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Abstract: Boron carbide plays a crucial role in various extreme environment applications, including
thermal barrier coatings, aerospace applications, and neutron absorbers, because of its high thermal
and chemical stability. In this study, the temperature-dependent elastic stiffness constants, ther-
mal expansion coefficient, Helmholtz free energy, entropy, and heat capacity at a constant volume
(Cv) of rhombohedral B4C have been predicted using a quasi-harmonic approach. A combination
of volume-dependent first-principles calculations (density functional theory) and first-principles
phonon calculations in the supercell framework has been performed. Good agreement between
the elastic constants and structural parameters from static calculations is observed. The calculated
thermodynamic properties from phonon calculations show trends that align with the literature. As
the temperature rises, the predicted free energy follows a decreasing trend, while entropy and Cv

follow increasing trends with temperature. Comparisons between the predicted room temperature
thermal expansion coefficient (TEC) (7.54 × 10−6 K−1) and bulk modulus (228 GPa) from the quasi-
harmonic approach and literature results from experiments and models are performed, revealing that
the calculated TEC and bulk modulus fall within the established range from the limited set of data
from the literature (TEC = 5.73–9.50 × 10−6 K−1, B = 221–246 GPa). Temperature-dependent Cijs are
predicted, enabling stress analysis at elevated temperatures. Overall, the outcomes of this study can
be used when performing mechanical and thermal stress analysis (e.g., space shielding applications)
and optimizing the design of boron carbide materials for elevated temperature applications.

Keywords: density functional theory; phonon calculations; quasi-harmonic approach; boron carbide;
temperature-dependent elastic and thermal properties

1. Introduction

Advanced ceramics, such as boron carbide, exhibit low density (∼2.5 g
cm3 [1]), high

strength (∼3 to 5 GPa [2]), high hardness (∼25 to 38 GPa [3]), high melting tempera-
ture (2723 K [4]), and high chemical and thermal stability [5]. These desirable properties
make boron carbide suitable for applications involving extreme environments, including
aerospace [6], body armor [7], wear-resistant components [8], abrasive powder [9], and neu-
tron absorbers [10]. Given the significance of advanced ceramics in various industries
(e.g., medical devices [11], and aircraft and satellite components [12]) and broad research
interests toward understanding their behavior under extreme conditions, accurately pre-
dicting their behavior and mechanical properties is crucial for designing and optimizing
boron carbide-based materials. Computational methods like molecular dynamics and
density functional theory provide efficient tools to investigate the behavior of materials
under different loading conditions, with reduced cost and time compared to experimental
approaches [13,14]; these tools are used here to study the effects of temperature on the
elastic and thermal properties of boron carbide. The primitive cell of boron carbide is a
rhombohedral lattice composed of 15 atoms with 12-atom boron icosahedra and a 3-atom
chain in the middle of the lattice with the configuration of B12C3 or B4C [15]. The covalent
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bonds between B and C atoms contribute to the overall thermal and structural stability of
the material [9,16].

Traditional methods for predicting the elastic properties of materials rely on empirical
relationships, such as Hooke’s law, which are based on experimental data and generally
provide reasonable estimates for well-established materials [17]. However, these methods
can be limited when applied to extreme conditions (e.g., very low or high temperatures [18],
high pressure [19], and corrosive environments [20]), as well as for complex materials
(e.g., advanced ceramics [21,22] and composites [23,24]). The elastic properties reported for
boron carbide typically originate from room-temperature experimental setups. For example,
the Young’s modulus of B4C, measured using acoustic methods, falls within the range of
460–470 GPa [25,26]. Several studies have predicted the bulk modulus of boron carbide at
room temperature through experiments [27] and atomistic calculations [28]. These studies
suggest a range of 220–250 GPa for the bulk modulus of B4C at 298 K. Although the elastic
properties of boron carbide have been extensively studied at room temperature [27–32],
there is still a gap in the knowledge regarding how these properties vary at elevated tem-
peratures, where boron carbide has numerous applications. Challenges arise from the need
for extensive experimental testing and the difficulty of capturing the full complexity of ma-
terial behavior. Traditional methods often overlook factors like microstructural effects [23],
anisotropy [33], and temperature dependence [34]. To address these challenges, advanced
computational techniques, including first-principles methods [28,35,36], molecular dynam-
ics simulations [21,37], and machine learning approaches [14,38], have been developed.
These methods not only enable more accurate predictions of elastic properties, but also,
when appropriately validated, can overcome the limitations of traditional approaches based
solely on empirical relationships and experimental data [17,39]. Significant advancements
in computer resources and first-principles methodologies have enabled the prediction
of single crystal static elastic stiffness constants (Cijs) at 0 K using the strain energy and
stress–strain methods. As an example, the elastic constants of single crystal materials
such as B4C [28], Al2O3 [40], Ti3B4 [41], and Fe3C [42] have been successfully predicted
through first-principles calculations. In addition to this, density functional theory and
molecular dynamics simulations have been used for investigating the microstructure and
mechanical properties [43], phase transformation and amorphization [44], and semicon-
ductor behavior of boron carbide [45]. Despite these achievements, the exploration of the
pressure dependence of elastic constants has received more attention, while the estimation
of Cijs at elevated temperatures remains largely unexplored, except for molecular dynamics
simulations, which can lack sufficient accuracy at different temperatures [34,46]. While
MD simulations offer a detailed understanding of dynamic behavior, their computational
intensity and the accuracy of interatomic potentials may limit their feasibility for extensive
exploration of high-temperature regimes, especially in the context of single crystal calcu-
lations for materials like boron carbide [34,39,46]. To address this gap, this article focuses
on the calculation of the temperature-dependent elastic properties of single crystal B4C
boron carbide, through the use of a quasi-harmonic approach involving density functional
theory (DFT) and phonon calculations. Since first-principles methods typically provide
calculations at zero temperature, the quasi-harmonic approach [47] is employed to obtain
temperature-dependent elastic properties. The quasi-harmonic approach incorporates
the effects of temperature by considering the Helmholtz free energy, which has thermal
electronic and vibrational contributions to the material’s properties [35,47]. This allows
for a more comprehensive understanding of the temperature-dependent elastic behavior
of boron carbide. This approach has been previously applied to other materials such as
alumina (Al2O3) [34], nickel aluminide (Ni3Al) [35], and lead titanate (PbTiO3) [47].

In the present work, we organize the article as follows. In Section 2, we present the
theory and methodology employed to find the temperature-dependent elastic constants,
including the Helmholtz free energy, static calculations and equation of state (EOS) for
total energy versus cell volume (E-V) results, vibrational contributions based on phonon
calculations, and the details of our first-principles calculations. In Section 3, the details of
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the DFT model validation, the properties calculated from the EOS, and the results of phonon
calculations are provided. Results are discussed in the context of comparing structural
parameters and elastic properties with literature data, static calculations and the equation of
state, phonon calculations, temperature-dependent thermal and elastic properties, and the
thermal expansion coefficient. The limitations of the current work are also provided in this
section. In Section 4, conclusions of the present work are given.

2. Theory and Methodology

Density functional theory provides calculations at zero temperature [48]. To obtain
the temperature-dependent elastic properties in this study, a quasi-harmonic approach [49]
within the Helmholtz free energy framework is applied. The quasi-harmonic approach
accurately captures temperature-dependent lattice variations, allowing a comprehensive
analysis of the material’s elastic behavior across a wider temperature range [47,49–51].

The Helmholtz free energy F(V, T) at volume V and temperature T is approximated by

F(V, T) = E(V) + Fvib(V, T) + Fele(V, T), (1)

where E(V) is the static energy at 0 K and volume V determined by DFT calculations.
The vibrational contribution to the free energy at volume V and temperature T is defined
by Fvib(V, T), estimated by first-principles phonon calculations. The thermal electronic
contribution to free energy is represented by Fele(V, T), which is zero in the case of semicon-
ductors and insulators due to the absence of electrons at the Fermi level [34,35,52]. Given
that boron carbide exhibits semiconductor behavior [53], the Fele(V, T) term is disregarded
in this study. In the following, the details of the equations and methods for static energy
calculation (Section 2.1), vibrational contribution to the Helmholtz free energy (Section 2.2),
and DFT and phonon calculations (Section 2.3) are provided.

2.1. Static Energy and E-V Equation of State

Various equations of state (EOS) for E-V relationships have been established in the liter-
ature. The most widely used EOS is the Birch–Murnaghan EOS (BM) [54]. The 4-parameter
equation of the Birch–Murnaghan EOS has the following form:

E(V) = a + bV−n/3 + cV−2n/3 + dV−3n/3, (2)

where a, b, c, and d are the fitting parameters. In this study, we have adopted the modified
Birch–Murnaghan (mBM) EOS proposed by Teter et al. [55], for which n = 1, to fit the E-V
data of B4C, due to its ability to minimize fitting errors [35].

The bulk modulus corresponding to the mBM EOS is

Be =
2(9d + 5cV1/3

e + 2bV2/3
e )

9V2
e

, (3)

where Ve is the equilibrium volume. According to the first-principles methods of EOS fitting,
a single-phase region with a volume range of approximately ±10% around the equilibrium
volume should be considered. Additionally, it is recommended to use a minimum of five
data points for EOS fitting [35].

2.2. Vibrational Contribution to the Helmholtz Free Energy

The vibrational contribution to the Helmholtz free energy as a function of volume (V)
and temperature (T) is

Fvib(V, T) = kBT
∫ ∞

0
ln
[

2 sinh
h̄ω

2kBT

]
g(ω) dω, (4)

where kB is the Boltzmann constant, h̄ is the reduced Planck constant, ω is the frequency,
and g(ω) is the phonon density of states (DOS). To obtain the vibrational contribution to
the Helmholtz free energy, a systematic approach is undertaken. After finding the ground
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state properties of the initial structures from DFT calculations, the supercell method [56] is
used to calculate the phonon dispersion relations. These relations describe the vibrational
frequencies as a function of wave vector in the Brillouin zone. The force constants, which
quantify how the potential energy changes with atomic displacement are then obtained
from the DFT results. By analyzing the force-sets and phonon dispersion relations [56],
the phonon DOS is calculated, which gives information about the distribution of vibrational
frequencies. Utilizing force-sets and DOS and statistical mechanics, the thermodynamic
properties are calculated as a function of temperature [56]. By repeating this process for
different volumes of the initial structure, the thermodynamic properties are obtained as a
function of temperature and volume. Then the T-V relationship is obtained by minimizing
the F(V) for each temperature.

2.3. DFT and Phonon Calculations

DFT calculations were performed using the Vienna ab initio simulation package
(VASP) [57,58]. The Projector Augmented Wave with Perdew–Burke–Ernzerhof (PAW-
PBE) pseudopotential [59] with a cut-off energy of 520 eV for plane waves was employed.
The PAW-PBE has been widely used in the literature within DFT simulations for elec-
tronic structure calculations because of its high accuracy and reliability [59]. For k-point
sampling, the Gamma scheme with fine accuracy (11 × 11 × 11 k-mesh for the unit cell
with equilibrium volume as shown in Figure 1a) was used, with a careful assessment of
k-point convergence to ensure reliable results. Next, the integration of band structure
energy across the Brillouin zone was accomplished using the tetrahedron method with
Blöch corrections [60]. This method effectively accounts for the total energy, ion forces,
and stresses in semiconductors and insulators (e.g., Si [61], Al2O3 [35], and SiO2 [62]),
and is also suitable for simulating the current structure because boron carbide exhibits
semiconductor properties [63,64]. The Generalized Gradient Approximation (GGA) [65]
was used for the exchange–correlation functional. During the structural optimization,
the ionic relaxation scheme with a conjugate gradient algorithm was employed. Addition-
ally, the relaxation of both the cell shape and atomic positions throughout the optimization
process was ensured. The incorporation of these two parameters ensures a more precise
representation of the equilibrium structure of the system [66]. The VASPkit code [67] was
used for k-point generation and post-processing of the VASP calculated data.

Phonon calculations within the supercell framework [56] with supercells of 3 × 3 × 1 cells
and 135 atoms as shown in Figure 1b were employed to determine the vibrational contri-
bution to the Helmholtz free energy (Equation (1)). The acting forces on atoms for each
supercell of B4C were calculated with DFT by VASP (v.5.4.4) with a 4 × 4 × 11 k-mesh.
Phonopy software (v.2.19.1), a package for phonon calculations at harmonic and quasi-
harmonic levels [68], was used for frozen phonon calculations and post-processing of the
results. The supercell sizes of 3 × 3 × 1 and 3 × 3 × 3 were studied in phonon calcula-
tions. The phonon calculation results and thermal properties for both cells matched and
the 3 × 3 × 1 size was chosen as the supercell size to reduce the computational expenses.
The studied structures in this study are perfect crystal boron carbides and they do not
have any defects. Seven different B4C cells with varying cell volumes were considered to
find the relationship between V and T. Phonon dispersion curves are obtained from the
self-consistent field calculations of the supercells by DFT. The force constants for each vol-
ume are calculated from the force-sets derived from self-consistent field (SCF) calculations
by DFT. Phonon DOSs are then calculated for each of the volumes from force constants
and principles of statistical mechanics [56] resulting in temperature-dependent properties
of boron carbide. The crystal structures and visualizations presented in this study were
generated using VESTA software (v.3.5.7) [69].
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Figure 1. Atomistic visualization (by VESTA software (v.3.5.7) [69]) of the rhombohedral boron
carbide (a) unit cell with an arrangement of B4C and (b) supercell with the same atomic configuration.

In the following, the validation of the DFT model and outcomes of static and phonon
calculations including the temperature-dependent thermal and elastic properties are pre-
sented and discussed.

3. Results and Discussion

In this section, the DFT calculations are validated (Section 3.1). Then, we present
studies of the EOS and static energy contribution (Section 3.2), along with the vibrational
contribution (Section 3.3) to the Helmholtz free energy for B4C. Using the properties derived
from the static calculations and insights obtained from phonon calculations, we provide
the temperature-dependent thermal and elastic properties of B4C.

3.1. First-Principles Calculations’ Validation

To validate our DFT calculations for boron carbide, we compared the relaxed lat-
tice parameters, cell volume, energy per atom, and elastic parameters with experimen-
tal [29,30,70,71] and modeling [28,72–74] literature data.

Table 1 presents a detailed comparison of the lattice constants, cell volume, and total
energy per atom for B4C obtained from different literature sources. This agreement (less
than 2% relative error) indicates the robustness of our computational approach in accurately
predicting the atomic structure of B4C. Tables 2 and 3 show the calculated elastic constants
and properties for B4C with DFT in this work and previous works. By comparing the DFT-
calculated elastic properties with data available in the literature and from experimental
measurements, a comprehensive assessment of the accuracy and reliability of the DFT
results can be achieved. Understanding elastic properties, including Young’s modulus (E),
shear modulus (G), bulk modulus (B), and Poisson’s ratio (ν), is crucial for unraveling the
behavior of materials, guiding predictions of failure mechanisms [33,75], understanding
dynamic loading in ceramics [21,37], and recognizing temperature dependency [26,34]
under extreme conditions.

Figure 2 illustrates the DFT total energies calculated for B4C at various volumes
(including the equilibrium volume), alongside the fitted E-V mBM EOS curve. The volumes
were adjusted through uniform deformation applied to each direction while maintaining
a consistent rhombohedral lattice shape, as is suggested in the literature [34,76]. This
approach facilitates the comparison of independent elastic constants, ensuring uniformity
across different structures. The fitting demonstrates the effectiveness of the chosen EOS in
representing the material’s behavior across different volumes.
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Table 1. Comparison of the relaxed lattice parameters, cell volume, and total energy of B4C in the
rhombohedral system.

a, b, c (Å) α, β, γ Cell Volume (Å3)
Energy per

Atom
(eV/atom)

Calculation
Present work 5.185 65.89 111.12 −7.239
Taylor et al. (2012) [28] 5.190 66.01 112.09
Materials Project [74] 5.180 65.95 110.65
Dekura et al. (2010) [72] 5.110 66.00 −7.231
Bylander et al. (1990) [73] 5.182 65.61

Experiment
Kwei et al. (1996) [70] 5.155 65.67
McClellan et al. (2001) [71] 5.190 65.18

Table 2. Comparison of the elastic constants of B4C in the rhombohedral system.

Cij (GPa) C11 C12 C13 C14 C33 C44

Present work 465 125 103 36 498 175
Taylor et al. (2012) [28] 486 188 64 14 518 133

Table 3. Comparison of the elastic properties of B4C in the rhombohedral system.

Elastic Properties E (GPa) G (GPa) B (GPa) ν

Calculation
Present work 421 177 225 0.19
Taylor et al. (2012) [28] 451 173 221

Experiment
Manghnani et al. (2000) [29] 462 197 235 0.17
Gieske et al. (1991) [30] 472 200 247 0.18

Figure 2. DFT energy versus volume of the cell for boron carbide and the fitted mBM EOS.

The fitted EOS is also validated through a comparison of the bulk modulus. The bulk
modulus calculated from Equation (3) is compared with the results of DFT for the equilib-
rium cell of B4C, other calculations [28,31,32], and experiments [27,29,30]. Table 4 presents
a validation of the bulk modulus for single crystal B4C. The comparison between the
bulk modulus values obtained from the fitted EOS, our DFT calculations, experimen-
tal data [27,29,30], and other calculations [28,31,32] confirms the accuracy and reliability
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of our computational approach. The bulk modulus of B4C computed from mBM EOS
(239 GPa) and DFT (225 GPa) both fall into the range of 220–246 GPa that was established
for B4C [28–30].

Table 4. Validation of bulk modulus calculated from fitted EOS and DFT for single crystal B4C.

Method Bulk Modulus (GPa)

B EOS (Equation (3)) 239
Present work (DFT) 225

Experiment 235 [29], 247 [30], 240 [27]
Calculation 234 [31], 246 [29], 221 [28], 239 [32]

3.2. Properties from Static Calculations

In addition to the total energy, the elastic stiffness constants of B4C were calculated
with DFT simulations for seven different cell volumes. In this study, the DFT calculations
provided valuable insights into these elastic properties. Figure 3 shows the six independent
elastic constants of the single crystal B4C structures from DFT simulation for each volume
(shown as square data points). The volume-dependent Cijs are fitted by exponential
functions, which will be used in combination with phonon calculation results to predict
temperature-dependent Cijs. The circle data points represent the data from previous DFT
calculations performed by Taylor et al. [28] showing elastic constants at the equilibrium
volume of a B4C unit cell. The small difference between these results arises from variations
in structural relaxation (as shown in Table 1) and elastic constant calculation processes.
The elastic constant versus volume curves for boron carbide exhibit dissimilar trends,
reflecting its complex anisotropic behavior. Specifically, C11, C12, C13, C14, and C33 show
decreasing trends as the volume increases, indicating a weakening stiffness and reduced
resistance to elongation along specific crystallographic directions. This behavior can be
attributed to structural softening, lattice expansion, and anisotropic bonding [9]. In contrast,
C44 demonstrates an increasing trend, suggesting a higher resistance to shear deformation
along certain crystallographic planes as the volume expands. These findings highlight the
complexity of boron carbide’s mechanical response, which is a consequence of its unique
crystal structure and the arrangement of boron and carbon atoms within the lattice [9,28].

Figure 3. Calculated independent elastic constants (a) C11 and C33 and (b) C12, C13, C14, and C44

for single crystal boron carbide using DFT and their trend with cell volume change alongside with
literature data for equilibrium volume [28].

3.3. Phonon Calculation and Thermal Properties

Combining the E-V results from static calculations at different volumes (Figure 2)
with temperature-dependent thermal properties from phonon calculations (provided in
Supplementary Materials) results in free energy vs. volume curves for different tempera-
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tures and establishes the relationship between volume and temperature (V-T), as shown
in Figure 4b. Specifically, Figure 4a depicts the free energy as a function of volume for
different temperatures starting from 0 to 1900 K.

Figure 4. (a) Free energy vs. volume of B4C at different temperatures, and the equilibrium volume
for each temperature shown by the red curve. (b) Volume vs temperature of B4C calculated from
phonon calculations.

Substituting the V(T) from Figure 4b in the exponential functions fitted to the static
elastic stiffness constants (Cij(V)) from Figure 3 results in temperature-dependent elastic
stiffness constants (Cij(T)). Figure 5 illustrates the six independent elastic constants of the
single crystal B4C structures at different temperatures. It is evident that at temperatures
below 100 K, all elastic constants maintain an almost constant value, attributed to the
minimal vibration of atoms at those temperatures. All elastic constants except C44 show
a decreasing trend with increasing temperature. C44 exhibits almost no change with
temperature, demonstrating the anisotropic behavior of boron carbide. It was observed
that all volume-dependent Cijs excluding C44 exhibit decreasing trends with the volume
changes (shown in Figure 3). In contrast, C44 has an increasing trend at volumes lower
than the equilibrium volume. After reaching the equilibrium volume, the rate of increase
diminishes significantly, resulting in an almost constant value at higher volumes. Since,
in the temperature-dependent results, the zero temperature corresponds to the ground state
of the material, the effects of structural shrinking at temperatures below zero Kelvin are
ignored. Thus, the observed trends in Cij(T) align closely with those of Cij(V) at volumes
higher than the equilibrium volume.

Figure 5. Temperature-dependent 6 independent elastic constants of B4C (a) C11 and C33 and (b) C12,
C13, C14, and C44.
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3.4. Temperature-Dependent Thermal Expansion Coefficient and Bulk Modulus

The temperature-dependent thermal expansion coefficient (TEC) of boron carbide is
also predicted from the quasi-harmonic approach. As a result of strong covalent bonds
between B and C atoms in boron carbide, its thermal expansion coefficient is measured
to be much lower compared to other materials such as metals and polymers (e.g., zinc:
30 × 10−6 [77], aluminum: 23 × 10−6 [77], and polyethylene: 100 × 10−6 [78] at room
temperature). Figure 6a shows the anticipated temperature-dependent TEC of B4C boron
carbide alongside existing literature data [26,79–82]. Most of the available data are from
experiments performed at room temperature (298 K). For example, Tsagareishvili [80],
Hollenberg [82], and Telle [81] measured the TEC for boron carbide at room temperature
as 5.73 × 10−6, 8.00 × 10−6, and 9.50 × 10−6 respectively. The calculated TEC in this
study at room temperature is predicted to be 7.54 × 10−6, a value consistent with the
established range of previously recorded data. At elevated temperatures, the extent of
the established data is significantly reduced, and the available data are often derived
from experiments conducted on the polycrystalline structures of boron carbide, typically
exhibiting defects [26]. The presence of defects such as vacancies, impurities, and point
defects can distort the regular arrangement of atoms and lattice symmetry, contributing
to a different TEC [83]. Moreover, the grain boundaries and various crystallographic
orientations in polycrystalline structures result in an overall expansion that may be lower
than that of a perfect single crystal [83]. Kuliiev et al. [26] predicted that the TEC of B4C
within the temperature range 298–1273 K follows an almost linear trend with an average
of 6 × 10−6. Thevenot [79] used the following equation to determine the TEC of boron
carbide: α = 3.016 × 10−6 + 4.30 × 10−9T − 9.18 × 10−13T2 (T in ◦C). However, in the two
previous temperature-dependent studies, the TEC at room temperature was lower than the
established range, resulting in an overall lower TEC at elevated temperatures compared to
the case of the perfect single crystal B4C studied here.

Additionally, a comparison between the TEC of advanced ceramics, including boron
carbide (B4C), alumina (Al2O3) [34], and silicon carbide (SiC) [84] along with the room
temperature experimental results [85,86] of them are illustrated in Figure 6b to capture the
trends in TEC for these materials. It is evident that these materials exhibit a similar pattern,
characterized by a very low to negligible increase in TEC at temperatures below 100 K,
followed by a sharp rise until approximately 500–700 K, and then a gradual increase until it
approaches a nearly constant value. This trend is attributed to the transition from internal
energy dominance to vibrational entropy dominance, indicating significant changes in the
material’s behavior as temperature increases. At low temperatures (<100 K), the atomic
vibrations and motions are minimal leading to less expansion when subjected to a temper-
ature change [47,50]. As the temperature rises to an intermediate range, the vibrational
motion of atoms becomes more prominent resulting in a more rapid expansion. As the
temperature increases, reaching an elevated range (e.g., near melting point), the material
may undergo phase transitions that affect its thermal expansion behavior [47]. At these
higher temperatures, the TEC still increases, but the rate of increase tends to be more
gradual. The material may approach a nearly constant value as it reaches a state where
further increases in temperature have a diminishing impact on the expansion behavior.

As the final result, the temperature-dependent bulk modulus of boron carbide is
presented in Figure 7. Similar to the TEC results, most of the available data are from
experiments and modeling performed at room temperature rather than elevated tempera-
tures. Previously performed experiments at room temperature resulted in the following
data: 246 GPa by Dekura et al. [72], 235 GPa by Manghnani et al. [29], and 237 GPa by
Dodd et al. [27]. Moreover, the bulk modulus was predicted as 221 GPa by Taylor et al. [28]
and 298 GPa by Aydin et al. [32]. The first-principles calculation produced in this present
study with the phonon model resulted in 228 GPa at room temperature, which is in align-
ment with the data from the literature. In the same experiment that Kuliiev et al. [26]
obtained TEC, they also provided the bulk modulus at higher temperatures. The results
from our study follow the same decreasing trend of their work and the highest error value
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is equal to 9%. This error, along with the variations in trends, can be attributed to differ-
ences in the studied structure. The experimental studies use polycrystals with defects,
whereas our investigation focuses on a perfect single crystal structure. Similar to the elastic
constants, the bulk modulus exhibits negligible changes at temperatures below 100 K.

Figure 6. Temperature-dependent thermal expansion coefficient of (a) B4C alongside the litera-
ture data [26,79–82] and (b) comparison between TEC of advanced ceramics alongside their room
temperature modeling [34,84] and experimental data [85,86].

Figure 7. Temperature-dependent bulk modulus of B4C alongside the bulk modulus obtained from
other experiments [26,27,29,72] and modeling works [28,32].

3.5. Limitations

A potential limitation of this work is the use of the quasi-harmonic approximation,
which incorporates the volume dependence of phonon frequencies as a component of
anharmonic effects. In the quasi-harmonic approximation, phonon–phonon coupling is
neglected, leading to limitations, particularly near the melting temperature where this cou-
pling becomes significant [47]. Another potential limitation of this study was the exclusive
consideration of the B4C configuration of boron carbide. The small difference between the
atomic number of 5B and 6C makes the precise composition and distribution of carbon
atoms difficult to measure [79]. In addition, this chemical similarity induces substitutional
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disorder, causing changes in the local atomic arrangement and carbon concentration in
boron carbide. The substitution of the central carbon in the CCC chain with the boron
in the polar site of the icosahedra results in a more thermodynamically stable structure
with a lower energy with a configuration of C11CpCBC [87–89]. These variations in boron
carbide configurations and chain arrangements lead to different mechanical behavior and
stabilities in structures [28,90]. Exploring various stoichiometries in boron carbide provides
opportunities for future investigations to further refine our comprehension of this material
in extreme environments.

4. Conclusions

In conclusion, this study investigates the temperature-dependent elastic and thermal
properties of rhombohedral B4C boron carbide, revealing its intricate mechanical response
and thermal behavior. Using a quasi-harmonic approach involving static DFT simula-
tions and first-principles phonon calculations, the exploration of elastic constants, thermal
properties (Helmholtz free energy, entropy, and heat capacity), and thermal expansion
coefficient (TEC) versus temperature provided valuable insights into the material’s sta-
bility and performance at elevated temperatures. The comprehensive validation of our
first-principles calculations against structural parameters and E-V fitting with mBM EOS
establishes the reliability of our findings. Moreover, the comparison of TEC with other ad-
vanced ceramics demonstrates similar trends emphasizing the influence of atomic structure
on material properties. Given the unexplored behavior of single crystal boron carbide at
elevated temperatures, the obtained TEC (7.54 × 10−6 K−1) and bulk modulus (228 GPa)
from the quasi-harmonic approach were compared with the room temperature results from
literature experiments [27,29,72,80–82] and models [28,31,32]. This comparison showed
that the predicted results aligned closely with literature data (TEC = 5.73–9.50 ×10−6 K−1,
B = 221–246 GPa). This work presents the variation in elastic stiffness constants, average
thermal expansion coefficient, and bulk modulus of single crystal B4C across a broad
temperature range from 0 to 2000 K. Overall, this work advances our fundamental under-
standing of boron carbide at elevated temperatures and provides crucial information for
optimizing its design across various extreme environment applications, including satellite
and aerospace components [6,12], as well as radiation shielding [10,91].
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dynamic properties of B4C for different volumes. (a) Helmholtz free energy, (b) entropy, and (c) heat
capacity at constant volume.
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