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A B S T R A C T

Stone wool materials have gained considerable attention due to their effectiveness as thermal and acoustic
insulation solutions. The comprehension of crystal structure properties is pivotal in determining the overall
performance of these materials, as it enables us to optimize their composition for enhanced insulating
capabilities. Crucial factors such as structural, mechanical, and thermodynamic characteristics of crystalline
phases within stone wool are vital for evaluating its thermal and acoustic insulation properties. This study
investigates the properties of calcium aluminum silicate crystal phases commonly present in stone wool,
including anorthite, svyatoslavite, scolecite, and dehydrated scolecite using density functional theory (DFT)
calculations. In comparison to previous works, this study provides a more comprehensive analysis using
advanced DFT calculations. Our analysis reveals the complex interplay between the crystal structures and
mechanical behavior of these phases. The calculated bulk modulus of the phases varies significantly, ranging
from 38 to 83 GPa. We have compared the calculated elastic properties with available experimental data
and found excellent agreement, confirming the accuracy of the computational approach. Moreover, we find
that polymorphism has a significant impact on the mechanical strength, with anorthite exhibiting higher
strength compared to svyatoslavite. Furthermore, dehydration is found to cause a reduction in unit volume
and mechanical strength. The thermodynamic properties of dehydrated scolecite, including entropy and heat
capacity, are significantly lower due to the absence of water molecules. These findings highlight the importance
of understanding the structural and mechanical characteristics of calcium aluminum silicate phases in stone
wool materials. Additionally, our findings have broader implications in various industries requiring effective
insulation solutions such as to develop new materials or to enhance the energy efficiency of existing insulating
products.
1. Introduction

Stone wool is an insulation material widely used in various indus-
tries due to its excellent thermal and acoustic properties [1,2]. It is
derived from volcanic rock or industrial waste materials, which are
melted and then spun into fibers. These fibers are next bound together
to form a versatile and durable insulation product [3]. Stone wool is a
highly effective insulation material known for its exceptional thermal
resistance properties. It exhibits a low thermal conductivity, meaning
that it significantly reduces heat transfer by conduction. The unique
structure of stone wool, composed of fine and mostly continuous fibers,
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traps air within its matrix. The trapped air creates an insulating barrier
that resists the transfer of heat. As a result, stone wool insulation helps
to maintain stable indoor temperatures by preventing heat loss during
colder months and heat gain during hotter periods. This property makes
stone wool insulation an excellent choice for enhancing the energy
efficiency of buildings and industrial equipment [1,2].

Substantial progress has been made in characterizing and inferring
stone wool fiber structure at micrometer resolution [4,5]. The structure
of stone wool has been recently investigated by Ivanič et al. [6]
using different techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM). They investigated the surface
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morphology of stone wool fibers at the micrometer scale and the
nanometer scale. In particular, knowledge of the atomic-scale structure
of stone wool fiber surfaces is essential for understanding and manip-
ulating the properties of this material in a range of applications, such
as how stone wool fibers behave in insulation at ambient humidity [7].
This information allows us to optimize the design for enhanced insu-
lating capabilities and improve the overall performance of the fiber
materials in various applications [8–10].

The structure of stone wool consists of an interconnected and
porous fiber network characterized by a high porosity of approximately
98% [4,5]. These fibers have a composition similar to that of rock,
specifically calcium aluminosilicate (CAS) with the chemical compo-
nent composed of (CaO-Al2O3-SiO2). The study of CAS materials is
closely linked to the research on stone wool due to the fundamental
role CAS plays in its composition and properties. The CAS serves as
building blocks for the interwoven fibers of stone wool, providing
it with desirable thermal resistance and insulation properties. In the
realm of stone wool fiber research, CAS has often been utilized as a
model system [7]. The structure of CAS, specifically in the context
of stone wool, has been investigated by examining minerals such as
anorthite and scolecite as representative of perfect crystal models for
stone wool.

Anorthite (CaAl2Si2O8), a calcium aluminum silicate mineral [11,
12], is characterized by its closely related composition to CAS and
serves as a valuable model for understanding the structural features of
stone wool. Svyatoslavite (CaAl2Si2O8) is a fascinating polymorph of
the mineral anorthite, belonging to the plagioclase feldspar group [13].
Polymorphism refers to the phenomenon where a chemical compound
can exist in multiple crystal structures while maintaining the same
chemical composition. In the case of anorthite, svyatoslavite emerges
as an alternative crystal structure to the more commonly known forms.
Characterizing the crystal structure and properties of svyatoslavite is
essential for comprehending its unique behavior and potential appli-
cations. Scolecite (CaAl2Si3O10.3H2O), a hydrated calcium aluminum
silicate mineral that belongs to the zeolite material group [14], has
been selected as another model for stone wool due to its similar com-
position and crystal structure. The impact of water molecules and their
interaction with the CAS network in stone wool insulation can be ob-
tained by examining scolecite as a representative crystal model. Thus,
the utilization of anorthite and scolecite as perfect (without defects
in the structure) crystal models for stone wool offers a deeper under-
standing of the structural characteristics, bonding arrangements, and
potential hydration effects within the CAS framework. This knowledge
contributes to unravel the underlying factors governing the thermal,
mechanical, and moisture-related properties of stone wool, ultimately
aiding in the optimization and development of more efficient and
tailored insulation materials.

Molecular dynamics simulations have been extensively employed
to investigate the structure, dynamics, and behavior of CAS materials,
yielding valuable insights into their properties [15–18]. However, the
application of Density Functional Theory (DFT) simulations in the
context of atomic-scale structural characterization of CAS phases, par-
ticularly in stone wool fibers, has been relatively limited. Both the bulk
structure and surface structure of CAS materials in stone wool fibers
remain poorly understood in terms of their atomic-scale features. The
work of Tian et al. [19] presented a model of anorthite glass. Both
crystalline and amorphous structures of anorthite were examined using
ab initio molecular dynamics simulations, and the results were found
to be consistent with experimental observations. However, the periodic
modeling approach employed in the work of Tian et al. [19] failed
to generate acceptable fracture surfaces. To overcome this limitation,
isolated molecular cluster models of anorthite were proposed [19]. A
recent study by Zhang et al. [20] delves into the field of periodic DFT,
specifically focusing on the adsorption behavior of CO2 on the anorthite
001) surface and the influence of water molecules in the process.
2

y conducting comprehensive DFT simulations, the authors [20] aim
to elucidate the interactions between CO2 and the anorthite surface
while investigating the impact of water on the adsorption process.
Ghosh et al. performed ab initio molecular dynamics simulations to
calculate the bulk modulus of CAS material, as described in their
study [21]. However, a significant discrepancy was observed between
the calculated bulk modulus and the experimental values [22,23].

Understanding the interaction between water molecules and the
zeolite framework, such as scolecite, is crucial for comprehending
the structure and mechanical properties of the material. The pres-
ence of water within the scolecite structure makes it necessary to
investigate its behavior and effects. Fischer et al. [24] conducted a
significant study on this matter, specifically focusing on the utilization
of dispersion-corrected approaches in DFT calculations. Their research
demonstrated the importance of employing these approaches to accu-
rately describe the behavior of water molecules within the scolecite
framework. Furthermore, the role of water in influencing the elastic
properties of various zeolite structures, including scolecite, was investi-
gated by Bryukhanov et al. [25]. Their work highlights the significance
of considering both the presence and absence of water in studying the
structure and elastic properties of zeolite. However, it is important
to note that their simulations were unable to obtain the structure of
dehydrated scolecite, which limits the understanding of the complete
behavior of scolecite in the absence of water.

This study aims to address limitations present in prior research,
specifically focusing on the lack of a comprehensive understanding of
CAS crystal phases within stone wool materials and the absence of
investigation into the role of water molecules in scolecite structures.
By employing DFT simulations, this work investigates four distinct
CAS models of stone wool fiber: anorthite, svyatoslavite, scolecite, and
the dehydrated scolecite. The primary objective is to elucidate the
elastic and thermodynamic properties exhibited by these phases, with
particular emphasis on the influence of water on their properties. The
investigation explores the elastic properties of these phases, encom-
passing parameters such as the bulk modulus, Young’s modulus, and
shear modulus. Additionally, the thermodynamic properties, including
entropy, enthalpy, and specific heat capacity, are evaluated. Notably,
the focus of this study lies in elucidating the role of water in influenc-
ing the properties of CAS structures. Water molecules are inherently
present in the scolecite and dehydrated scolecite models, allowing for
an in-depth investigation of their interaction with the CAS framework.
The paper is organized as follows: Computational methods and models
are presented in Section 2. Section 3 discusses the obtained results.
Finally, concluding remarks are summarized in Section 4.

2. Models and methods

The selection of an appropriate initial structure is crucial for ac-
curate simulations and reliable results. In this study, the experimental
data available for anorthite, svyatoslavite and scolecite served as the
basis for constructing the initial atomic configurations. The initial crys-
tal structures were obtained from the American Mineralogist Crystal
Structure Database [26]. The crystal structure system of anorthite is
triclinic, whereas that of svyatoslavite and scolecite is monoclinic.
By aligning with experimental observations, this approach ensures
that the simulated CAS structures closely resemble their real-world
counterparts. However, the unique crystal structure of scolecite poses
computational challenges due to its extensive unit cell. Recognizing
the importance of computational efficiency without compromising the
quality of the simulations, we strategically adopted the use of a prim-
itive cell. The primitive cell represents the fundamental repeating unit
of the crystal lattice, containing the essential information required to
describe the entire crystal structure. By employing the primitive cell,
we significantly reduce the computational complexity associated with
the simulation of scolecite. Moreover, employing a primitive cell retains

the essential features and characteristics of the scolecite structure,
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ensuring that the simulated results remain representative and accurate
in the Density Functional Theory (DFT) simulations.

DFT calculations were performed using the Vienna Ab initio Simu-
lation Package (VASP) software [27,28]. The Perdew–Burke–Ernzerhof
(PBE) exchange–correlation functional was employed to describe the
electronic structure and energetics of the systems under investigation.
The PBE functional is one of the most common DFT methods in solid
state calculation and was previously applied to study the properties of
solid cement clinker phases [29,30]. It has been demonstrated that the
inclusion of Van der Waals (VdW) corrections in DFT calculations plays
a significant role in obtaining accurate results for silicate material [29–
31]. The DFT-D2 method of Grimme et al. [32] was employed to add
VdW correction in this study. This methodology has proven effective in
capturing long-range dispersion to gain a comprehensive understanding
of structural and mechanical characteristics of material [31,32]. We
denote our method as DFT-PBE-D2. The previous work of Mai et al. [31]
has shown that this DFT-PBE-D2 performs better than the Local Density
Approximation (DFT-LDA). In the remaining part of this paper, the
term DFT refers to the specific method DFT-PBE-D2 unless otherwise
specified.

The atomic positions and crystal parameters (3 lattice parameters
a, b, c and 3 angles 𝛼, 𝛽, 𝛾) were relaxed using the DFT optimiza-
ion algorithm implemented in VASP. The convergence criterion for
nergy was set to 1.0 × 10−6 eV to ensure accurate calculations. The
onkhorst–Pack k-point mesh was used for Brillouin zone sampling,
ith a density appropriate for the specific system. A plane-wave basis

et was used with an energy cutoff of 600 eV. This energy cutoff was
hosen based on convergence tests to balance accuracy and computa-
ional efficiency. The structures of the phases were plotted using the
ESTA package [33]. The electronic properties of the materials were

nvestigated with the calculation of density of state (DOS).
In order to evaluate the elastic properties of the CAS phases, we used

n established method outlined briefly here. The generalized Hooke’s
aw for a linear elastic material is written as:
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This notation with only one subscript for the stress and strain,
numbered from 1. . . 6, is helpful as it allows the equations of anisotropic
elasticity to be written in matrix form. The 36’s 𝐶𝑖𝑗 are called the
stiffnesses. The matrix of stiffnesses is called the stiffness matrix. This
matrix can be inverted so that the strains are given explicitly in terms
of the stresses:
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The stiffness constants 𝐶𝑖𝑗 and constituents of the compliance tensor
𝑆𝑖𝑗 were calculated using VASP. From the calculated 𝐶𝑖𝑗 and 𝑆𝑖𝑗 , the
polycrystalline corresponding bulk modulus 𝐾 and shear modulus 𝐺 are
determined using the Voigt–Reuss–Hill (VRH) approximation, as shown
in Eqs. (3) and (4). In these equations, the underscripts 𝑅 and 𝑉 denote
Reuss and Voigt bounds, respectively.

𝐾𝑅 = 1
𝑆11 + 𝑆22 + 𝑆33 + 2(𝑆12 + 𝑆23 + 𝑆31)

𝑉 =
𝐶11 + 𝐶22 + 𝐶33 + 2(𝐶12 + 𝐶23 + 𝐶31)

9

𝐾 =
𝐾𝑅 +𝐾𝑉

(3)
3

2

𝐺𝑅 = 15
4(𝑆11 + 𝑆22 + 𝑆33) − 4(𝑆12 + 𝑆23 + 𝑆31) + 3(𝑆44 + 𝑆55 + 𝑆66)

𝐺𝑉 =
𝐶11 + 𝐶22 + 𝐶33 − (𝐶12 + 𝐶23 + 𝐶31) + 3(𝐶44 + 𝐶55 + 𝐶66)

15

𝐺 =
𝐺𝑅 + 𝐺𝑉

2
(4)

The Young’s modulus, 𝐸, and Poisson’s ratio, 𝜈, for an isotropic material
can then be estimated by:

𝐸 = 9𝐾𝐺
3𝐾 + 𝐺

, 𝜈 = 3𝐾 − 2𝐺
6𝐾 + 2𝐺

(5)

The directional elastic constants were also obtained in this work.
The computational approach is based on the theoretical framework
and implementation described in the original work [34]. The spacial
dependence of mechanical properties was plotted using the Elate pack-
age [34]. The Bulk/Shear ratio, also known as Pugh’s ratio or Pugh’s
criterion, is a dimensionless parameter used to assess the mechanical
stability and ductility of crystalline materials. It provides a measure
of the resistance to volume change (bulk modulus) relative to the
resistance to shape change (shear modulus) under applied stress. The
ratio provides insight into the ability of a material to withstand de-
formation under different stress conditions. A lower value of Pugh’s
ratio indicates a higher resistance to volumetric deformation compared
to shear deformation, implying a more brittle behavior. Conversely, a
higher value of Pugh’s ratio suggests a greater ability to undergo plastic
deformation, indicating a more ductile or malleable material [35].

The Universal Elastic Anisotropy Index (A𝑈 ) is a metric used to
quantify the degree of anisotropy, or directional dependence, in the
elastic properties of materials [36]. Elastic anisotropy refers to the
variation in mechanical behavior along different crystallographic di-
rections in a crystalline material. The A𝑈 is based on the idea that the
elastic properties of a material can be described by a tensor, which
is a mathematical object that captures the directional dependence of
these properties. The index provides a single value that represents
the overall anisotropy of a material’s elastic properties. The index
is typically calculated using elastic constants or stiffness coefficients
obtained from experimental measurements or theoretical calculations.
These constants describe how a material deforms under applied stress
or strain in different directions. By comparing the magnitudes of the
elastic constants along different crystallographic axes, the A𝑈 can be
determined. A value of 0 for the A𝑈 index indicates isotropic behavior,
meaning that the material has the same mechanical properties in all
directions. On the other hand, a higher value indicates anisotropy,
suggesting that the material’s mechanical properties vary significantly
depending on the direction [37].

Thermodynamic calculations were performed using the Phonons
from Finite Differences method implemented in the VASP software [27,
28]. This approach allows for the determination of phonon frequencies
and related properties, which are essential for studying the thermody-
namic behavior of materials. To begin the calculations, the equilibrium
lattice parameters and atomic positions obtained from the DFT opti-
mization were used as the starting point. The force constants between
atoms were calculated using finite differences, which involves dis-
placing the atoms from their equilibrium positions and calculating
the resulting forces on each atom. These displacements and forces
were used to construct the dynamical matrix, which describes the
interatomic force constants and determines the phonon frequencies.

Based on the phonon frequencies, various thermodynamic proper-
ties were calculated, including the phonon density of states, Helmholtz
free energy, specific heat capacity, and entropy. These properties pro-
vide insights into the vibrational and thermal behavior of the system.
The calculations were typically performed at different temperatures to
examine the temperature dependence of the thermodynamic quantities.
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Fig. 1. Optimized conventinal cell of crystal structure obtained from DFT-PBE-D2 calculations: anorthite ANO (a), svyatoslavite SVY (b), scolecite SCO (c), and Dehyrated scolecite
SCO-D (d).
.

It is important to note that these calculations assume a harmonic ap-
proximation, neglecting anharmonic effects such as phonon–phonon in-
teractions. However, the harmonic approximation is generally sufficient
for studying the thermodynamics of solids under normal conditions.

In addition to analyzing structural, mechanical, and thermodynamic
properties, we have also computed electronic properties using DFT
calculations. Specifically, we determined the density of states and band
gaps for each CAS phase under investigation.

For brevity and convenience, we will adopt the following abbrevi-
ations for the crystal names throughout the remainder of this study:
anorthite (ANO), svyatoslavite (SVY), scolecite (SCO), and Dehydrated
scolecite (SCO-D). The initial crystal structures for the three phases
(ANO, SVY, SCO) were obtained from experimental data. These experi-
mental structures serve as the starting point for subsequent calculations
and analysis. The crystal of dehydrated phase SCO-D has not been
found in the literature.

The crystal structures of ANO and SVY were already in the primi-
tive cell form, which is advantageous for DFT calculations. However,
the structures of SCO and SCO-D were initially in a non-primitive
cell configuration. To ensure consistency and facilitate calculations,
we transformed the structures of SCO and SCO-D to their respective
primitive cells before proceeding with further analysis (See Fig. 1).
4

Table 1
Comparison between theoretical calculated crystal parameters and experimental values
for the ANO and SVY phase. Experimental data [11–13] are provided for comparison,
with values in parentheses indicating the relative deviation from the experimental data

Parameter ANO ANO SVY SVY
Exp. [11,12] DFT (this work) Exp. [13] DFT (this work)

a (Å) 8.173 8.200 (0.3%) 8.220 8.260 (0.5%)
b (Å) 12.869 12.936 (0.5%) 8.951 8.650 (−3.4%)
c (Å) 14.165 14.214 (0.3%) 4.828 4.838 (0.2%)
𝛼 (◦) 93.113 93.111 (−0.0%) 90.000 90.000 (0.0%)
𝛽 (◦) 115.913 115.727 (−0.2%) 90.000 89.971 (−0.0%)
𝛾 (◦) 91.261 91.421 (0.2%) 90.000 90.000 (0.0%)
Volume (Å3) 1336.3 1354.4 (1.3%) 355.2 345.7 (−2.7%)

3. Results and discussions

3.1. Structural properties

The structural properties of ANO and SVY, including lattice pa-
rameters and unit cell volumes, were thoroughly investigated and are
summarized in Table 1. The optimization process using DFT calcula-
tions yielded highly accurate results, exhibiting excellent agreement
with experimental data. For ANO, the calculated crystal parameters
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Table 2
Comparison between theoretical calculated crystal parameters and experimental values
for the SCO and SCO-D. The values in parentheses indicate the relative deviation from
the experimental data of SCO [14]. Note that experimental unit cell was converted into
primitive cell (see method section).

Parameter SCO (Exp.) SCO (DFT, this work) SCO-D (DFT, this work)

a (Å) 10.060 10.062 (0.0%) 9.390 (−6.7%)
b (Å) 10.060 10.062 (0.0%) 9.390 (−6.7%)
c (Å) 9.772 9.836 (0.7%) 8.813 (−9.8%)
𝛼 (◦) 96.064 83.805 (−12.8%) 94.768 (−1.3%)
𝛽 (◦) 96.064 83.805 (−12.8%) 94.768 (−1.3%)
𝛾 (◦) 142.105 142.124 (0.0%) 139.497 (−1.8%)
Volume (Å3) 574.4 576.7 (0.4%) 490.0 (−14.7%)

deviated by less than 1% from the expected values, demonstrating the
remarkable precision of the DFT method in predicting its structural
properties. Similarly, for SVY, the computed values display a deviation
of less than 5% compared to experimental data, further affirming
the reliability of the DFT approach. These findings demonstrate the
effectiveness and robustness of DFT in characterizing the structural
properties of ANO and SVY phases.

Table 2 provides a comprehensive comparison between the opti-
mized unit cell parameters of the primitive cell for SCO and SCO-D and
the corresponding experimental data. It is worth noting that the struc-
ture of SCO-D has not been observed experimentally, nor has it been
characterized through previous calculations. For the SCO structure,
the DFT optimization yielded remarkable agreement with experimental
measurements, particularly in terms of the cell lengths, with a devia-
tion of less than 1%. However, slight differences of up to 13% were
observed in the angles between the crystal axes. Nevertheless, it is
crucial to highlight that the volumetric changes between the calculated
and experimental values were minimal, amounting to only 0.4%. This
exceptional agreement in terms of volume indicates a high accuracy
and reliability of the DFT method in capturing the overall structural
characteristics of SCO.

Moreover, while the experimental characterization of SCO-D is lack-
ing, the comparison with the SCO structure suggests the need of further
investigations to elucidate the structural properties of this intriguing
phase. The dehydrated structure SCO-D was optimized using the DFT
method, revealing a significant reduction in cell parameters and volume
compared to the hydrated form, SCO. The values presented in Table 2
illustrate these changes in detail. Specifically, the length of the unit
cell experiences a reduction of approximately 10%, while the angles
of the unit cell remain unchanged. Furthermore, the volume of the
unit cell decreases by 15%. These findings highlight the substantial
impact of water absence on the crystalline structure, as evidenced
by the considerable volume reduction in SCO upon dehydration. The
observed reduction in cell parameters and volume can be attributed
to the removal of water molecules from the crystalline framework.
Water molecules occupy space within the structure, and their removal
leads to a more compact arrangement of atoms, resulting in reduced
cell dimensions and volume. The preservation of the unit cell angles
suggests that the removal of water does not significantly alter the
crystal lattice geometry, maintaining the crystal’s internal symmetry.

The optimized DFT calculations demonstrate that the removal of
water from the SCO structure results in a considerable reduction in
cell parameters and volume. These findings shed light on the structural
changes induced by dehydration and provide valuable insights into the
role of water molecules in determining the volumetric properties of
crystalline materials.

3.2. Mechanical properties

The determination of elastic properties provides valuable insights
into the structural stability and mechanical behavior of materials. These
properties are crucial for understanding the response of CAS phases
5

Table 3
Calculated elastic stiffness constants 𝐶𝑖𝑗 (GPa) of ANO. See Eq. (1) for more details on
the direction of i,j notation.
𝐶𝑖𝑗 1 2 3 4 5 6

1 124.6 52.4 60.5 −10.4 3.4 1.4
2 52.4 181.1 38.3 −12.6 −0.9 14.0
3 60.5 38.3 160.8 −9.6 2.4 −11.0
4 −10.4 −12.6 −9.6 34.3 8.9 3.5
5 3.4 −0.9 2.4 8.9 29.1 0.9
6 1.4 14.0 −11.0 3.5 0.9 39.4

Table 4
Calculated elastic stiffness constants 𝐶𝑖𝑗 (GPa) of SVY. See Eq. (1) for more details on
the direction of i,j notation.
𝐶𝑖𝑗 1 2 3 4 5 6

1 146.3 51.1 37.8 0.0 0.0 5.2
2 51.1 135.5 51.5 0.0 0.0 0.3
3 37.8 51.5 94.4 0.0 0.0 −0.1
4 0.0 0.0 0.0 47.9 4.4 0.0
5 0.0 0.0 0.0 4.4 49.7 0.0
6 5.2 0.3 −0.1 0.0 0.0 34.0

Table 5
Calculated elastic stiffness constants 𝐶𝑖𝑗 (GPa) of SCO. See Eq. (1) for more details on
the direction of i,j notation.
𝐶𝑖𝑗 1 2 3 4 5 6

1 91.1 36.9 33.6 −0.1 1.0 −0.5
2 36.9 103.1 33.7 4.7 −0.2 0.8
3 33.6 33.7 81.6 0.0 9.3 3.2
4 −0.1 4.7 0.0 28.9 0.1 −1.1
5 1.0 −0.2 9.3 0.1 33.3 −5.3
6 −0.5 0.8 3.2 −1.1 −5.3 47.0

Table 6
Calculated elastic stiffness constants 𝐶𝑖𝑗 (GPa) of SCO-D. See Eq. (1) for more details
on the direction of i,j notation.
𝐶𝑖𝑗 1 2 3 4 5 6

1 104.0 27.8 25.6 0.0 0.0 −15.2
2 27.8 70.9 18.3 0.0 0.0 −3.7
3 25.6 18.3 45.4 0.0 0.0 5.0
4 0.0 0.0 0.0 20.0 −5.5 0.0
5 0.0 0.0 0.0 −5.5 39.6 0.0
6 −15.2 −3.7 5.0 0.0 0.0 24.3

to external forces, such as pressure or deformation. By comparing the
calculated elastic properties with experimental data, we can assess the
accuracy and reliability of the computational methods used in this
study. This section focuses on the characterization of the mechani-
cal properties of the CAS phases, particularly their elastic properties.
The calculated elastic properties, including the bulk modulus, Young’s
modulus, and shear modulus, are presented and compared with the
available experimental data. It is important to note that the literature
predominantly reports the bulk modulus values for CAS phases, with
limited information available on other elastic properties. Therefore, this
study aims to bridge this knowledge gap by providing comprehensive
calculations of these elastic properties for the CAS phases.

Table 3 provides a comprehensive summary of all the calculated
elastic constants 𝐶𝑖𝑗 for the ANO structure. Our analysis reveals that the
values of 𝐶11, 𝐶22, and 𝐶33 are in the range of 125-181 GPa, indicating
that the material possesses similar levels of stiffness in these directions.
This suggests that ANO exhibits isotropic behavior with respect to com-
pression along these axes. However, the material is expected to be less
compressive in the second direction, as evidenced by the high value of
𝐶22 compared to 𝐶11 and 𝐶33. Furthermore, the ANO structure exhibits
a high resistance to shear deformation along the third direction, as
indicated by the highest shear modulus 𝐶66 when compared to 𝐶44
and 𝐶 . This high shear resistance is attributed to the anisotropic
55
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(

Fig. 2. Calculated spatial dependence of Young’s modulus, Bulk modulus, and shear modulus (blue and green indicate the maximum and minimum values, respectively) of ANO.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
nature of the material, which is reflected in the directional elastic
moduli plot shown in Fig. 2 . As seen in this figure, all moduli exhibit
marked directional dependence, with significant variations observed
between the different directions. This anisotropic behavior arises from
the inherent structural asymmetry of the material, which affects its
mechanical response under different loading conditions. In Table 3,
we observed several small negative values in cross terms of the elastic
stiffness coefficient 𝐶𝑖𝑗 . These discrepancies are primarily attributable
to numerical errors or approximations inherent in DFT calculations
when assessing crystal deformation during stress–strain analysis. In
fact, similar findings have been reported in the field. For example,
Zaoui [38] also observed several negative cross term values for calcium
silicate hydrate materials using DFT calculations. Thus, these small
discrepancies do not impact the overall accuracy or reliability of the
results regarding the mechanical properties of CAS phases present in
stone wool materials.

Table 4 presents the elastic constants 𝐶𝑖𝑗 for the SVY structure. The
values of 𝐶11, 𝐶22, and 𝐶33 are in the range of 94.4-146.3 GPa, indicat-
ing a relatively stiff material in these directions. The highest stiffness is
observed in the first direction (𝐶11), followed by the second direction
𝐶22), and then the third direction (𝐶33). This suggests that SVY exhibits

an anisotropic response to compressive forces, with greater resistance
in the first direction (Fig. 3). The shear moduli 𝐶44, 𝐶55, and 𝐶66 are
relatively lower compared to the stiffness constants. This indicates that
SYV may have a lower resistance to shear deformation, especially along
the 𝐶66 directions. The values of zero for off-diagonal 𝐶𝑖𝑗 indicate that
there is no coupling between the corresponding strains and stresses in
these directions. This suggests that SYV is relatively isotropic in terms
of these elastic properties (Fig. 3).

Table 5 presents the elastic constants 𝐶𝑖𝑗 for the SOC structure.
6

Analyzing the values in the table, we observe that the elastic constants
for SOC range from approximately 81.6 to 103.1 GPa for the diagonal
elements 𝐶11, 𝐶22, and 𝐶33 represent the stiffness along the principal
crystallographic axes. The values correspond to shear moduli (𝐶44, 𝐶55,
and 𝐶66) are in lower range from 28.9 to 47.0 GPa. These values of the
elastic constants of SCO are smaller than that of ANO and SVY phases.

The elastic constants of SOC-D are presented in Table 6. The elastic
constants of SOC and SOC-D exhibit notable differences due to dehy-
dration. In SOC, the material demonstrates an initial stiffness in the
first direction (𝐶11) of 91.1 GPa, while becoming more stiff in the
second direction (𝐶22) with a value of 103.1 GPa. Upon dehydration,
SOC-D undergoes changes in the elastic constants, showing increased
stiffness in the first direction (𝐶11) with a value of 104.0 GPa. How-
ever, the second direction (𝐶22) experiences a significant reduction in
stiffness, dropping to 70.9 GPa. These variations highlight the role of
dehydration in altering the mechanical properties of SOC, affecting its
response to different types of loading and its overall structural integrity.
The shear resistance of SOC and SOC-D, as reflected in their shear
modulus values (𝐶44 and 𝐶55), provides insights into their ability to
withstand shear stress and deformation. The dehydration of SOC to
form SOC-D decreases significantly the shear moduli. This reduction
can be attributed to the removal of water molecules, which may
contribute to the intermolecular interactions and structural stability of
SOC. The decrease in shear resistance suggests that the dehydration
process weakens the material’s ability to resist shear deformations and
may render it more susceptible to shear-induced failures. Therefore,
understanding the changes in shear resistance due to dehydration is
crucial for predicting the mechanical behavior and stability of SOC and
its potential applications in various engineering and material science
fields.

Comparing the calculated elastic properties with experimental re-

sults is essential for validating the accuracy of the computational
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Fig. 3. Calculated spatial dependence of Young’s modulus, Bulk modulus, and shear modulus (blue and green indicate the maximum and minimum values, respectively) of SVY.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
approach employed in this study. By assessing the agreement between
the calculated and experimental values, we can evaluate the predictive
ability of the computational method and gain confidence in its ability
to accurately capture the elastic behavior of the CAS phases. It is worth
noting that obtaining experimental data for the elastic properties of CAS
phases can be challenging due to the complexity of the materials and
the difficulties associated with their characterization.

Table 7 provides the DFT-calculated mechanical properties together
with Pugh’s ratio (K/G) and the universal elastic anisotropy index (A𝑈 )
for the CAS phases. For the ANO phase, the DFT-PBE-D2 calculations
in this work yields an excellent agreement of mechanical properties
with experimental data [39]. For SVY, the DFT-PBE-D2 calculations in
this work gives a bulk modulus (K) of 71 GPa. Comparing the DFT-
calculated bulk modulus values of ANO and SVY, ANO exhibits a higher
bulk modulus (83 GPa) compared to SVY (71 GPa). This suggests that
ANO is stiffer and more resistant to volume changes under pressure
than SVY. Experimental data from Refs. [40,41] cover a range of bulk
modulus values of 65–69 GPa for SVY. Unfortunately, no experimental
data has been found for other elastic properties for SVY. Another
theoretical work [21] using the DFT-LDA method yields a bulk modulus
(K) value of 20 GPa for the CAS glass with a similar composition to
SVY. The obtained value of 20 GPa is significantly lower than both the
DFT-PBE-D2 calculations in this work (83 GPa) and the experimental
range (69 GPa, 67–65 GPa). This suggests that the DFT-LDA method,
with its simplified exchange–correlation functional, is not suitable for
accurately predicting the bulk modulus of CAS materials.

The elastic anisotropy index (A𝑈 ) provides a measure of the degree
of anisotropy in the elastic properties of a material. Comparing the
values of A𝑈 for ANO and SVY, we observe that ANO has a higher A𝑈

value of 0.94, while SVY has a lower A𝑈 value of 0.32. This indicates
7

that ANO exhibits a higher degree of elastic anisotropy compared
to SVY. The anisotropy of ANO depicted in Fig. 2 demonstrates a
greater degree of variation compared to both the SVY (Fig. 3) and SCO
(Fig. 4). Although it may be challenging to discern these differences
visually by examining Figures alone, the numerical data provided in
Table 7 provides concrete evidence supporting this observation. The
higher A𝑈 value for ANO suggests that its elastic properties are more
direction-dependent, indicating stronger variations in its mechanical
response along different crystallographic orientations. On the other
hand, the lower A𝑈 value for SVY suggests a more isotropic behavior,
where its elastic properties are less influenced by the crystallographic
orientation. The distinct crystallography of ANO and SVY gives rise
to differences in their atomic arrangements, bonding patterns, and
symmetries. These structural disparities directly impact the mechanical
response of the materials, including their elastic properties. Therefore,
despite of having the same chemical composition, ANO and SVY exhibit
different elastic constants, such as bulk modulus (K), shear modulus
(G), and Young’s modulus (E).

The bulk modulus (K) values of SCO obtained from this work using
DFT-PBE-D2 are 53 GPa for SCO and 38 GPa for SCO-D. This value is
in line with the experimental data from previous studies reported by
Ballone et al. [40] and Gatta et al. [41]. It is important to note that
there can be variations in the experimental conditions and sample qual-
ity, which may contribute to discrepancies between the calculated and
experimental values. Furthermore, the DFT-PBE results by Bryukhanov
et al. [25] show a higher K value compared to both the present
study and the experimental data. This discrepancy could arise from
the dispersion correction in DFT-PBE approach. Overall, while there
are some differences between the calculated and experimental values,
the DFT-PBE-D2 results in this work provide reasonable estimates for
the bulk modulus of SCO and SCO-D.
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Fig. 4. Calculated spatial dependence of Young’s modulus, Bulk modulus, and shear modulus (blue and green indicate the maximum and minimum values, respectively) of SCO.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The dehydration of SCO to form SCO-D exhibits an interesting
effect on the elastic properties. Comparing the mechanical moduli,
SCO-D has a value comparable to SCO obtained in this work using
DFT-PBE-D2. This reduction indicates a decrease in the resistance to
volume changes upon dehydration. Moreover, the dehydration of SCO-
D leads to an increase in the universal elastic anisotropy index. The A𝑈

value for SCO-D (1.28) is higher than that of SCO (0.39), indicating
a greater degree of elastic anisotropy in SCO-D. This suggests that the
structural changes induced by dehydration result in a more pronounced
directional dependence of the elastic properties of SCO-D (see Fig. 5)
compared to SCO. The observed reduction in elastic properties and
the increase in the universal elastic anisotropy in SCO-D due to dehy-
dration highlights the significant influence of water molecules on the
mechanical behavior of the material. These findings provide insights
into the structural and mechanical transformations that occur during
the dehydration process and contribute to a better understanding of
the role of water molecules in dictating the elastic properties of CAS
phases.

The mechanical analysis of the crystalline phases in CAS revealed in-
teresting findings regarding their brittleness. We calculated the Pugh’s
ratio for CAS phases as a metric to assess their level of ductility versus
brittleness. The resulting values ranged from 1.6 to 2.2 ( Table 7), with
the boundary between these two properties being marked at a value
of 1.75. Lower values denote increased brittleness, while higher values
represent ductility. Among the CAS phases, only ANO exhibits a Pugh’s
ratio of 2.2, indicating ductile behavior. The remaining phases have
ratios lower than 1.75, which signifies that they are mainly brittle.

3.3. Electronic properties

In this section, our objective is to examine the electronic structure
8

of CAS by analyzing the individual contributions of each atom type,
Table 7
DFT calculated mechanical properties of bulk modulus K, young’s modulus E, shear
moduli G , Poisson ratio v, Pugh’s ratio K/G, and universal elastic anisotropy index A𝑈

f CAS phases. The available experimental values are included for comparison.
Phase K (GPa) G (GPa) E (GPa) v K/G A𝑈

ANO
DFT-PBE-D2 (this work) 83 39 100 0.30 2.2 0.94
Exp.[39] 92 42 / 0.31 / /

SVY
DFT-PBE-D2 (this work) 71 41 103 0.26 1.7 0.32
Exp.[22,23] 69, 67–65 / / / / /
DFT-LDA [21] 20 / / / / /

SCO
DFT-PBE-D2(this work) 53 32 80 0.25 1.6 0.39
Exp.[40,41] 61, 56 / / / / /
DFT-PBE [25] 66 / / / / /

SCO-D
DFT-PBE-D2(this work) 38 24 60 0.24 1.6 1.28
Exp. / / / / / /

namely Ca, Al, Si, O, and H, to the total density of states (DOS).
Here, 𝐸 represents the energy of electronic states within a material,
and 𝐸𝐹 is the energy of Fermi level. To ensure consistency of the
calculations, the energy of the Fermi level (𝐸𝐹 ) was set as the reference
point. By studying the DOS, we gained insight into the distribution and
occupancy of electronic states and their dependence on the different
atomic species present in CAS.

Fig. 6 and Fig. 7 shows the results of the analysis for ANO and
SVY, respectively. Since these two phases share the same chemical
composition, it is expected that their DOS profiles are similar. The

presented figure confirms this expectation, illustrating that both oxygen
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Fig. 5. Calculated spatial dependence of Young’s modulus, Bulk modulus, and shear modulus (blue and green indicate the maximum and minimum values, respectively) of SCO-D.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Total Density of State with atomic contributions of ANO.
9

Fig. 7. Total Density of State with atomic contributions of SVY.
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Fig. 8. Total Density of State with atomic contributions of SCO.

Fig. 9. Total Density of State with atomic contributions of SCO-D.

nd calcium atoms contribute significantly to the valence region of the
OS. These contributions suggest that the atomic species are primarily

nvolved in the formation of electronic states within the energy range
ssociated with valence electrons.

Conversely, the analysis reveals that the conductive region of the
OS is primarily dominated by calcium atoms, whereas oxygen atoms
ontribute less (see Fig. 6). This observation suggests that the electronic
tates responsible for conducting properties are mainly associated with
he calcium atoms within the CAS phases. Furthermore, the investiga-
ion confirms that the contributions of silicon (Si) and aluminum (Al)
toms to the total DOS are negligible.

Figs. 8 and 9 present the DOS plots for SCO and SCO-D, respectively.
n terms of the DOS contributions, we find remarkable similarities
etween SCO and the previously examined ANO phase. The similarity
10

s anticipated due to their shared chemical composition within the
CAS framework. Specifically, our analysis reveals that both oxygen and
calcium atoms give substantial contributions to the valence region of
the DOS in SCO, similar to their role in ANO. An interesting observation
is the limited contribution of hydrogen atoms to the total DOS in SCO.
This finding aligns with the expectations, as hydrogen atoms typically
exhibit a minimal impact on the electronic structure of materials due
to their low atomic number and relatively low electron density.

Comparing the DOS profiles of SCO and SCO-D, we note a high
degree of similarity between these two structures. This outcome is also
reasonable, as SCO-D is derived from SCO through the process of dehy-
dration. The preservation of the DOS features, despite the removal of
water molecules, suggests that the electronic structure of SCO remains
largely unaffected by the dehydration process. Consequently, the DOS
patterns of SCO and SCO-D display notable similarities.

The DFT calculated band-gap values of ANO, SVY, SCO and SCO-D
are 5.10 eV, 4.83 eV, 5.65 eV and 4.74 eV, respectively. It is important
to note that a direct comparison with existing literature values was
not feasible at this time. To the best of our knowledge, the band gaps
of these specific phases have not been reported in previous studies.
However, these values are consistent with calculated values of other
calcium silicate structures, such as C2S and C3S phases, which typically
fall within the range of 3.4–5.81 eV [30,31,42,43].

3.4. Thermodynamics properties

In this section, the calculated thermodynamic properties of the CAS
phases by use of the Finite Differences method [27,28] presented in
Section 2. Specifically, we focus on the calculation and analysis of the
Helmholtz free energy, entropy, and heat capacity at constant volume
(𝐶𝑣).

The calculated thermodynamic profiles for the ANO and SVY phases
are depicted in Fig. 10. As expected, the Helmholtz free energy exhibits
a decreasing trend with increasing temperature. In contrast, both the
entropy and heat capacity at constant volume show an increasing trend
with temperature. This behavior is expected, as the thermal energy pro-
motes greater molecular motion and configurational disorder, resulting
in an increase in the system’s entropy and its ability to store energy as
heat. It is worth emphasizing that the observed thermodynamic profiles
for ANO and SVY are identical. The reason for this is that these two
phases possess exactly the same chemical composition, CaAl2Si2O8.

Fig. 11 presents the thermodynamic properties of SCO and SCO-
, offering insights into their respective characteristics. Notably, the
bsolute value of thermodynamic properties of SCO-D are consistently
ower than those of SCO. This is due to the dehydrated nature of SCO-D,
hich contains three fewer water molecules per unit cell compared to
CO. The decrease in the absolute value of the thermodynamic prop-
rties of SCO-D can be attributed to the removal of water molecules,
hich results in a reduction in the overall energy and configurational
ossibilities of the system. Specifically, the removal of water molecules
eads to a decrease in the system’s Helmholtz free energy, reflecting a
ower energy requirement for maintaining its stability. Additionally, the
ntropy and heat capacity at constant volume (𝐶𝑣) of SCO-D are lower
ompared to SCO. This decrease in entropy and 𝐶𝑣 can be attributed to
he reduced molecular motion and configurational disorder resulting
rom the absence of water molecules in SCO-D.

To assess the reliability of the thermodynamic calculations, we
onducted a comparison between the calculated values and the cor-
esponding experimental data for the entropy and heat capacity of
AS at a reference temperature of 𝑇 = 298 K. Using the DFT-PBE-D2

method, we obtained entropy and heat capacity values of 208 J/mol/K
and 212 J/mol/K, respectively, for the ANO phase. The calculated
values exhibit excellent agreement with the experimental measure-
ments (202 J/mol/K and 211 J/mol/K), as summarized in Table 8. The
deviation between the calculated values and the experimental data for
the entropy and heat capacity of SCO is also found to be less than 5%,

further validating the accuracy and robustness of the DFT approach
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Fig. 10. Calculated thermodynamic properties (Helmholtz free energy, entropy and heat capacity) of ANO and SVY phases for the temperature range of 0 K–800 K.

Fig. 11. Calculated thermodynamic properties (Helmholtz free energy, entropy and heat capacity) of SCO and SCO-D phases for the temperature range of 0 K–800 K.
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Table 8
Thermochemical properties for CAS phases at the reference temperature 298 K.

Phase Entropy (J/K/mol) Heat capacity (J/K/mol)

ANO
DFT (this work) 208 212
Exp.[44] 202 211

SVY
DFT (this work) 208 211

SCO
DFT (this work) 371 368
Exp.[14] 367 382

SCO-D
DFT (this work) 258 259
Exp. / /

for thermodynamic calculations. The close agreement between the
calculated and experimental values demonstrates the suitability of the
chosen computational methodology and the underlying DFT-PBE-D2
approximation for accurately capturing the thermodynamic behavior
of CAS phases.

While the absence of experimental data for SVY and SCO-D limits
our ability to perform a direct comparison, the reasonable trends and
consistent behavior observed in the calculated results supports the
reliability and accuracy of the computational approach. These findings
provide valuable insights into the thermodynamic properties of SVY
and SCO-D, contributing to a better understanding of their stability,
behavior, and potential applications. According to the calculations, the
entropy and heat capacity of the dehydrated SCO-D phase are found to
be approximately 30% lower than those of the hydrated SCO phase.
The significant reduction can be attributed to the removal of water
molecules from the crystal structure of SCO-D, leading to a decrease
in the degrees of freedom and vibrational modes available to the
system. As a result, the overall thermal contributions, reflected in the
entropy and heat capacity values, are substantially diminished in the
dehydrated phase.

To improve the understanding of the thermodynamic properties
of SVY and SCO-D, future experimental investigations are warranted.
The availability of experimental data would not only enable a more
robust validation of our computational results but also facilitate a
deeper exploration of the structural transformations, phase transitions,
and thermodynamic characteristics associated with these dehydrated
phases.

3.5. The effect of polymorphism and dehydration

Polymorphism, the ability of a material to exist in different crystal
structures while maintaining the same chemical composition, and de-
hydration, the removal of water molecules from a hydrated compound,
can have a significant influence on the properties and behavior of
CAS phases. In the following, we will discuss the impact of poly-
morphs and dehydration on the structural, mechanical, electronic, and
thermodynamic properties of CAS phases.

In the case of ANO (anorthite) and SVY (svyatoslavite), despite of
having the same chemical composition of CaAl2Si2O8, they exhibit dis-
tinct crystal structures. The polymorphic transformation from ANO to
SVY involves changes in lattice parameters, coordination environments,
and packing motifs. The mechanical strength, including properties like
hardness, strength, and elasticity, can vary significantly between ANO
and SVY due to their different crystal structures. The arrangement of
atoms and the bonding interactions within the crystal lattice influence
the resistance to deformation and the ability to withstand mechan-
ical stresses. Consequently, ANO and SVY may exhibit contrasting
mechanical responses under applied loads.

Despite of the differences in mechanical strength, the electronic
12

and thermodynamic properties of ANO and SVY remain the same. The
electronic structure, including the density of states, band gaps, and
electronic band structures, is governed by the chemical composition
rather than the specific crystal structure. Likewise, the thermodynamic
properties, such as the Helmholtz free energy, entropy, and heat ca-
pacity, are primarily influenced by the chemical composition and the
atomic interactions within the crystal lattice. While polymorphism
can lead to variations in the mechanical properties of ANO and SVY,
their identical chemical compositions result in similar thermodynamic
characteristics.

When CAS phases undergo dehydration, the removal of water
molecules from their structures leads to notable changes in their
physical and chemical properties. Taking the example of SCO and SCO-
D, the removal of water molecules results in a reduction in the unit
volume of the crystal structure. The presence of water molecules in
SCO contributes to the intermolecular interactions, occupying specific
positions within the lattice. The removal of these water molecules
disrupts these interactions, leading to a decrease in the unit volume
of SCO-D compared to SCO.

The dehydration process also has a significant impact on the me-
chanical strength of the CAS phases. The mechanical properties, in-
cluding stiffness, hardness, and resistance to deformation, are closely
related to the interatomic bonding and structural integrity of the ma-
terial. The removal of water molecules from SCO-D weakens the inter-
molecular interactions and alters the atomic arrangement within the
crystal lattice, resulting in a reduction of mechanical strength com-
pared to the hydrated form of SCO. Furthermore, the absolute values
of thermodynamic properties of SCO-D are significantly lower than
those of SCO due to the absence of water molecules. Thermodynamic
parameters such as Helmholtz free energy, entropy, and heat capacity
are influenced by the molecular vibrations, rotational motions, and
configurational changes within the crystal lattice. The presence of
water molecules in SCO contributes to the vibrational and rotational
degrees of freedom.

4. Concluding remarks

This study employs first principles atomistic simulations based on
the DFT-PBE-D2 method to investigate the mechanical, electronic,
and thermodynamical properties of the following crystalline phases of
calcium aluminosilicate (CAS): anorthite (ANO), svyatoslavite (SVY),
scolecite (SCO), and Dehydrated scolecite (SCO-D). Investigating the
structural features and mechanical behavior of stone wool materials
derived from CAS phases could provide valuable insights for optimizing
their thermal and acoustic insulation properties. The obtained results
have led to several significant conclusions:

• Polymorphism plays a significant role in determining the mechan-
ical strength of CAS phases. The distinct crystal structures of ANO
and SVY result in different mechanical properties, while their
electronic and thermodynamic behaviors remain similar.

• Dehydration has a pronounced effect on CAS phases, causing a
reduction in unit volume and mechanical strength. The absence
of water molecules weakens intermolecular interactions, leading
to decreased mechanical properties in dehydrated phases such as
SCO-D.

• Thermodynamic properties, including entropy, heat capacity, and
Helmholtz free energy, are strongly influenced by the presence
or absence of water molecules in CAS phases. Dehydrated phases
exhibit significantly lower absolute values for the thermodynamic
properties due to the absence of water, which contributes to
vibrational and rotational degrees of freedom.

• The calculated elastic and thermodynamic properties are in ex-
cellent agreement with the available experimental data. This
demonstrates the advantage and accuracy of the computational
approach of DFT-PBE-D2 of this study. Further experimental in-
vestigations of the mechanical properties as well as the thermody-
namic properties of SCO-D and SVY, would contribute to a more

complete understanding of these CAS phases.
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• These crystalline phases exhibit a complex interplay between
their crystal structures and mechanical properties, which are
highly relevant to stone wool materials used in insulation. Ad-
ditionally, understanding the effects of polymorphism and dehy-
dration on the performance of stone wool materials can guide
the development of enhanced insulation materials with improved
mechanical strength, durability, and thermal efficiency.

• Future research efforts in this field could expand beyond the
investigation of crystalline phases to encompass the study of
non-crystalline or amorphous components present in stone wool
materials. Additionally, exploring adsorption processes involving
water molecules on both crystalline and non-crystalline phases
can provide valuable insights into the behavior of stone wool
under various environmental conditions. This knowledge may
lead to improvements in moisture management strategies and
ultimately enhance the durability and efficiency of insulation
products used across diverse industries.
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