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Abstract: Geopolymer materials have emerged as promising alternatives to ordinary Portland
cementitious materials, offering more sustainable solutions for concrete production. Sodium
aluminosilicate hydrate (N-A-S-H) serves as a crucial component in geopolymer concrete, while its
thermomechanical properties at elevated temperatures remain relatively underexplored. This study
examined the molecular structural variations of N-A-S-H within a temperature range of 300-900 K.
The influence of different Si/Al ratios and temperature levels on molecular characteristics and atomic
mobility was analyzed using the radial distribution function (RDF) and mean square displacement (MSD).
The thermal conductivity of the N-A-S-H gel was determined using the Miiller-Plathe reverse
nonequilibrium molecular dynamics (RNEMD) method. Results show that as temperature increases,
the mobility of Si and Al atoms is enhanced, and the thermal conductivity of N-A-S-H gel ranges
from 1.431 to 1.857 W/m/K. The thermal conductivity increases with higher Si/Al ratios and elevated
temperatures, suggesting decreased thermal insulation performance at higher Si/Al ratios and temperatures.
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1. Introduction

Concrete is the most widely used construction material, with annual consumption
exceeding 10 billion tons and continuing to rise [1]. Ordinary Portland cement (OPC), the primary
binder, is produced through high-temperature calcination of limestone, a process that is energy-intensive
and responsible for approximately 5% of global CO2 emissions [2—-5]. Geopolymers have emerged as
a promising alternative, offering lower carbon emissions and the potential to utilize industrial waste
by-products [6,7]. Composed mainly of silicon and aluminum-rich industrial waste like fly ash and
ground granulated blast furnace slag, geopolymers undergo chemical reactions with alkaline activators,
resulting in a solid material with excellent mechanical properties and durability [8—11]. They also
exhibit desirable characteristics such as rapid setting times, high strength, low thermal conductivity,
and good thermal stability [12—14].

Recent research has demonstrated that geopolymers exhibit excellent thermal stability and
insulation performance at elevated temperatures [15], making them increasingly suitable for
application in fire insulation materials in construction [16,17]. Cheng et al. [16] investigated the
thermal insulation behavior of a 10 mm thick geopolymer panel, with granular blast furnace slag as
the precursor. After exposure to flames at 1100 °C for 35 min, the temperature on the backfire surface
remained below 350 °C. Temuujin et al. [18] studied the fire resistance of geopolymer coatings made
from fly ash and found that coatings with thicknesses of 0.6 and 1.5 mm exhibited a temperature lag
of approximately 7 and 9 min, respectively, before the covered structural surface reached the exposed
fire temperature. Coatings with 20 mm thickness were expected to maintain a thermal delay of
over 100 min.

The fire-resistant insulation performance of geopolymer materials is primarily determined by
their thermal stability and heat insulation properties. The material must retain its structural integrity at
elevated temperatures, preventing degradation or failure during exposure to heat or fire. Moreover, its
thermal conductivity should be sufficiently low to minimize heat transfer from the external
environment to the protected surface. As reported by Qomi et al. [19], the thermal conductivity of
calcium silicate hydrates (C-S-H) is in the range of 0.74—1.25 W/m/K. While sodium aluminosilicate
hydrate (N-A-S-H) exhibited higher thermal conductivity, ranging from 1.665 to 1.916 W/m/K [20].
In addition, the thermal stability of geopolymers depends on their chemical composition, which can
be optimized by adjusting the Si/Al ratio [21] and water content [18]. This stability can be further
enhanced by incorporating steel fibers and waste iron powder [22,23]. Furthermore, the thermal
conductivity of geopolymers can be modified by adding heat-insulating fillers [24], and it is also
influenced by materials’ service temperatures [23].

Geopolymers are inorganic polymers with an amorphous microstructure, and N-A-S-H is their
primary component. The performance of geopolymers is directly influenced by the properties of
N-A-S-H gel. The microstructure of N-A-S-H is influenced by several factors, including the Si/Al
ratio [25], temperature exposure [26], curing conditions [27], and water-to-binder ratio [28]. Although
numerous macro-level experiments have investigated the high-temperature performance of geopolymer
materials, there is a lack of in-depth understanding of the molecular structural changes and
performance variations of N-A-S-H, a key component of geopolymers [29-32]. The thermal
conductivity should be attributed to the thermal motion of molecules and atoms, which is difficult to
analyze accurately at the macroscopic scale. To address this gap, molecular dynamics (MD)
simulations offer a powerful tool for investigating the molecular-level behavior of N-A-S-H gel. This
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method allows for the detailed exploration of structural changes and interactions at the atomic scale,
providing valuable insights into the thermal performance and other properties of geopolymers that are
difficult to observe through traditional experimental approaches.

Numerous studies have indicated that molecular dynamics simulations can efficiently and
accurately predict the thermal properties of materials, effectively compensating for measurement
errors caused by external environmental factors during experimental processes [33—36]. Based on MD
simulations, the structures of geopolymers at temperatures ranging from 273 to 4273 K and Si/Al ratios
ranging from 1:1 to 3:1 were compared by Kupwade-Patil et al. [25] They found that N-A-S-H
geopolymer structures were more stable at elevated temperatures compared to their potassium
aluminosilicate gel (K-A-S-H) counterparts. Additionally, a Si/Al ratio of 2:1 contributed to a superior
thermal stability of N-A-S-H, which can be attributed to the increased energy required to break the
molecular bonds at shortened bond lengths in temperatures from 298 to 4273 K. Liu et al. [20]
investigated the effects of varying Si/Al ratios, porosity, and water content on the thermal conductivity
of geopolymers. They found that the thermal conductivity of N-A-S-H increased by 15.1% when the
Si/Al ratio was raised from 1 to 3.

MD simulations of thermal conductivity can be categorized into equilibrium molecular
dynamics (EMD) and nonequilibrium molecular dynamics (NEMD) [37-39]. EMD and NEMD are
based on the fluctuation-dissipation theorem and Fourier’s law of conduction, respectively, with
NEMD being more representative of experimental conditions. Additionally, EMD is typically
more computationally intensive, and its results are more sensitive to the choice of simulation
parameters [40]. Both NEMD and EMD methods are subject to finite-size effects, but these effects are
more pronounced in NEMD due to the presence of interfaces at the heat source and sink. This effect
arises from the relationship between the system size and the phonon mean free path. When the system
size is smaller than or comparable to the phonon-free path, it can lead to inaccuracies in thermal
conductivity calculations. Furthermore, in the NEMD method, a temperature gradient must be applied,
which may introduce nonlinear effects, and the results are typically limited to thermal conductivity in
one single direction. In contrast, EMD simulations provide a more comprehensive assessment of
thermal conductivity in all directions [20,41].

The introduction of the reverse nonequilibrium molecular dynamics (RNEMD) method by
Miiller-Plathe has addressed several challenges in thermal conductivity simulations [42]. This method
directly applies a heat flux and measures the resulting temperature gradient, avoiding the large
fluctuations in heat flux that can occur in the traditional method. As a result, RNEMD offers faster and
more stable convergence. Furthermore, RNEMD does not require complex boundary conditions and
can conserve total linear momentum, total kinetic energy, or total energy, while eliminating the need
for thermostats to regulate temperature. This makes RNEMD applicable to a wider range of simulation
systems. Compared to traditional NEMD modeling, RNEMD provides a more accurate approach for
studying changes in thermal conductivity across different temperature ranges, considering various
influencing factors, and enabling faster data collection and analysis [42,43] The RNEMD method has
been widely used to calculate the thermal conductivity of various materials, including nanofluid [44],
boron nitride/epoxy resin composites [45], graphene nanoribbons [46], and Fe-Cr alloys [47].

Based on the above, geopolymers are promising high-temperature insulation materials, with their
primary properties linked to the molecular structure of N-A-S-H and dependent on the Si/Al ratio.
Most existing research has focused on experimental studies at the macroscale, leaving a gap in
investigations into how the N-A-S-H molecular structure and thermal conductivity vary with temperature.
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Thermodynamic MD simulations are capable of efficiently and accurately predicting the thermal
properties of materials, as well as analyzing variations in bond lengths, molecular structures,
and thermal conductivity at extreme temperatures. These simulations are expected to provide
valuable insights into the thermodynamic characteristics of N-A-S-H geopolymer gels. Expanding
research in this area will deepen our understanding of their thermal behavior at the molecular level,
ultimately contributing to the development of geopolymers with enhanced performance for
high-temperature applications.

2. Materials and methods
2.1. Construction of molecular structure

N-A-S-H is primarily composed of a random three-dimensional tetrahedral lattice containing
silicon and aluminum units, water, and free metal cations [48]. The molecular structure of Na2Si2Os
glass closely resembles the composition system of geopolymers [49,50]. Therefore, in this study, the
molecular structure of Na>Si,0s glass was chosen as the initial structure for constructing the molecular
model of the geopolymer [51].

To study the effects of the Si/Al ratio and temperature on the structure and thermal conductivity
of geopolymers, three models with varying Si/Al ratios were constructed. The molecular models with
different Si/Al ratios were obtained by randomly substituting Si atoms with Al atoms. Since Si in these
structures formed four coordinated bonds, substituting Si with Al atoms created a charge imbalance.
To maintain charge balance, Na" ions were redistributed, matching the number of Al atoms.
Geopolymers typically exhibit an amorphous structure. Therefore, the model was created using the
Amorphous Cell module. Water molecules, distributed at a specific ratio, were randomly inserted into
the cavities of the geopolymer gel to form the N-A-S-H molecular model.

Energy optimization is a critical step in molecular dynamics to ensure the stability of the model.
In this study, energy optimization was performed using three different algorithms (steepest descent,
conjugate gradient, and Newton—Raphson method) to achieve the minimum energy state. After
optimization, periodic boundary conditions were applied in the X, Y, and Z directions to simplify
the simulation.

Molecular dynamics simulations are typically divided into two stages: model equilibration and
data collection. In the model equilibration stage, the system was first heated to 2500 K and equilibrated
for 100 ps under the isobaric-isothermal (NPT) ensemble. Following this, a quenching simulation was
performed under the NPT ensemble, where the system was heated to 2500 K and then gradually cooled
to 300 K, followed by equilibration at 300 K for 100 ps. Afterward, the system was run for an
additional 100 ps at 300 K and 1 atm pressure under the NPT ensemble, with a time step of 1 fs. Once
the equilibration stage was complete, the system transitioned to the data collection stage. During this
stage, the system was further equilibrated using the canonical ensemble (NVT) at 300 K, with a time
step of 1 s for 100 ps.

The final amorphous geopolymer structure model is shown in Figure 1, where white balls
represent hydrogen atoms, red balls represent oxygen atoms, pink balls represent aluminum atoms,
yellow balls represent silicon atoms, and purple balls represent sodium atoms. The molecular model
composition is summarized in Table 1.

AIMS Materials Science Volume 12, Issue 2, 258-277.



262

Table 1. Composition of the simulated geopolymer.

Si/Al Na/Al H,O/Al Number of atoms
1 1 1 701
2 1 1 611
3 1 1 571

Figure 1. N-A-S-H model with Si/Al = 1.

2.2. Force field and potential functions

The forcefield is used to calculate interatomic forces in MD simulation. It is an empirical fitting
expression describing the system’s potential energy U, which is an algebraic function Eq 1:

U = Uyaiance + Unon-pond (1)

Here, U represents potential energy, Uyaiance refers to the bond energy, and Uson—sona represents the
non-bond energy. The bond energy can be further divided into bond diagonal terms (representing bond
stretching) and bond cross terms (representing bond-angle interactions). The non-bonded energies
include van der Waals forces, electrostatic interactions, and hydrogen bonding.

There are various types of force fields, and no single universal force field can accurately represent
all systems. It is important to select a force field that aligns with the specific requirements of the model
to ensure simulations and reliable analysis. Non-reactive forcefields such as COMPASS II [52],
Dreiding [53], and Universal [54] are commonly used for the molecular dynamics simulation of
N-A-S-H gel. COMPASS 1II is an advanced, well-established forcefield designed for atomic
simulations. It is a valence force field, meaning all bonds are treated as valence, and metal bonds,
especially ions, are present. Silicon bonds are covalent, and metal cations (e.g., Na") are considered
free and typically located near Al atoms. However, COMPASS II is not ideal for N-A-S-H gel
simulations due to the presence of free ions and covalent bonding.

It is worth noting that in recent years, ReaxFF and Universal Force Field (UFF) have also been
applied to study the molecular behavior of N-A-S-H [54,55]. ReaxFF offers advantages in dealing with
reactivity and bond breaking, while UFF is an all-element force field that accurately represents most
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elements of the periodic table, offering a more comprehensive view of the system. Therefore, we have
chosen the UFF in this study as it provides a better description of the variations in the non-reactive
system [54]. UFF is a harmonic force field, where bond stretching is described by the harmonic term,
the angle bending by a three-term Fourier cosine expansion, and torsions and inversions by
cosine-Fourier expansion terms. Non-bonded interactions are modeled using the Lennard-Jones
potential for van der Waals interactions and a distance-dependent Coulombic term for electrostatic
interactions. The potential energy equation for the universal force field is Eq 2:

E=Ep+Eqg+Ep+E,+Eyqw+Ey (2)

In this equation, the bond energy includes contributions from bond stretching (Er), bond angle
bending (Ey), dihedral angle torsion (£4), and inversion energy (Ew»). The non-bonded interactions
consist of van der Waals forces (Evav) and electrostatic interactions (Ee).

2.3. Thermal conductivity calculation method

In the RNEMD method, the energy PE is variable, and energy exchange occurs through the
transfer of kinetic energy between two atoms [42]. Specifically, the hottest atom in the cold layer is
exchanged with the coldest atom in the hot layer. The energy transfer is quantified by averaging over
multiple such exchanges. In RNEMD, a direct temperature gradient is not applied to the system.
Instead, a heat flux is introduced, and the resulting temperature gradient is calculated. This approach,
where the temperature gradient is indirectly induced, leads to a more stable heat flux transfer, resulting
in more convergent data [56].

At the macroscopic level, the thermal conductivity is defined according to Fourier’s law as the
ratio of heat flux to temperature gradient. Here, ¢. represents the thermal conductivity, ¢ is the heat
flux, and IT is the temperature gradient, as shown in Eq 3:

¢, = —=6VT 3)

Figure 2 shows the simulation box, which is divided into N slices, each having the same thickness and
volume, oriented perpendicular to the z-direction. Periodic boundary conditions are applied in all
directions to ensure continuous heat transfer within the system. The instantaneous local dynamic
temperature 7} in slice & is given by the Eq 4:
1 Nk
Ty = —— Y% m? @)

- 3ngkp

where kg is the Boltzmann constant, 7 is the number of atoms in the &-th slice, m; is the mass of the
i-th individual atom, and v; is the velocity of the i-th atom.

Once the system reaches a steady state, the energy transfer due to the unphysical velocity
exchange and the resulting heat flux in the reverse direction come into equilibrium. As a result, the
thermal conductivity () can be expressed as Eq 5:

&2
A= 2tLyly VT )

where ¢- is the heat flux, 2 represents the mirror relationship of heat transfer, ¢ is the total simulation
time, L.Ly is the cross-sectional area of the model perpendicular to the z-direction, and T is the
temperature gradient.
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Figure 2. Simulation box with N slices and the resultant temperature gradient.

Slice 0 and slice N were defined as the “hot™ layers, and slice N/2 was defined as the “cold” layer.
In the heat transfer process, the hottest atom in the cold layer exchanged kinetic energy with the coldest
atom in the hot layer. These two atoms, having the same mass, underwent a velocity exchange: the
velocities of the hottest atom in the cold layer and the coldest atom in the hot layer were swapped. This
exchange of kinetic energy led to a redistribution of energy between the layers, causing the cold layer
to lose energy and the hot layer to gain energy. As a result, a temperature difference formed between
the layers, establishing a temperature gradient. Importantly, this exchange of velocities did not alter
the system’s total linear momentum, total kinetic energy, or total energy, as it adhered to the conservation
laws. However, the total angular momentum of the system was not conserved during this process.

In this study, the geopolymer structure model was employed, and the simulation box was extended
along the heat flux direction (the z-direction) with an extension ratio of at least 1:3. The system was
divided into 40 slices, and simulations were performed using the UFF with a time step of 0.25 fs. Initially,
the system was equilibrated at 300 K. Velocity exchanges were carried out every 100 steps (0.025 ps).
During the equilibration phase in the NVT ensemble, a total of 5000 exchanges (125 ps) were
performed. Afterward, the system was simulated for 10,000 exchanges (0.25 ns) under the Microcanonical
Ensemble (NVE), and the thermal conductivity data was subsequently obtained.

3. Results and discussion
3.1. Energy and temperature variations of different models

The structural properties of geopolymer materials are strongly influenced by energy and
temperature fluctuations between molecules. The changes in energy and temperature, as observed from
molecular dynamics simulations, provide valuable insights into the rationality and stability of the
structure. Therefore, the energy and temperature variations of geopolymers with different Si/Al ratios
were examined, and the results are presented in Figure 3. According to this figure, the variation curves
for potential energy, total energy, and non-bonded energy exhibit similar trends, with no significant
fluctuations during the simulation. This stability suggests that the system is reasonable and stable.
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Notably, the total energy of the structure with a Si/Al ratio of 1 is lower than that of the other two
competitors. Furthermore, the potential energy gradually increased from —26,200 at Si/Al ratio of 1
to —19,450 and —16,310 kcal/mol as the Si/Al ratio increased to 2 and 3, respectively. Similarly, the

non-bonded energy increased progressively from —33,500 to —26,500 and —23,500 kcal/mol as the
Si/Al ratio rose from 1 to 2 and 3, respectively.
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Figure 3. Variation of potential, total, and non-bond energy at Si/Al ratios of (a) 1, (b) 2, and (c) 3.

Figure 4 shows the temperature variation over time for systems with different Si/Al ratios. It is
observed that, after 200 ps of molecular dynamics simulation at an initial temperature of 300 K, the
temperature fluctuated around 300 K and remained largely stable for these three models.
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Figure 4. Variation of temperature with time at Si/Al ratios of (a) 1, (b) 2, and (c) 3.

In summary, all three models reached their minimum energy state after the MD simulation.

Additionally, the energy of the geopolymer structure increased significantly at higher Si/Al ratios,
demonstrating an improvement in structural stability.

3.2. Radial distribution function (RDF)

RDF defines the probability of finding another atom within a certain distance from a given
atom [57]. RDF analysis provides insights into the microscopic structural changes between different
atoms in the geopolymer structure, helping to assess both the stability of the structure and the
interactions between atoms. The RDF is calculated using the following Eq 6:
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. )
g = lim W (6)

adr—0 45
where v is the volume of the constructed model, Npairis the number of unique atomic pairs, ris the
distance between a pair of atoms, and p(r) is the number of atomic pairs found within the distance
range rto r + dr.

Figure 5 shows the RDF curves for Si-Al bonds at Si/Al ratios of 1, 2, and 3 at different
temperatures (300, 600, and 900 K). As expected for an amorphous structure, all curves exhibit
short-range order and long-range disorder. Notable peaks appear in the short-range region (0-5 A);
beyond 5 A, curve fluctuations gradually decrease, approaching a value of 1. This behavior is

characteristic of amorphous structures and aligns well with the experimental data obtained from X-ray
measurements in White’s study [58].
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Figure 5. RDF of Si-Al bonds at Si/Al ratios of (a) 1, (b) 2, and (¢) 3 at various temperatures.
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From the RDF curves, it is observed that the peak intensity of the Si-Al bond decreased with
increasing temperature, particularly within the 2.8-3.5 A range. For all three Si/Al ratios, the peak
intensity decreased more significantly between 300 and 600 K, while the reduction from 600 to 900 K
was minor, with an average decrease of 0.4 A. This trend suggests that the N-A-S-H structure becomes
more stable at increased temperatures.

Additionally, for Si—Al bonds at Si/Al ratios of 1, 2, and 3, the bond length decreased from 3.22
to 3.18 A across temperatures of 300, 600, and 900 K, with a reduction of 0.04 A. The shortening of
the Si—Al bond length increased the bond energy between atoms, indicating that the interaction
between Si—Al bonds strengthens as the Si/Al ratio increases. This enhanced bond strength suggests
that the geopolymer structure can maintain its high strength at elevated temperatures, further
confirming its stability and heat resistance.

Furthermore, the RDFs of the Si—O and Al-O bonds were analyzed using UFF potentials, as
shown in Figure 6, and the results were compared with those reported in other force field studies cited
in [59]. The first RDF peak for the Si—O bond appears at 1.62 A, which aligns well with the reported
range of 1.60-1.65 A in previous studies [60]. Similarly, the first RDF peak for the Al-O bond is
located at 1.74 A, consistent with the reported range of 1.74-1.80 A [61]. Moreover, both the Si-O
and AI-O bonds exhibit slight elongation with increasing temperature [62].
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Figure 6. RDF of Si—O bonds and Al-O bonds at Si/Al ratios of 1 at various temperatures.
3.3. Mean square displacement (MSD)

The mean square displacement (MSD) was used to quantify the diffusion extent of atoms in the
geopolymer structure [54]. This is an important indicator of the molecular diffusion rate within the
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system and describes the deviation of an atom’s position relative to its original position. The MSD can
be calculated using the Eq 7:

MSD = ~(Ir;(t) = r;(0)]?) (7)

where N is the number of atoms, 7i(¢) represents the position of atom 7 at time ¢, and is 7(0) the initial
position of atom i at the start of the simulation.

Figure 7 shows the MSD of Si and Al atoms over time in N-A-S-H structure with different Si/Al
ratios at various temperatures (300, 600, and 900 K). The MSD values of Si and Al atoms, which
form [SiO4] and [AlO4] tetrahedra, increased with rising temperatures. At a Si/Al ratio of 1, the MSD
exhibited a more pronounced increase, with a steeper growth curve. In contrast, at higher Si/Al
ratios (1.5 and 2), the growth of MSD was more gradual, showing a smoother increase over time.

At 300 K, the MSD values of Si and Al atoms were very similar for all three Si/Al ratios, showing
minimal variation from 0 to 100 ps. This is due to the fact that at low temperatures, atoms absorb less
energy, resulting in slower diffusion and smaller displacements, which contributes little to the thermal
conductivity. In contrast, as the temperature increased to 600 and 900 K, the MSD values of Si and Al
atoms increased significantly, with a larger gradient in MSD growth at 900 K. This is because, at high
temperatures, atoms absorb more energy, which accelerates the vibration and diffusion of Si and Al
atoms [25]. The increased diffusion would lead to higher thermal conductivity efficiency [63].
Moreover, the variations of MSD across models at different Si/Al ratios were also distinct. At 900 K,
the MSD was larger at a Si/Al ratio of 1 (Figure 7a), indicating that the diffusion and vibration of Si
and Al atoms were more pronounced at this ratio.
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Figure 7. Variation of MSD with time at Si/Al ratios of (a) 1, (b) 2, and (c) 3.

Despite the clear difference in MSD across different temperatures and Si/Al ratios, the
magnitudes of MSD remained within the range of 0.01-0.2 A, which was significantly lower than
those observed in previous modeling of carbon nanotubes in phase change materials [64]. This is
because Si and Al atoms served as a framework of the molecular structures, and their movement was
largely confined [65]. This suggests that the relatively ordered arrangement of atoms in N-A-S-H
structures contributed to their higher stability [64,66].
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3.4. Thermal conductivity analysis

To determine the thermal conductivity of N-A-S-H models, the simulation box is extended along
the heat flux direction (the z-direction in the figure), with the height-to-length ratio of 1:3, according
to the requirements of the RNEMD method [42]. The reshaped simulation box is shown in Figure 8§,
and the quantities of the atoms were tripled.

Figure 8. Simulation box of N-A-S-H with an extension ratio of 1:3.

Figure 9 shows the typical distributions of temperature and density along the z-direction of the
simulation box at the equilibrium state, obtained at a Si/Al ratio of 1. As shown in Figure 9a, the
temperature variation followed a general linear trend, indicating that the temperature gradient across
the entire N-A-S-H structure remains constant, with no localized temperature fluctuations. Moreover,
the heat flux that passed through the cross-sections of the simulation box was uniform and consistent.
According to Fourier’s law (Eq 3), this uniform temperature gradient suggested that the thermal
conductivity of the geopolymer structure was uniform along the z-direction.

However, as shown in Figure 9b, the distribution of density in the simulation box fluctuated at all
three temperatures. This phenomenon was also observed in previous studies [67], indicating that the
convergence rate is slow, which warrants further investigation.
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Figure 9. Variation of (a) temperature and (b) density along the z-direction at a Si/Al ratio of 1.
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Figure 10 shows the variation of thermal conductivity over time at different temperatures
and Si/Al ratios. It can be observed that thermal conductivity exhibited obvious fluctuations during
the early period of the simulation. Then, the curves smoothed out and progressed linearly, indicating
the convergence of the simulation. Furthermore, the simulation achieved convergence in
approximately 100, 75, and 50 ps for temperatures of 300, 600, and 900 K, respectively. The shortened
convergence time suggested a faster rate of steady heat transfer as temperature increases, which
corresponds to the improved thermal conductivity at higher temperatures. In addition, at 600 and 900 K,
the calculated thermal conductivity continued to increase after convergence was achieved. However,
this does not affect the final thermal conductivity value.
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Figure 10. Variation of thermal conductivity with time at different temperatures: (a) 300 K,
(b) 600 K, and (c) 900 K.

The final thermal conductivities of all structures at different temperatures and Si/Al ratios are
shown in Figure 11. The thermal conductivities of the models changed in a range from 1.431
to 1.857 W/m/K. In addition, thermal conductivity exhibited a rising trend as the temperature increased
from 300 to 600 K and increased by 2.50%, 5.88%, and 6.57% at Si/Al ratios of 1, 2, and 3, respectively.
The increase became more significant from 600 to 900 K, increasing by 17.1%, 25.2%, and 25.4%,
respectively, across the same Si/Al ratios.

Moreover, thermal conductivity increased substantially as the Si/Al ratio increased from 1 to 3,
while most of the increase occurred as the Si/Al ratio increased from 1 to 2, exhibiting a 2.95%, 6.32%,
and 10.1% increase rate at 300, 600, and 900 K, respectively. Further increases were minimal,
e.g., 0.56%, 1.22%, and 0.71%, as Si/Al ratio further increased to 3. This demonstrates that N-A-S-H
achieved higher thermal conductivity at higher temperatures and Si/Al ratios. The minimal variation
in thermal conductivity as the Si/Al ratio increases from 2 to 3 can be attributed to the saturation of
atomic interactions within the N-A-S-H structure. At higher Si/Al ratios, the additional Si atoms
contribute less to the overall thermal conductivity due to the already optimized network of Si—O—Al bonds.

In addition, the variation in thermal conductivity of N-A-S-H at 300 K is compared with the
observations from previous experimental studies by Kamseu et al. [21] and MD modeling by
Liu et al. [20]. It can be seen that the predicted thermal conductivity of N-A-S-H is much higher than
the experimental data of geopolymer concrete. This discrepancy arises because N-A-S-H is only one
component of geopolymer concrete, which also includes coarse and fine aggregates as well as other
crystal phases within the geopolymer gel. Nevertheless, the overall trends in thermal conductivity
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variations are consistent, highlighting the influence of N-A-S-H components on the properties of the
geopolymer concrete and validating the accuracy of the predicted results.
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Figure 11. Variation of thermal conductivity at (a) different temperatures and (b) Si/Al ratios.

4. Conclusions

This study simulates the molecular structural variation of hydrated sodium aluminosilicate
(N-A-S-H) gel exposed to extremely elevated temperatures. The effects of Si/Al ratios and temperature
levels on the molecular structural characteristics and atomic mobility were analyzed using the radial
distribution function (RDF) and mean square displacement (MSD), while the thermal conductivity was
predicted using the reverse nonequilibrium molecular dynamics (RNEMD) method. Based on the
results and discussion, the following conclusions can be drawn:

1. The potential energy and non-bonding energy of the system with a Si/Al ratio of 1 were the
lowest, and the system remained in equilibrium throughout the simulation. As the Si/Al ratio increased,
the system’s energy gradually increased, and its structural stability improved.

2. The Si-Al bond length in N-A-S-H decreased as the temperature increased, indicating that the
geopolymer structure exhibits good stability at high temperatures.

3. The root mean square displacement (MSD) of Si and Al atoms increased with rising temperatures,
suggesting that atomic vibrations and diffusion become more pronounced as temperature increases.

4. The thermal conductivity of N-A-S-H ranged from 1.431 to 1.857 W/m/K at Si/Al ratios of 1
to 3 and temperatures from 300 to 900 K.

5. Thermal conductivity of N-A-S-H increased as temperature increased from 300 to 900 K. A
more pronounced increase occurred as temperature increased from 600 to 900 K, exhibiting 17.1%, 25.2%,
and 25.4% increased ratios at Si/Al ratios of 1, 2, and 3, respectively.

6. The thermal conductivity of N-A-S-H increased by 2.95%, 6.32%, and 10.1%, at 300, 600,
and 900 K, respectively, as the Si/Al ratio increased from 1 to 2, while remaining almost invariant as
Si/Al further increased to 3.

7. This study reveals the intrinsic mechanism of the change of N-A-S-H gel properties under
high-temperature conditions through different Si/Al ratios and temperatures, providing a theoretical
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basis for the development of new low-carbon, environmentally friendly, and high-temperature-
resistant building materials, and offering strong support for the evaluation of long-term durability and
safety of materials in engineering practices.
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