxy/cellulose composites considered in this study. The parameters of ReaxFF describing the atomic
interaction between epoxy and cellulose are retrieved from [30] and [31].

The ReaxFF can be described as a general bond-order-dependent force field offering precise
descriptions of bond breaking and bond formation during MD simulations. The reaxFF divides the
total system energy (Esystem) into contributions from different partial energy terms, as demonstrated in
the following expression:

Esystem = Epond + Eunder + Eover + Evar + Epen + Etors + Econj + Evdwaals T Ecoutomb 1

These partial energies contain Ey,,,;: bond energy, E, ;40 and Eoper: atom under/over coordination,
Eyq: valence angle, Epe,: penalty energy, Eiors: torsion angle, Econj3 conjugation energy to correctly
handle the nature of preferred configurations of atomic and resulting molecular orbitals, E.,,jmmp and
Edwaals are terms to handle Coulomb-van der Waals interactions. The recent non-bonded interactions
are evaluated between every atom pair, regardless of connectivity, and they are shielded to prevent
extreme repulsion at short distances [32].

For every molecular system considered, 6 replicates with various initial atomic configurations are
generated to enhance statistics of the evaluated mechanical properties [33]. Therefore, six separate
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models of epoxy, raw cellulose, and epoxy/cellulose composites are built and relaxed according to the
steps of the equilibrium protocol shown in Figure 1.

Stage I:
Minimization +

NPT at T=300-500K,
500K, 500-300K

NPT at T=300K for

NVT at T= 300-500K,
500K, 500-300K

NPT at T=300K,

NVT at T=300 K || for t=40 ps, 80ps, =20 ps, At=0.5fs, || for t=10 ps, 20 ps, flj,: tl_-Ozgtn:
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Atz 05 fs At= 0.5 fs, P=1.0 atm. At=0.5 fs =Uol8

Linking nanofiller NPT at T=300K.

with cellulose Stage II In%i:;;;’gz‘f‘ggzges NVT at T= 300K for P=1.0 atm,
via KH550 g 300K t=10 ps, At= 0.5 fs for t= 40 ps,
= At=0.5fs

silane agent

Figure 1. Simulation workflow protocol used for the equilibrium of epoxy/cellulose models.

The tensile modulus and strength are two critical strength indicators in a plastic material that
illustrate the mechanical behavior of a material under tensile load [34]. The tensile properties of
the epoxy/cellulose composites are evaluated based on the Voigt model using the elastic constants
matrix [35,36]. The tensile strength and modulus of raw cellulose and epoxy are evaluated to verify the
capability of the PCFF/PCFF+ and ReaxFF in predicting the mechanical properties of epoxy/cellulose
composites. The tensile strength of raw cellulose and epoxy in the longitudinal direction is evaluated
using the tensile stress-strain responses shown in Figure 2. According to Figure 2(c), the tensile
strength values of cellulose are 566.2 MPa and 580.9 MPa, evaluated based on PCFF/PCFF+ and
ReaxFF, respectively. These values are close to each other and comparable to the experimental tensile
strength of CNF (576+£54 MPa) and lyocell fiber (556+78) reported in the literature [2,5,33]. It is
noteworthy that the stress-strain responses of cellulose evaluated based on PCFF/PCFF+ and ReaxFF
differ in terms of strain values at ultimate tensile strength due to the high proportion of crystalline
regions in the molecular models of PCFF/PCFF+ compared to their counterparts of ReaxFFE. The yield
of cellulose is observed at around 7-8% strain in the molecular models built for ReaxFF due to the
disruption of hydrogen bonds among the cellulose chain segments and high proportion of amorphous
regions [37].

According to Figure 2(d), the tensile strength values of epoxy are 119.3 MPa and 187.1 MPa,
predicted based on PCFF/PCFF+ and ReaxFF, respectively. These values are justified for epoxy
partially crosslinked with hydrolyzed APTES at 6.6 wt.%. The APTES molecules improve the structural
integrity of epoxy by forming additional bonds via their silane (Si-OH) and amine (NHj) ends, linking
the molecular groups of triethylenetetramine (TETA)/diglycidyl ether bisphenol-F (DGEB-F) together
as demonstrated in Figure 3. Furthermore, the tensile strength of epoxy crosslinked with similar
functional groups can reach the value of 190 MPa [38]. Ideally, the values of tensile strength should
be in the range between 200 and 400 MPa for the vast majority of thermosets. Indeed, these values
represent the upper theoretical limitation for the experimentally reported strength. The theoretical
strength of epoxy is determined to be 275 MPa, while its maximum true strength value is 166 MPa,
evaluated using microtensile tests. The tensile strength of epoxy reported at the microlevel is much
higher than the strength retrieved by standard test techniques of 104 MPa. Therefore, the tensile
strength of epoxy can reach its theoretical strength value at minimal scales at micro and nano levels [39].
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(a) Raw cellulose (20 cellulose chains). (b) Epoxy thermoset modified with APTES.
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Figure 2. The tensile stress-strain responses of raw cellulose and epoxy evaluated based on PCFF/PCFF+ and
ReaxFF forcefields, (H: white, O: red, C: green for cellulose and black for epoxy).
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Figure 3. The function of hydrolyzed APTES as crosslinker for epoxy and coupling agent for cellulose.

The tensile modulus values of epoxy and raw cellulose evaluated based on PCFF/PCFF+ are
3.3 GPa and 13.3 GPa, respectively. These values are in good agreement with previously reported
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values for epoxy and raw cellulose of 3.3 GPa [40] and 13.5 GPa [41], respectively. Based on the results
of the MD simulation used to evaluate the properties of raw cellulose and epoxy, the forcefields of
PCFF/PCFF+ and ReaxFF can effectively predict the tensile properties of these materials with good
accuracy. Therefore, PCFF/PCFF+ is used to evaluate the tensile modulus, while ReaxFF is used to
evaluate the tensile strength of the epoxy/cellulose composites. The molecular modeling is conducted
using the Schrodinger software developed by D.E. Shaw Research (NY, USA) [42]. All molecular
models have a constant initial density of 0.60 g/ cm?.

The conjugate gradient method is used to minimize the potential energy of the molecular sys-
tems [43]. The initial minimization stage’s energy, force tolerances, maximum iterations, and force
evaluations are set to 0.0, 1 x 10~#, 10000, and 15000, respectively. The tensile stress-strain responses are
evaluated under volume-conserving uniaxial strain at room temperature (300K) by running nonequi-
librium MD simulations based on PCFF/PCFF+ and ReaxFF force fields in the NVT ensemble using
the Nose-Hoover thermostat. The simulation cell is elongated in the longitudinal direction in small
increments of A g; = 0.002 at every time step. The time duration for each nonequilibrium NVT ensemble
is 5.0 picoseconds with a time step size A t of 0.5 femtoseconds.

2.2. Reinforcing Epoxy with Silylated Cellulose

The cellulose considered in this study is not completely amorphous and contains a large propor-
tion of crystalline regions in its structure. Therefore, the cellulose chains are generated with a backbone
dihedral of 180° with a polymerization degree of 10. Then, the chains of cellulose are packed similarly
to the ones shown in Figure 2(a). After applying the equilibrium protocol to the packed chains, the
cellulose chain includes amorphous and crystalline regions. The molecules in the amorphous region
are irregularly arranged with large voids, while the molecules in the crystalline region are arranged
tightly and neatly. There is no obvious division between the amorphous and crystalline regions in the
cellulose chain, and it is a gradual transition state [44].

The silylation treatment is applied on epoxy/cellulose composites using APTES. The APTES
molecules are used as a hardening agent along with TETA to crosslink the monomers of DGEB-F
using their amine ends. Then, the crosslinked APTES/TETA /DGEB-F epoxy is hydrolyzed in water to
generate highly reactive Si-OH groups at APTES molecules. The silane ends of hydrolyzed APTES
molecules form covalent bonds between each other, improving the interfacial adhesion among the
molecular groups of TETA /DGEB-E. When the hydrolysis of APTES is followed by condensation, the
hydrolyzed molecules of APTES in the epoxy matrix act as silane coupling agents, linking cellulose
to epoxy through the bonds formed between their silane ends and hydroxyl groups of cellulose. The
APTES molecules are attached to the cellulose through condensation with hydroxyl groups. The
hydrolyzed APTES molecules have covalent bonds with cellulose through Si-O-C. These molecules
can attach to the cellulose substrate through the silane end via 5i-O-C bonds or the amine end through
NH,-OH-C via hydrogen bonds [45]. The dual function of hydrolyzed APTES as a crosslinker for
DGEB-F monomers and as a silane coupling agent for cellulose is clarified in Figure 3.

The molecular models of epoxy/cellulose composites are generated by adding 20 molecules of
hydrolyzed APTES to 30 molecules of TETA and 110 molecules of DGEB-F. The molecules of epoxy
matrix (APTES/TETA /DGEB-F) are used to pack cells containing 10 and 20 cellulose chains. The
open-source software of Packmol is used to pack the initial molecular models of epoxy/cellulose
composites [46]. Figure 4 shows the initial configuration of molecular models used for MD simulations
of epoxy/cellulose composites. The equilibrium protocol followed in this study includes two stages
to eliminate the voids from the molecular models prior to and after the crosslinking process. The
molecular models are compressed by applying the first stage of the equilibrium protocol. Then, the
epoxy matrix is crosslinked first with crosslinking saturation of 50% applied to DGEB-F monomers.
The amine ends of hydrolyzed KH550 are crosslinked with the monomers of DGEB-F. If the epoxy
matrix is reinforced with raw cellulose, then the hydrogen non-covalent bonds are considered at the
interface between cellulose and epoxy. However, in epoxy/silylated cellulose composites, the silane
coupling agents of APTES form covalent bonds with cellulose through their silane ends on one side
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and connect the silylated cellulose to DGEB-F through their amine ends on the other side. After the
crosslinking process is finished for epoxy and cellulose, the second stage of the equilibrium protocol is
carried out to eliminate the voids generated due to the formation of bonds between molecules.

(a) Epoxy/ cellulose (28.1 wt.%). (b) Epoxy/ cellulose (43.9 wt.%).

Figure 4. The initial configuration of molecular models used for MD simulations of epoxy/cellulose composites,
(H: white, O: red, Si: yellow, C: green for cellulose and black for epoxy).

The exact molecular formulas of cellulose, epoxy, and epoxy/cellulose composites, along with
the composition of their matrices and the atomic weight fraction (wt.%) of cellulose used to reinforce
epoxy, are clarified in Table 1. When the content of cellulose is increased from 28.1 to 43.9 wt.%, the
loading of hydrolyzed APTES is reduced from 4.8 wt.% to 3.7 wt.%. In the epoxy composite with
28.1 wt.% of silylated cellulose, each cellulose chain is attached to two APTES molecules, but in the
composite with 43.9 wt.% of silylated cellulose, each cellulose chain is only attached to one APTES
molecule. Therefore, the improvements in mechanical properties obtained from using the silylation
treatment in epoxy/43.9 wt.% cellulose are lower compared to those of epoxy/28.1 wt.% cellulose.

Table 1. The technical specifications of cellulose, epoxy, and epoxy/cellulose composites.

Material Molecular formula Matrix composition Cellulose (wt.%)
Cellulose C120001000H2040 Cellulose chains: 20 -
Epoxy Si20C2330N1400500H2960 o : -
Epoxy/ cellulose (28.1 wt.%)  SizCao30N14001000HL Diglycidyl ether bisphenol F molecules 28.1
poxy 02930 114011000 73980 . 110, TETA molecules: 30, Silanol groups: 20
EpOXy/ cellulose (439 Wt.o/o) Si20C3530N14001500H5000 ’ ! ’ ’ ’ 439

3. Results and Discussion

Based on the results of the MD simulation, the silylated cellulose reinforcement, which is com-
posed of 20 silylated cellulose chains, has the highest improvement effect on the tensile modulus and
strength of epoxy composites compared to other reinforcements of cellulose. Hence, the silylation
of cellulose should be combined with homogeneous dispersion and sufficient loading of cellulose
reinforcements in the epoxy matrix to obtain the highest possible increase in the tensile properties of
the resulting composites. The reinforcing effect of cellulose at different loadings on the mechanical
properties of epoxy composites is discussed in Section 3.1, while the impact of silylation on improving
the interfacial adhesion of cellulose with epoxy is analyzed in Section 3.2.

3.1. The Structural Reinforcing Effect of Cellulose at High Loadings

According to the tensile properties listed in Table 2, the cellulose reinforcement has competitive
tensile modulus and strength properties of 13.3 GPa and 580.9 MPa, respectively. These properties
are comparable to those of cotton fibers, which have the tensile strength of 287-597 MPa and elastic
modulus of 5.5-12.6 GPa [47]. The epoxy thermoset modified with KH550 has an elastic modulus of 3.3
GPa and tensile strength of 187.1 MPa. The introduction of silanol groups to the chemical structure of
epoxy increases its density and improves its tensile strength, while it has a minor effect on its stiffness.
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The epoxy resin has an ideal density of 1.14 g/cm? and an elastic modulus in the range of 3.30-3.49
GPa [27]. Most of the published studies enhance the mechanical properties of epoxy thermosets by
modifying their chemical structure or using reinforcements characterized by superior mechanical
performance. However, the chemical fictionalization of epoxy does not improve all of its material
aspects, such as tensile strength, stiffness, toughness, and impact strength. Nevertheless, some of these
properties are improved after modifying the chemical structure of epoxy, while the others are reduced
with chemical functionalization. Furthermore, the chemical functionalization techniques of epoxy have
an environmental impact that cannot be avoided [48-50].

Reinforcing epoxy with cellulose enhances its tensile strength, elastic modulus, and shear modulus.
For instance, the raw cellulose at 28.1 wt.% improves the tensile strength, elastic modulus, and shear
modulus of epoxy by 31.80%, 40.20%, and 42.82%, respectively. Increasing the content of raw cellulose
from 28.1 wt.% to 43.9 wt.% would enhance the tensile strength, elastic modulus, and shear modulus
of neat epoxy by 54.20%, 77.33%, and 84.15%, respectively. These improvements can only be realized if
the cellulose reinforcements are uniformly dispersed in the epoxy matrix. These observations are in
line with the outcomes of the previously published studies. The mechanical properties of epoxy are
increased with increasing content of cellulose. The highest improvement in the mechanical properties
of epoxy can be attained with a cellulose fiber content of 46 wt.% [19]. The elastic modulus and ultimate
strength properties of epoxy reinforced with 21 wt.% of nanofibrillated cellulose (NFC) are increased
by 180.95% and 240.63%, respectively, relative to the properties of neat epoxy. Increasing the content of
NFC from 21 to 58 wt.% in epoxy composite would add further enhancement to ultimate strength and
elastic modulus of 48.62% and 66.10%, respectively [51].

Table 2. Mechanical properties of cellulose, epoxy, and epoxy/cellulose composites.

Material Elasticity (GPa) Shear modulus (GPa) Strength (MPa) Poisson’s ratio Density (g/mL)
Cellulose 13.3133 5.1933 580.9 0.2802 1.4248
Epoxy 3.3083 1.2300 187.1 0.3466 1.1638
Epoxy/ raw cellulose (28.1 wt.%) 4.6383 1.7567 246.6 0.3206 1.2241
Epoxy/ silylated cellulose (28.1 wt.%) 5.3133 2.0317 288.8 0.3068 1.2123
Epoxy/ raw cellulose (43.9 wt.%) 5.8667 2.2650 288.5 0.2958 1.2588
Epoxy/ silylated cellulose (43.9 wt.%) 6.1150 2.3700 336.1 0.2830 1.2480

3.2. The Silylation Effect of Cellulose Reinforcements

The tensile properties of epoxy/cellulose composite are increased with increasing content of
cellulose. However, increasing the loading of cellulose beyond 40 wt.% in epoxy composites leads
to the deterioration of the interfacial adhesion between cellulose fiber and epoxy, which adversely
affects the tensile strength of epoxy composites [52]. Therefore, we apply the silylation treatment to
enhance the interfacial adhesion between cellulose and epoxy. The enhanced interfacial adhesion at the
epoxy/cellulose interface introduces significant improvements in the tensile strength and modulus of
epoxy composites. Referring to Figure 5, the silylated cellulose at loadings of 28.1 wt.% and 43.9 wt.%
improves the ultimate tensile strength of epoxy by 54.36% and 79.64%, respectively. The silylation
treatment of cellulose has the highest improvement effect on the tensile strength of epoxy composites
compared to other properties such as elastic and shear moduli. The tensile strength of epoxy reinforced
with 28.1 wt.% of silylated cellulose (288.8 MPa) is equivalent to the strength of epoxy composite
reinforced with 43.9 wt.% of raw cellulose (288.5 MPa), as demonstrated by stress-strain responses in
Figures 5(b) and 5(d).
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Figure 5. The stress-strain responses retrieved from tensile test for epoxy/cellulose composites.

Figure 6 shows the fractured epoxy/cellulose composites retrieved from reactive MD simulations.
The epoxy composite reinforced with raw cellulose at 28.1 wt.% shown in Figure 6(a) is completely
damaged under the effect of the tensile load, while its counterpart reinforced with 28.1 wt.% of
silylated cellulose shown in Figure 6(b) exhibits noticeable resistance to the damaging tensile load. The
same conclusion can be drawn from the epoxy composite reinforced with raw cellulose at 43.9 wt.%
clarified in Figure 6(c) and its counterpart reinforced with silylated cellulose at 43.9 wt.% illustrated by
Figure 6(d). The structural integrity of raw cellulose shown in Figure 6(c) is highly affected upon the
application of the tensile load, indicating that there is a poor load transfer between raw cellulose and
epoxy due to weak interfacial adhesion at the epoxy/cellulose interface.
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(c) Epoxy/ raw cellulose (43.9 wt.%). (d) Epoxy/ silylated cellulose (43.9 wt.%).

Figure 6. The fracture of epoxy/ cellulose composites retrieved from reactive MD simulations.

Increasing the content of cellulose reinforcements should be associated with the application of sily-
lation treatment to introduce comprehensive improvements in the tensile properties of epoxy/cellulose
composites. The increasing content of cellulose in epoxy/cellulose composites increases their elastic
and shear moduli, while the silylation treatment increases their tensile strength due to the improved
adhesion at the epoxy/cellulose interface.

4. Conclusions

Epoxy is the most frequently used thermoset in the applications of the aerospace industry. The
aerospace vehicles need to be fabricated from composites characterized by high strength, stiffness,
and toughness, enabling them to resist the harsh weathering conditions and impacts from flying
objects in their operating environment. Therefore, the research efforts are concentrated on developing
new types of epoxy composites that meet the requirements of high strength, elasticity, and impact
toughness with minimal environmental impact. In this study, the loading and silylation effects of
cellulose on the tensile properties of epoxy composites are investigated using MD simulations. The
epoxy thermoset is reinforced with two different loadings of cellulose at 28.1 wt.% and 43.9 wt.%. We
use the hydrolyzed APTES as a crosslinker for epoxy and as a silane coupling agent for cellulose. The
epoxy matrix partially crosslinked with APTES is reinforced with raw cellulose. The silylated cellulose
reinforcements have covalent bonds with epoxy through the silane and amine parts of hydrolyzed
APTES molecules. The tensile modulus and shear modulus are determined by the Voigt model based
on the elastic constants retrieved from the MD simulation conducted using PCFF/PCFF+. The ultimate
tensile strength of epoxy composites is evaluated based on their stress-strain responses under the tensile
load, which are obtained from reactive MD simulations. The results of MD simulations show that
increasing the content of raw cellulose from 28.1 wt.% to 43.9 wt.% would add further improvements
to ultimate strength, tensile modulus, and shear modulus by 16.99%, 26.84%, and 28.93%, respectively.
The silylated cellulose at 28.1 wt.% enhances the tensile modulus, shear modulus, and strength of
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epoxy composite by 14.55%, 15.65%, and 17.11%, respectively, compared to its counterpart reinforced
with raw cellulose. The application of silylation treatment on the cellulose at 43.9 wt.% increases
the elastic modulus, shear modulus, and tensile strength of epoxy/cellulose composite by 4.23%,
4.64%, and 16.50%, respectively. The silylation treatment can effectively increase the tensile strength of
epoxy/cellulose composites with the increasing contents of cellulose.
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