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Abstract

Cellulose nanocrystals (CNCs), derived from abundant natural cellulose, possess
exceptional properties including low weight, bioavailability, and high mechanical
performance. During shear loading, CNCs exhibit unique stick—slip behavior, mak-
ing them excellent toughening materials for CNC neat films and nanocomposite.
However, the failure behavior at the interface under specific conditions, particularly
moisture and temperature, remains unclear. The study utilized molecular dynamics
(MD) simulations to quantitatively investigate the hydrothermal effect on the degra-
dation of CNC interface. The degradation mechanism induced by moisture and tem-
perature was indicated through the reduction of adhesive energy and peak force with
the consideration of hydrogen bonds. The simulation results showed that the role
of water molecules in the interfacial failure depends their content. Water acted as a
binder at low moisture levels, while at high moisture levels, it acted as a lubricant.
Besides, temperature had a more pronounced impact on the interfacial shear per-
formance. Our simulation results can be used as input in micromechanical models
to bridge the gap between the macroscopic and microscopic behavior of films and
nanocomposites.

Introduction

Cellulose is one of the most abundant biological materials in the biosphere (Zhou
et al. 2010). It is widely found in plant cell, tunicates, bacteria and algae (Bangar and
Whiteside 2021; Jakob et al. 2022; Moon et al. 2011). Cellulose nanocrystal (CNC),
a nanomaterial prepared by acid hydrolysis of cellulose feedstock, possesses many
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qualities, including excellent mechanical properties, lightweight, biocompatibility,
surface modifiability, optical properties and thermal properties (Bangar et al. 2022;
Eichers et al. 2022; Zhao et al. 2022). Owing to these advantages, CNCs and their
derivatives have been found as key ingredients of plenty applications in the fields
such as tissue engineering (Patel et al. 2020), pharmaceutical synthesis (Yang and
Li 2018), motion sensor (Huang et al. 2022), food packaging (Azeredo et al. 2017),
3D printing (Wang et al. 2018), optical films (Ren et al. 2022) and reinforcement in
nanocomposite (Tang et al. 2017). CNCs exhibit good compatibility with various
polymers, including cyclic olefin copolymer (COC), polyethylene glycol (PEG) and
polylactic acid (PLA) (Kang et al. 2024; Shen et al. 2022; Xu et al. 2024). Their
high aspect ratio facilitates efficient stress transfer from the polymer matrix to the
CNCs, strengthening the composite material. In addition, CNCs can slip under shear
stress and the overall damage degree of the nanocomposite could trail off as a result
of stick—slip phenomenon (Ahmad et al. 2022; Molnér et al. 2018). Therefore, con-
siderable attention should be paid to estimating the interfacial properties of CNCs.

In the practical application of materials, challenges related to moisture and tem-
perature are inevitable. This conclusion holds particularly true for materials where
interfacial properties significantly depend on moisture and temperature and impact
overall performance (Li et al. 2019, 2022). Previous researches indicates that, in
humid conditions, water molecules tend to accumulate at the interfaces, leading to
an alteration in surface bonding (Zhou et al. 2015). Consequently, the mechanical
properties of the interface, such as strength and fracture toughness, will degrade
under the combined effects of moisture and temperature, which will further influ-
ence the total mechanical properties (Khoshkava and Kamal 2014; Naito and Nagai
2022). While moisture has limited direct impact on the internal structure of cellu-
lose crystals, its presence within the material system can influence the overall integ-
rity of the microstructure and, consequently, the fracture mechanisms (Jiang et al.
2019; Zhou et al. 2015).

CNC:s are different from other nanoparticles where the 110 surfaces of CNCs are
deeply hydrophilic, and as a result, it is easier for the CNC system to adsorb water
(Adak and Mukhopadhyay 2018; Sinko and Keten 2015). Consequently, the mois-
ture and temperature have a significant impact on the materials consisting of CNCs.
Previous studies have shown that numerous hydrogen bonds form at the CNC inter-
face. These bonds exhibit a dynamic destruction-restoration behavior during CNC
shearing, contributing to the observed stick—slip phenomenon (Sinko and Keten
2014, 2015). The stick—slip phenomenon is a periodic motion observed when two
contacting surfaces, like CNCs in this study, alternate between sticking together and
then rapidly slipping past each other during shear. This cycle arises from the buildup
and release of shear forces at the interface. It can strengthen the toughness of the
interface (Meng and Shi 2021; Shishehbor et al. 2018; Zhu et al. 2015). The intro-
duction of water molecules also involves the formation of hydrogen bonds between
the CNC interface and alters the macroscale shear property. Thus, it becomes impor-
tant to investigate the interfacial properties of CNCs and their mechanical responses
under varying moisture and temperature conditions.

Characterizing interfacial properties at the nanoscale presents a significant chal-
lenge. Due to the inherent limitations of nanoscale measurements, these techniques
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often capture the combined mechanical response of a material under multiple defor-
mation modes, such as tension and shear. This inherent coupling makes it difficult
to isolate and directly measure the intrinsic interfacial properties, such as strength
under purely tensile or shear loading conditions. With the development of compu-
tational technology, molecular dynamics (MD) simulation has filled this gap. Sinko
and Keten (2014, 2015) investigated the shear and tensile failure behavior of CNC
interface through MD simulation. It was found that the 110-110 CNCs interface has
a higher hydrogen bond density than 200-200 interface. Thus, the 110-110 interface
possesses higher interfacial shear and tensile strength. Notably, during the shearing
process of 200-200 interfaces, other intermolecular interactions like van der Waals
provided more effects than hydrogen bonds. Furthermore, the tensile strength and
shear strength of the interface decrease after inserting a layer of water molecules
between the interface. Zhang et al. (2021b) systematically studied the stick—slip
behavior of CNC interfaces dominated by hydrogen bonds. During shearing defor-
mation, the interfacial stress, shear velocity, and the energy barrier were strongly
associated with hydrogen bond density. It was also found that moisture lowers the
interfacial friction and impacts the stick—slip behavior pattern of CNC interfaces.
Due to the high hydrogen bond density between CNC surfaces, water molecules
were more likely to affect their interfacial properties. Wei et al. (2018) studied the
interfacial properties of 200-200 interfaces in wet environments modified by differ-
ent methods. Through MD simulations, CNC modified with Na* had better mois-
ture absorption performance, while the hydrophilicity degree of the interface shifted
more significantly compared to Meph;P* modification, and its interfacial shear
strength and tensile strength increased due to the introduction of water molecules.
Zhang et al. (2021a) used molecular dynamics simulation to comprehensively study
the effects of moisture on the structure and mechanical properties of the wood cell
wall which were composed of crystalline cellulose fibers and matrix. They found
that the hydration could induce the degradation of the wood cell wall which was
caused by the decrease in the mechanical properties of the matrix and fiber-matrix
interface. He et al. (2023) employed molecular dynamics simulation to estimate the
hygromechanics on the CNCs interface. Through numerical and theoretical meth-
ods, it was found that the moisture could change the local deformation mode and
improve the load transferability at the interface. Another interesting phenomenon
observed between the 200-200 interface was the capillary bridge built by water mol-
ecules which was also found by several investigators (Choi et al. 2021; Pan et al.
2019). Other studies on pure cellulose materials have shown that moisture increases
the diffusion coefficient of water in microcrystalline cellulose and weakens the inter-
action between CNC interfaces (Garg et al. 2020; Sahputra et al. 2019). Moreover,
in the reports of nanocomposites containing cellulose nanocrystals, moisture can
weaken the interaction between cellulose and the substrate such as resin (Zhou et al.
2015). In general, although many studies have focused on the interface of CNCs,
the knowledge gap still exists. There remains a need for a comprehensive study that
can evaluate the separate and combined effects of moisture and temperature on the
interfacial properties between CNCs. In practical applications, the impact of diverse
environmental conditions, such as moisture and temperature, on the interfacial per-
formance ought to be considered.
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The objective of this study was to build MD models of CNC systems with water
molecules and analyze the interfacial mechanical properties. Both interface peak
force and adhesive energy were evaluated under varying moisture and temperature
conditions. Specifically, the impacts of different moisture and temperature levels on
the degrading effects of the CNCs interface were investigated from the perspective
of interfacial interaction and mechanical properties. The combined effect of mois-
ture and temperature was also discussed.

Materials and methods
Interface model construction

To estimate the effects of moisture and temperature on the interfacial mechanical
properties of cellulose nanocrystals, MD simulations were conducted on CNC-CNC
and CNC-water-CNC interfaces subjected to normal and shear loadings. The CNCs
used in the present research had Cellulose If crystal structure, the most stable CNC
morphology, as shown in Fig. 1a. The crystal model was generated with the package
Cellulose-builder (Gomes and Skaf 2012). Previous studies of CNCs have used
both hexagonal (Fig. 1a) (Bregado et al. 2021; Oehme et al. 2015) and rectangular
(Fig. 1b) (Wei et al. 2018) model systems. This work utilizes a rectangular model
to establish the interfacial region of CNCs as depicted in Fig. lc, d. The surfaces
which form the interfacial region are labeled as Surface 1 (S1) and Surface 2 (S2). It
should be noted that, the model employed in this study is a simplified representation
of the complex interfacial configuration of CNCs rather than an exact replica. CNC
with a size of 81.9%55x17.8 A was selected to model the interface. The 200-200
interface was chosen as the model system for this study due to its reportedly higher
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Fig. 1 Atomic structure of the MD model: a hexagonal model, b rectangular model, ¢ the single model
in this work, d the initial geometry configuration
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sensitivity to moisture compared to the 110-110 interface (Sinko and Keten 2014).
This characteristic makes it more interesting for studying the hydrothermal effects.
It is convenient to form a water layer and trap more water molecules between the
interfaces (Wei et al. 2018; Zhu et al. 2015). Each CNC comprised 48 chains with
the dimensions shown in Fig. la. Two CNCs, including 20,448 atoms, were set
parallel to create an interfacial region. The water molecules layer was randomly
inserted into the initial configuration for subsequent simulation. In order to minimize
the geometry’s influence, ten independent interface models were used for each
moisture and temperature condition. The TIP3P water model was employed in all
simulations (Mianehrow et al. 2022).

The COMPASS force field was adopted in all the simulations. COMPASS
is based on ab initio and has been widely used in previous cellulose MD studies
(Du et al. 2021; Li et al. 2022; Long et al. 2022). The force field of the simulation
models was assigned by Material Studio 8.0. The force field employed in this work
encompasses both bonded and non-bonded interactions. Bonded interactions include
covalent bonds, angles, and torsions. Non-bonded interactions are described by van
der Walls (vdW) and Coulomb terms. Importantly, hydrogen bonds (h-bonds) are
implicitly represented by incorporating their effects into the vdW and Coulomb
interaction terms (Dri et al. 2015). The Lennard—Jones potential with 1.0 nm cutoff
distance accounts for vdW interactions. Long-range Coulomb interactions are effi-
ciently handled using the particle-mesh Ewald summation method, with an accuracy
of 107*. The parameters for h-bonds in this work are defined based on a previous
study, adopting a cutoff distance of 3.5 A and a cutoff angle of 30° (Zhang et al.
2021a, b). The cutoff distance refers to the maximum allowable separation between
the donor oxygen atom and the acceptor oxygen atom. The cutoff angle defines the
maximum allowed deviation from the ideal angle formed by the accepter oxygen
atom, donor oxygen atom and donor hydrogen atom. The simulations employ the
canonical ensemble (NVT) a with constant number of atoms, volume, and tem-
perature. The Nosé-Hoover thermostat maintains the temperature, and a timestep of
1 fs is used throughout. Periodic boundary conditions are applied in all directions.
Finally, the simulation box dimensions are approximately 8.5 nm X 8.5 nm X 15 nm,
with an additional blank space of 10 nm parallel to the interface and 4 nm normal
to the interface. This ensures sufficient space to capture the entire shear and tensile
fracture process, from initial failure to complete debonding. (Zhang et al. 2021a, b).
The simulation was visualized by Ovito (Stukowski 2010) and the hydrogen bonds
were estimated by VMD (Humphrey et al. 1996). All simulations are executed by
LAMMPS (Thompson et al. 2022).

Equilibration and interfacial fracture simulations

Before all the simulations, the systems were first minimized through conjugate gradient
algorithm. Prior to fracture simulation, the whole system was equilibrated for 2 ns. At
the end of the equilibration, the temperature fluctuation is within the range of roughly
10 K and the energy fluctuation is within roughly 5000 kcal/mol-A, indicating that the
system has been stabilized. During the equilibration stage, the carbon atoms in the left
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CNC were fixed in position, while the carbon atoms in the right CNC were set as a
rigid body. This approach prevents unwanted torsion and rotation between the CNCs
that could influence subsequent simulations. Additionally, our aim in this work is to
capture the pure tensile and pure shear behavior (mode I and mode II) at the CNC inter-
face. As a result, it is important to create a well-defined interface for the subsequent
studies on interfacial performance, representing an ideal scenario. To create a moisture
condition at the interface, a water layer with a width of 0.5 nm was introduced between
the CNCs, as shown in Fig. 1b. The water layers were generated with random packing
by Packmol (Martinez et al. 2009), and the moisture content at the interface was quanti-
fied using the moisture to dry mass ratio, which was determined through the following
equation:

M
moisture to dry mass ratio (%) = M—W x 100% 1)
c

where M,, is weight of the water molecules between the CNCs, M is the original
weight of the dry CNCs.

In the preliminary experiments, the water molecules remained absorbed on other
surfaces during equilibration, which was also observed in a previous study (Garg et al.
2020).To maintain the water molecules between the interfacial region of CNCs, virtual
walls were set around the CNCs to restrict the space for water molecules that could
keep all the water molecules absorbed on the CNCs interfaces. The virtual walls used
in this study were set for the purpose of maintaining the water molecules and creat-
ing a controlled moisture environment for our following investigation of interfacial
properties.

In order to characterize the traction—separation behavior of CNC interface failure,
the fracture simulation of CNC interface was utilized in two directions: normal to the
interface which refers to tensile failure and parallel to the interface which refers to the
shear failure. After equilibration of the CNC models, the carbon atoms in left CNC
were fixed in the fracture simulation, whereas those in the right CNC were given a
velocity boundary condition. The remainder of the system was completely free. Defor-
mation velocities were 0.00001 A /fs for both normal and parallel loading cases. In the
fracture simulations, the load direction in tensile deformation is perpendicular to the
CNCs interface and the load direction of shear deformation is parallel to the interface.
The precise load direction allows for an accurate evaluation of the interfacial properties
and investigation of the interfacial behavior. The timestep for all fracture simulations
was set to 0.5 fs. Every 100 steps, the force and interactions between the CNCs were
recorded for data collection. “Compute group/group” in LAMMPS was employed to
calculate the adhesive energy and force interaction between two groups of atoms.
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Results and discussion
Self-assembly behavior of water molecules during and after relaxation

Interfacial moisture has a significant impact on the relaxing process and post-
relaxation state of CNCs-water system. Figure 2 shows how the configurations
change at various interfacial moisture to dry mass ratio levels. The relaxation
process represents the mutual absorption process between CNCs, which can be
divided into two steps. Firstly, the interaction between CNCs makes the surfaces of
neighboring CNCs gradually fit together. Then, they are entirely fitted and tend to
stabilize. The relaxation process changes while the water molecules are added to the
interfacial region. At lower interfacial moisture, as an example, in the case of 0.25
wt% interfacial moisture, the water molecules will adsorb on the adjacent surfaces of
CNCs. Afterward, the adsorption process is similar to the dry interfaces in that the
CNC demonstrates a fitting tendency and be close to each other until stabilized. At
higher moisture to dry mass ratio, such as the 0.75 wt% case, our simulations reveal
a distinct distribution of water molecules at the CNC interface. While some water
molecules adsorb onto the surfaces S1 and S2, others disperse within the interfacial
region between the nanocrystals. This increase in water molecule density promotes a
tendency for closer packing in these regions, as evidenced by our trajectory analysis.
In other words, the presence of more water molecules in these areas appears to draw
the CNC:s slightly closer together.
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Fig.2 a Dry interface relaxation process, b 0.25 wt% interface relaxation process, ¢ 0.75 wt% interface
relaxation process
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After initial relaxation, the water molecules are located between the seams
of CNCs. As illustrated in Fig. 3, the chains of CNCs can maintain their parallel
orientation in both diagonal direction and vertical directions. In the interface area,
the chains belonging to different CNCs are interleaved, creating gaps between CNCs,
resembling a gear mesh. As moisture is introduced into the interfacial region, water
molecules are adsorbed in these gaps after relaxation. With increasing moisture to
dry mass ratio, the water molecules gradually spread throughout the interface but
still concentrate in the gap region, as shown in Fig. 3b—{. It is noteworthy that while
the arrangement of CNC system appears to be relatively orderly in the dry state,
the arrangement of atoms in the CNC-water system becomes chaotic. As shown
in Fig. 3, an increase in interfacial moisture can lead to the gradual and uniform
dispersion of water molecules between the CNC interface. However, this increase in
moisture to dry mass ratio may also enlarge the gap between the CNCs weakening
the interaction.

Effects of moisture on the interface shear traction-separation behavior

The shear simulations were conducted to estimate the effect of moisture on the
stick—slip behavior of CNCs. A series of 10 individual samples was used to
generate the data, with the averaged curves plotted in Fig. 4. Figure 4a shows the
traction—separation response along the shear direction. All curves show the stick—slip
phenomenon of the CNC interface. The shear curves alter periodically where the
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Fig.3 Configuration of CNC-water system of different moisture: a Dry, b 0.25 wt%, ¢ 0.5 wt%, d 0.75
wt%, e 1.0 wt%, £ 1.25 wt%
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Fig.4 Interfacial shear mechanical property of CNC interface: a force-displacement curves of shearing
loading at different moisture situations, b shear peak force of different moisture situations

displacement is the multiple of the length of the cellulose units. Figure 4a shows
the difference in shear force—displacement curves for both dry and wet interfaces.
These curves exhibit a series of force peaks that gradually diminish in magnitude.
This observation is due to a progressive decrease in the effective interaction area
between the CNCs as they slide past each other during shearing. The initial peak in
the dry interface curve occurs at approximately 5 A, which corresponds to half the
length of a cellobiose unit. Specifically, a rise of 5.19 A per residue corresponds
to a total length of 10.38 A for a cellobiose unit, as reported by a previous study
(Nishiyama et al. 2002). The positions of these peaks show an oscillating pattern,
corresponding to the periodic crystalline structure of cellulose. The wet interface
exhibits a slightly distinct behavior. The peak force is slightly delayed compared to
the dry interface, and the overall force variation becomes smoother as the moisture
to dry mass ratio become higher. This observation aligns with our finding that water
molecules fill the gaps between CNCs during equilibration. The presence of water
likely alters the interaction patterns between CNCs, causing a more gradual increase
and decrease in shear force. Consequently, the wet interface requires a slightly
larger displacement to reach the peak force from the equilibrating state, indicating a
more complex interaction due to moisture. In conclusion, the introduction of water
molecules results in a smoother and slightly delayed force profile in the wet interface
shear response.

The shear peak force of different moisture situations is shown in Fig. 4b. The
interface exhibits higher shear peak force in low moisture to dry mass ratio cases
(from 0.25 wt% to 0.75 wt%) compared to the dry interface. However, the shear
peak force decreases when the moisture to dry mass ratio exceeding 0.75 wt%.
As shown in Fig. 4a-b, the shear peak force gradually reduces with the addition
of moisture and the amplitude of oscillation of the curves decreases in all wet
cases. This suggests the addition of water molecules reduces the interaction,
thereby diminishing the stick—slip function of CNCs. During shear deformation,
the behavior of the water molecules is quite different. When the moisture is
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lower than 1.0 wt%, the gap between the interface shrinks and the shear barrier
increases. Consequently, the water functions as the binder of the CNC interface.
Therefore, larger shear force is required to overcome the enhanced anti-shear
ability. According to a previous study, with the increased moisture to dry mass
ratio, the vacancy between the interface is occupied and forms a water-related
hydrogen bond network between the CNCs, as shown in Fig. 5, and the water
hydrogen bonds are more unstable and fleeting compared with the CNCs
hydrogen bonds (Wei et al. 2018). As a result, the interaction between the CNCs is
weakened due to the decrease in the h-bond stability. Considering the behavior of
water molecules, some of the water molecules roll along the shear path instead of
contributing to the interfacial shear peak force. Although the force—displacement
curves are similar in shape, the curves gradually become smoother due to
the low stability of the hydrogen bonds formed by water combined with the
reduced vdW interaction between CNC interfaces. In such conditions, the CNC
interface exhibits weaker resistance to shear deformation while the water works
as lubricant. A similar trend had been observed by Wei et al. (2018) and Sinko
and Keten (2014), where the water could increase the shear peak force and then
significantly decrease the shear peak force.
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Fig.5 Shearing process of 1.25 wt% case with the hydrogen bonds network formed by water molecules
and CNC, some water molecules work as lubricant between CNC interfaces

@ Springer



Wood Science and Technology

Effects of moisture on the interface tensile traction-separation behavior

The results of the tensile simulation of CNC interfaces are presented in Fig. 6a-b to
demonstrate the behavior of water molecules during separation and explain how the
interfacial property changes. What stands out in Fig. 6b is the different interfacial
tensile peak force of samples with different moisture to dry mass ratio. The tensile
peak force shows a similar trend to the shear peak force. The peak force appears in
0.25 wt% case with interfacial peak force being 116.5 nN. After that, there has been
a gradual fall in the peak force instead of a sharp drop in shear mode. Furthermore,
unlike the case of shear, the interfacial peak force of 1.0% samples is still larger than
the dry interfaces.

Based on previous studies (Sinko and Keten 2015; Sinko et al. 2014), it is
believed that the van der Waals interaction is the dominant interaction mechanism
for 200-200 interface of CNCs. As discussed in the section about self-assembly
behavior of CNC system, water molecules of low moisture attract the CNCs closer
to each other, this effect enhances the van der Waals interaction leading to the
increase in the separation force. Previous studies have shown that cellulose exhibits
a limited capacity for water adsorption, with excess moisture remaining in a free
state (Paajanen et al. 2022; Petridis et al. 2014). Our simulations are consistent
with these studies, indicating that at high moisture levels, the adsorption sites on
the S1 and S2 surfaces become saturated, leading to the presence of unbound water
molecules. Analyses of the simulation trajectories for the separation process at
0.5 wt% and 1.0 wt% cases support these observations. As shown in Fig. 7, upon
complete separation of the CNCs, while the water molecules remain adsorbed to the
surfaces at 0.5 wt%, a portion of the water molecules at 1.0 wt% disperse within the
space between CNCs.

Moreover, in force—displacement curves, there appears a second peak in each
curve as shown in Fig. 6a. Figure 8a, b show the relationship of separation force and
number of hydrogen bonds of 1.0 wt% case and 1.25 wt% case. The trend how the
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Fig. 6 Interfacial tensile mechanical property of CNC interface: a force-displacement curves of tensile
loading at different moisture situations, b tensile peak force of different moisture situation

@ Springer



Wood Science and Technology

(@)

(b)

il
NS
TERARY e
\T A
e
?

100 350 400

— Tensile Force — Tensile Force
—— Number of Hbonds

— Number of Hbonds

2
3
=
g
3
8

350 2
]

W
g
3

Number of Hbonds
d:

W

g

3
2
2
3
8

2
2
Tensile Force (nN)
N
8
Number of Hbo

2
S

200 250

Adhesive Energy (Kcal/mol-A)

2000

°
'
8
3

150 0
8 0 2 4 6 8 0.00 025 050 075 100 125

Displacement (A) Moisture (%)
@ () ©

Fig.8 a Relationship between tensile force and number of hydrogen bonds of 1.0 wt% case, b
relationship between tensile force and number of hydrogen bonds of 1.25 wt%, ¢ adhesive energy of
different moisture situations

curves change is almost the same. As discussed before, during the 200-200 interface
separation process, the van der Waals interaction plays a dominant role which is only
related to distance. With the separation of interfaces, the van der Waals interaction
decreases, so the second peak in the force—displacement curve is irrelevant for van
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der Waals interaction. From Fig. 8a, b it can be seen that the second peak appears in
the force—displacement curve following a peak in the hydrogen bond-displacement
curve. Although hydrogen bonds are not the main interaction of 200-200 interface,
their attracting effect on the interfaces still needs to be overcome in the separation
process. Figure 7 shows a schematic diagram of the internal hydrogen bond during
separation. With the increase of moisture, the hydrogen bonds network structure
becomes more complicated. In the sample of 1.0 wt% moisture to dry mass ratio,
there are plenty of lines between the CNC interfaces connected by multiple water
molecules consisting of more than two hydrogen bonds. In 0.5 wt% case most of
the hydrogen bonds formed by water are CNC-water h-bond or CNC-water-CNC
h-bond.

Figure 8c demonstrates the adhesive energy of different moisture to dry mass
ratio interfaces. The adhesive energy exhibits the same trend as the interfacial peak
force, which increases first and then descends afterwards. As described before, the
addition of water molecules can draw the two CNCs closer to each other and lead
to the increase in adhesive energy. While the interfacial moisture increasing fur-
ther, the adhesive energy descends by opening the gap between the CNCs, which
replaces the CNC-CNC hydrogen bonds by CNC-water-CNC hydrogen bonds and
reduces the vdW interactions. In this case, the 0.25 wt% moisture to dry mass ratio
is a special state for the CNC system in our study, which reaches the maximum vdW
interaction and hydrogen bond interaction. When the external load acts on this CNC
system, greater forces are required to overcome the interaction within the system,
therefore the adhesive energy, shear peak force and tensile peak force are maximum.

Effects of temperature on dry and wet interface

To systematically analyze the effects of temperature on the interfacial property of
CNC interface, we employed simulations for both dry and wet conditions. Ten simu-
lations of each condition were employed and averaged to ensure accuracy.

Effect of temperature on dry interface

Figure 9 illustrates the interfacial properties of the dry CNC interface at different
temperatures. The model and simulation details used in this section are the same
as those in the last section. Unlike the effect of moisture to dry mass ratio on
the interfacial properties, there is no clear regularity in the variation trend of the
interfacial properties with temperature. The shear peak force of the dry interface
decreases as the temperature increases. After reaching 320 K, the shear peak force
begins to rise and then declines at 350 K, as shown in Fig. 9a. In terms of the
tensile peak force, as presented in Fig. 9b, there are no significant changes observed
from 300 to 340 K. However, at 350 K, the tensile peak force slightly decreasing
compared to room temperature. The adhesive energy exhibits an initial increase
followed by a decrease trend, as depicted in Fig. 9c. Based on the above description,
the influence of temperature on the interfacial properties is unstable, and the
changing trends of shear peak force and tensile peal force differ considerably. The
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Fig.9 a Shear peak force of dry CNC interface at different temperature, b tensile peak force of dry
interface at different temperature, ¢ adhesive energy of dry CNC interface at different temperature

variation in adhesive energy is similar to that of moisture, but overall, the changes
in interfacial properties are not significant. Therefore, within the temperature range
studied in this paper, there is no apparent influence of temperature on the interfacial
mechanical properties of dry interface.

Effect of temperature on wet interface

In this part, we estimate the effects of temperature on the wet interface. To compre-
hensively investigate the combined effects of temperature and moisture on the CNC
interface, this study examined the temperature range of 300-350 K, consistent with
previous section. Given the distinct water molecule behavior across varying mois-
ture levels, multiple moisture conditions, ranging from 0.25 wt% to 1.5 wt%, were
incorporated into the study.

The variation of the interfacial shear peak force is shown in Fig. 10, where the
fluctuation of the mechanical properties varies for different moisture conditions. At

=
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=

&
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s

Fig. 10 a Shear peak force of all moisture situations at different temperatures, b tensile peak force of all
moisture situations at different temperatures
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lower moisture level (from 0.25 wt% to 0.75 wt%), little fluctuation in the variation
of the shear peak force is observed, but at higher levels (1.0 wt% and 1.25 wt%),
the change of the shear peak force with temperature becomes considerable and
there are some abnormal situations, such as 320 K at 1.0 wt% moisture and 310 K
at 1.25 wt%. At low interfacial moisture, the difference between the maximum and
minimum shear peak force is 11% and 18.26% respectively. At high moisutre, the
difference between the maximum shear peak force and minimum ones is 44.23%
and 76.46% respectively. This result illustrates the instability of the interfacial
mechanical properties of CNC interface at high temperature and moisture situations.
In general, the shear peak force shows a trend of increasing and then decreasing.
The phenomenon also appears in the variation of the tensile peak force. At low
moisture, the tensile peak force of the CNC interface decreases gradually with
the increasing of temperature. The smallest change in tensile peak force occurs at
0.75 wt% moisture. At high moisture, the fluctuation in tensile peak force becomes
greater. At low moisture the maximum values of tensile peak force increase by
10.14% and 11% respectively compared to the minimum values. At moisture of 1.25
wt%, the maximum value of tensile peak force increases by 44.34% compared to the
minimum value.

The adhesive energy of the CNC interface is given in Fig. 11. The general trend of
the relevant changes in adhesive energy is similar to that of the interfacial peak force.
The adhesive energy is larger at lower temperatures and moisture. The change in the
adhesive energy is smallest at 0.75% moisture, showing a trend of increasing and
then decreasing. The effect of temperature on the adhesive becomes more significant
at higher interfacial moisture, especially at 1.25 wt%. When the interfacial moisture
reached 1.25 wt%, the adhesive energy represents a significant change from 320 to
330 K, decreasing by 27.5%. As the temperature further increases, the interfacial
adhesive energy decreases to a lower level.

This section outlines the results of the temperature impact on different moisture of
CNC interface performance. At low moisture level, the interfacial property changes
slightly. When the moisture increases, the impact of temperature on interfacial

Fig. 11 Adhesive energy of all
moisture situations at different
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18000 3

16009

1400

s
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performance become more considerable. The key finding in this section is that the
effect of temperature on the interfacial shear property is more pronounced compared
to its effect on tensile property at high moisture levels. We observed a trend of
increasing and then decreasing under certain conditions. In general, the combined
effect of temperature and moisture on the mechanical properties at CNC interface is
complex. Temperature has a similar impact on the interface at low moisture levels as
it does on dry condition, but its effect becomes more pronounced at high moisture
levels.

Conclusion

In this work, molecular dynamics (MD) simulations were conducted to investigate
the effects of moisture and temperature on the CNC interface. The simulations
focused on understanding the interfacial mechanical properties and behavior of
CNC interface under both tensile and shear loading across different temperature and
moisture conditions. The major conclusions are drawn as follows:

(1) The configuration of CNC interface changes considerably while the moisture
increases from 0.0 wt% to 1.25 wt%. At low moisture, the water molecules may
occupy the vacancy between CNCs and lead the CNCs closer to each other.
This also may enhance the interaction of CNCs. When the moisture at the inter-
face increases, the vacancy is completely occupied by water molecules and the
distance between CNC is propped up. As a result, the interaction constantly
declines.

(2) At room temperature, the interfacial mechanical properties show an increas-
ing and then descending trend with the increasing interfacial moisture. At low
moisture levels, the water molecules work as a binder that expands the van der
Walls interaction between the CNC which is the domain interaction of 200-200
interface. At high moisture levels, the water molecules become lubricant because
they substantially lower the adhesive energy and peak force between CNC inter-
face.

(3) The effects of temperature are slight for dry and low moisture cases. As for the
comparatively high moisture cases, the effects of temperature are more signifi-
cant on shear rather than tensile properties. In general, the effects of tempera-
ture on the interfacial mechanical properties are not uniform at the temperature
range studied in this paper. Further and comprehensive researches ought to be
conducted to deeply probe the combine effect of temperature and moisture on
the CNC interfacial performance.

This study provides insights into the shear and tensile performance of CNCs
interfaces at different interfacial moisture and temperature. Our investigation implies
that CNCs with a better interfacial performance can be obtained by controlling the
moisture and temperature, which may be used to provide fundamental recommenda-
tion for the design and application of CNCs.
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