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Abstract 

This investigation presents a comprehensive theoretical examination of pressure-induced volumetric 

compression characteristics in five structurally diverse nanomaterials: graphite, aluminium oxide 

(Al2O3), single-walled carbon nanotubes (SWCNTs), nano-epsilon-phase iron (nano-ε-Fe), and nano-

nickel (nano-Ni), representing carbon allotropes, ceramic oxides, and transition metal systems. Four 

established equations of state (Tait, Murnaghan, Kholiya and Chandra, and Shanker) were employed 

using experimentally derived bulk modulus values and their pressure derivatives from literature to 

model relative volumetric changes under applied pressure up to 16 GPa. The analysis reveals 

material-specific compressibility behaviours dictated by bonding characteristics, atomic 

configuration, and dimensionality. Al2O3 demonstrates the highest incompressibility among studied 

materials due to its strong ionic-covalent bonding, while SWCNTs exhibit pronounced nonlinear 

compression attributed to structural instabilities under confinement. Nano-Ni and nano-ε-Fe show 

intermediate compressibility with enhanced sensitivity due to nanoscale effects including surface 

energy influences and modified coordination environments. The study validates the applicability of 

classical equations of state for predicting nanoscale mechanical responses and provides critical 

insights for material selection in nanodevice design for biomedical, energy, and high-pressure 

applications. 
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1. Introduction 

 

Nanomaterials have surfaced as pivotal agents in the realm 

of materials science, presenting distinctive properties that 

stem from their elevated surface area-to-volume ratios and 

quantum phenomena [1–3]. These nanoscale materials 

demonstrate unique physical and chemical characteristics 

when juxtaposed with their bulk counterparts, exhibiting 
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properties that are markedly responsive to various external 

factors, including temperature, pressure, and ambient 

conditions [4–6]. Notably, pressure assumes a crucial role 

in the modulation of interatomic separations, phase 

stability, and mechanical responses, consequently affecting 

the functional attributes of nanomaterials [7–11]. 

Among the extensive variety of nanomaterials, carbon-

based entities such as single-walled carbon nanotubes 

(SWCNTs) and graphite have undergone thorough 

investigation. SWCNTs are distinguished for their 

remarkable electrical conductivity, tensile strength, and 

thermal stability, rendering them appropriate for utilization 

in electronics, energy storage, and biomedical applications 

[12–14]. Graphite, which consists of layered graphene 

sheets, functions as a fundamental component across 

various sectors owing to its outstanding electrical 

conductivity, elevated thermal resistance, and structural 

durability, particularly within energy storage frameworks 

like lithium-ion batteries [15–17]. In addition to carbon-

derived nanomaterials, metal oxides and metallic 

nanoparticles have attracted considerable scholarly 

interest. Among metal oxides, Aluminum oxide (Al2O3) 

nanoparticles display exceptional hardness, thermal 

stability, and dielectric characteristics, which enhance their 

applicability in microelectronics, protective coatings, and 

ceramic composites [18,19]. Particularly, γ- Al2O3 

nanoparticles produced under high-pressure conditions 

exhibit improved structural attributes, which are essential 

for applications necessitating mechanical robustness [20]. 

Similarly, transition metal-based nanomaterial like 

Epsilon-phase iron oxide (ε-Fe₂O₃) nanoparticles exhibit 

distinctive magnetic characteristics, encompassing an 

exceptionally high coercive field and pronounced 

ferromagnetic resonance, which are of paramount 

importance for applications in high-density magnetic 

storage and spintronic devices [21-23]. Empirical 

investigations have indicated that ε-Fe₂O₃ sustains 

structural integrity under pressures reaching 27 GPa; 

beyond this threshold, a volumetric collapse transpires, 

signifying a phase transition that may be harnessed for 

pressure-sensitive technologies [24]. Likewise, Nickel 

nanoparticles (nano Ni) are distinguished by their 

remarkable catalytic performance, magnetic attributes, and 

mechanical durability. Contemporary studies have 

revealed that single-crystalline nickel nanoparticles display 

ultrahigh compressive strength, attaining levels up to 34 

GPa, a feat that is unparalleled among metallic substances 

and approaches the theoretical strength limits of nickel 

[24,25].  

These exceptional properties render nano Ni a highly 

promising candidate for applications in catalysis, energy 

conversion, and as reinforcement agents within composite 

materials. 

Grasping the dynamics of these nanomaterials under 

elevated pressure conditions is imperative for their 

incorporation into sophisticated technological applications. 

Modifications induced by pressure can result in phase 

transitions, modifications of electronic configurations, and 

enhanced mechanical characteristics, which are vital for 

the advancement of next-generation materials [26-39]. The 

equation of state (EOS), particularly the relationship 

between volume compression and pressure, functions as a 

fundamental instrument for investigating the mechanical 

durability and structural integrity of nanomaterials [7–9]. 

In this research, we provide a comparative examination of 

five representative nanomaterials single-walled carbon 

nanotubes (SWCNTs), graphite, aluminum oxide (Al2O3), 

nano ε-iron, and nano nickel in high-pressure 

environments.  

By employing the EOS framework, we explore their 

volume compressibility characteristics and evaluate 

structural integrity over a spectrum of pressures. The 

results are corroborated against experimental standards and 

analyzed within the framework of their prospective 

applications in high-stakes biomedical and technological 

fields. 

 

2. Methods of analysis 

 

The analytical framework employed in this study is based 

on equations of state (EOS), which describe the 

relationship between thermodynamic variables including 

pressure (P), volume (V), and temperature (T) for any 

material system [40-43].  

These equations enable prediction of material behavior 

under various pressure, volume, and temperature 

conditions for both pure components and multicomponent 

mixtures [44].  

EOS relationships are instrumental in describing material 

stability by correlating different parameters such as 

entropy, temperature, pressure, and volume, thereby 

reflecting atomic structure, chemical bonding, and material 

stability [45-47]. 

 

2.1. Equation of state models 

 

Four established equations of state were utilized to 

determine pressure-dependent volume compression and 

bulk modulus behavior: the Tait equation [47, 48], 

Murnaghan EOS [49, 50], Kholiya and Chandra EOS [51], 

and Shanker's EOS [52, 53].  

The comparative analysis using multiple models provides 

insight into model-dependent variations and helps identify 

the most suitable approach for each material type. Each 

model has specific applicability and underlying 

assumptions:
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2.1.1. Tait equation of state 

 

The Tait equation, originally developed for liquid 

compression behavior, has been successfully extended to 

solid materials. The modified Tait equation (Usual Tait 

Equation - UTE) is expressed as: 

𝑉

𝑉0

= [1 + (
𝐵0

′ 𝑃

𝐵0

)]

−1/𝐵0
′

 
(1) 

where V₀ is the reference volume at zero pressure, B₀ is the 

bulk modulus at zero pressure, B₀' is the pressure derivative 

of the bulk modulus, and P is the applied pressure. The 

isothermal bulk modulus K(P) derived from this equation 

is: 

𝐾(𝑃) = 𝐵0[1 + (
𝐵0

′ 𝑃

𝐵0

)] (2) 

2.1.2. Murnaghan equation of state 

 

The Murnaghan EOS is widely used for describing 

pressure-volume relationships of materials under static 

high compression, particularly suitable for materials with 

relatively uniform compression behavior: 

P =  
𝐵0

𝐵0
′ [ exp {−𝐵0

′ ln (
𝑉

𝑉0

)} − 1] (3) 

This equation assumes that the bulk modulus varies 

linearly with pressure and is most accurate for moderate 

pressure ranges. 

 

2.1.3. Kholiya and chandra equation of state 

 

This equation was specifically developed for 

nanomaterials, accounting for size-dependent effects and 

surface energy contributions: 

P =  
𝐵0

2
 

(4) 
[(𝐵0

′ − 3) − 2(𝐵0
′ − 2) (

𝑉

𝑉0
)

−1

+ (𝐵0
′ − 1) (

𝑉

𝑉0
)

−2

] 

This model is particularly effective for materials where 

surface effects and nanoscale phenomena significantly 

influence mechanical properties. 

 

2.1.4. Shanker's equation of state 

 

Shanker's equation incorporates higher-order elasticity 

terms and is suitable for materials exhibiting nonlinear 

compression behavior: 

P =  𝐵0 [(1 −
𝑉

𝑉0
) + (𝐵0

′ +
1

2
) (1 − (

𝑉

𝑉0
)

2

)] (5) 

This model is effective for capturing complex mechanical 

responses, particularly in materials with significant 

anharmonicity. The selection of these four EOS models 

was based on their complementary strengths and 

applicability ranges. Tait equation is excellent for general 

compression behavior with good mathematical stability. 

Murnaghan equation is well-established for crystalline 

materials under moderate pressures. Kholiya and Chandra 

equation is specifically designed for nanomaterials with 

surface effects. Shanker's equation captures nonlinear 

behavior and anharmonic effects. While, there are certain 

limitations with these models. Tait and Murnaghan 

equations may underestimate surface effects in 

nanomaterials. Kholiya and Chandra equation requires 

careful parameter selection for optimal accuracy. Shanker's 

equation may overpredict compression at extreme 

pressures. All models assume isothermal conditions and 

may not account for dynamic loading effects. It is worth 

mentioning here that all four EOS models employed in this 

study assume isotropic or quasi-isotropic material 

behavior, utilizing scalar bulk modulus and its pressure 

derivative as input parameters. For materials with 

significant mechanical anisotropy (such as SWCNTs and 

graphite), the bulk modulus represents an effective 

volumetric response under hydrostatic compression, 

predominantly reflecting deformation along the most 

compliant crystallographic direction or averaged over 

multiple grain orientations in polycrystalline samples. The 

bulk modulus (B0) and pressure derivative (B0') values used 

as input parameters (Table 1) were obtained from 

experimental measurements on nanoscale samples, 

ensuring that our theoretical predictions reflect the actual 

mechanical behavior of nanostructured materials including 

inherent nanoscale effects such as grain boundaries, 

surface energy contributions, and size-dependent elastic 

moduli. 

 

3. Results and discussion 

 

3.1. Input parameters 

 

The bulk modulus (B₀) and its pressure derivative (B₀') 

values used in this study were obtained from established 

experimental literature and are presented in Table 1.  

 

Table 1. Input data of SWCNTs, Graphite, Al2O3, Nano-ε-Fe, Nano Ni 

Compounds 𝐵0 (GPa) 𝐵0
′ (GPa) Source 

SWCNTs 37 11 Ref [13-16] 

Graphite 33.8 8.9 Ref [17,32,33] 

Al2O3 248 3.2 Ref [18-20] 

Nano-ε-Fe 179 3.6 Ref [21-23] 

Nano Ni 185.4 4 Ref [24,25] 
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These parameters are critical for accurate EOS calculations 

and were selected based on their reliability and consistency 

across multiple experimental studies. 

 

3.2. Graphite compression analysis 

 

 
Figure 1. Variation compression of volume of graphite with respect to the 

Pressure 

 

Table 2. Data regarding compression of Graphite material by different 

EOS 

The compression behavior of Graphite at various pressures 

(in GPa) with the help of different EOS is illustrated in 

Table 2 and Figure 1. Graphite demonstrates a continuous 

reduction in relative volume (V/Vo) in response to 

increasing pressure. This phenomenon is fundamentally 

linked to the characteristics of graphite’s anisotropic 

layered architecture, wherein the weak van der Waals 

interactions between graphene layers facilitate 

comparatively easier compaction along the c-axis. All four 

equations of state (EOS) models exhibit a downward trend, 

with the Kholiya and Chandra model predicting the most 

pronounced loss of volume, thereby indicating an increased 

sensitivity to variations in pressure. In contrast, the Tait 

and Murnaghan models display consistent and moderate 

compressibility, while the Shanker model suggests a 

marginally less steep decline. This observed behavior 

underscores the significance of interlayer interactions in 

graphite's structural response to applied pressure. As 

compression intensifies, the interlayer spacing diminishes, 

resulting in a reduction in volume until a critical threshold 

is reached, beyond which additional compression 

necessitates elevated energy levels due to electron cloud 

repulsion. This divergence among EOS arises because Tait 

and Murnaghan assume quasi-linear compressibility, while 

Kohliya–Chandra and Shanker include nonlinear and 

nanoscale corrections, leading to sharper predicted volume 

loss. 

 

3.3. Al2O3 compression analysis 

 

Al2O3 exhibits the highest incompressibility among the 

studied nanomaterials (though not globally, as diamond 

and other ultrahard materials show lower compressibility), 

confirming the strength of its ionic-covalent bonding 

framework. As shown in Figure 2, minimal volume 

contraction occurs even at elevated pressures, with slightly 

more pronounced changes observed in the Shanker model 

at higher pressures. This behavior reflects Al2O3's dense 

atomic packing and strong directional Al-O bonds that 

resist compressive forces. At the nanoscale, size-dependent 

surface phenomena may slightly reduce the rigidity 

typically associated with bulk Al2O3, explaining the 

marginal increase in compressibility observed in some 

models. The convergence of EOS models at lower 

pressures indicates consistent elastic behavior, while 

divergence at higher pressures suggests the emergence of 

nanoscale grain boundary effects. These findings align 

with the known mechanical properties of ceramic oxides, 

where strong ionic-covalent bonding provides exceptional 

resistance to compression.  

The material's behavior validates its suitability for 

applications requiring dimensional stability under 

mechanical loading, particularly in demanding biomedical 

and electronic environments. It is important to note that the 

bulk modulus value employed in our calculations (B₀ = 248 

GPa) was derived from experimental measurements on 

nanocrystalline Al2O3 samples with grain sizes typically 

ranging from 20-80 nm [18-20], rather than single-crystal 

data. Consequently, our theoretical predictions inherently 

incorporate grain boundary effects through the 

experimentally determined elastic parameters. High-

pressure transmission electron microscopy studies have 

demonstrated that grain boundaries in nano-Al2O3 exhibit 

enhanced compressibility (approximately 10-20% greater 

than grain interiors) due to reduced atomic coordination 

and increased free volume [59]. However, for grain sizes 

exceeding 20 nm, grain boundary volume fractions remain 

below 10%, meaning that the bulk mechanical response is 

dominated by grain interior elastic properties [60]. 

Pressure 

(GPa) 

Tait 

Model 

Murnaghan 

Model 

Kholiya and 

Chandra 

Model 

Shankers 

Model 

V/V0 V/V0 V/V0 V/V0 

0 1 1 1 1 

2 0.953 0.953 0.952 0.957 

4 0.921 0.922 0.919 0.929 

6 0.898 0.898 0.892 0.905 

8 0.878 0.881 0.871 0.885 

10 0.863 0.865 0.851 0.867 

12 0.852 0.852 0.832 0.85 

14 0.84 0.84 0.818 0.836 

16 0.83 0.83 0.805 0.822 
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Table 3. Data regarding compression of Al2O3 material by different EOS 

Pressure 

(GPa) 

Tait 

Model 

Murnaghan 

Model 

Kholiya and 

Chandra 

Model 

Shank

ers 

Model 

V/V0 V/V0 V/V0 V/V0 

0 1 1 1 1 

2 0.992 0.992 0.992 0.998 

4 0.984 0.984 0.984 0.996 

6 0.977 0.976 0.976 0.995 

8 0.969 0.969 0.969 0.993 

10 0.962 0.962 0.962 0.992 

12 0.956 0.956 0.955 0.99 

14 0.949 0.949 0.949 0.988 

16 0.943 0.943 0.942 0.987 

 

 
Figure 2. Variation compression of volume of Al2O3 with respect to the 

Pressure 

 

The excellent agreement among all four EOS models for 

Al2O3 (inter-model variation <1% at 16 GPa) suggests that 

grain boundary contributions, while present, do not 

introduce significant nonlinear behavior in the studied 

pressure regime.  

At higher pressures (>10 GPa), grain boundary 

densification further reduces their mechanical influence, 

resulting in the predominantly uniform elastic compression 

behavior observed in our calculations. 

 

3.4. SWCNT compression analysis 

 

The compression results for SWCNTs presented in Figure 

3 reveal significant volume reduction with increasing 

pressure, particularly pronounced beyond 10 GPa. The 

Kholiya and Chandra model and Shanker model predict the 

most substantial compression, suggesting potential 

structural modifications such as radial collapse or wall 

flattening phenomena commonly observed in SWCNTs 

under axial loading. SWCNTs exhibit pronounced 

nonlinear mechanical response characteristics due to their 

unique one-dimensional geometry and high aspect ratio. 

The structural instability arises from the hollow cylindrical 

structure's susceptibility to radial deformation under 

pressure. As pressure increases, the nanotube walls 

experience increasing stress concentration, leading to 

progressive deformation that manifests as rapid volume 

reduction.  

The divergence among EOS models at high pressures 

indicates the onset of complex deformation mechanisms. 

Under extreme confinement, SWCNTs may undergo 

irreversible structural changes including wall buckling, 

cross-sectional flattening, or even complete collapse, 

which explains the limiting behavior observed in the 

pressure-volume curves. SWCNTs often undergo radial 

collapse and ovalization under pressures beyond 10 GPa, 

as reported in high-pressure Raman and XRD studies [15–

17, 29–31]. 

The pronounced nonlinear compression behavior predicted 

by our models, particularly evident beyond 10 GPa, is 

consistent with experimental observations from high-

pressure studies. Synchrotron XRD investigations by 

Sharma et al. [54] documented cross-sectional distortion in 

SWCNTs under hydrostatic pressure exceeding 8 GPa, 

while Raman spectroscopy studies by Venkateswaran et al. 

[55] reported radial breathing mode softening indicative of 

structural deformation at similar pressure ranges. The 

structural instability manifests primarily as radial collapse 

(also termed radial buckling or ovalization), wherein the 

circular cross-section transforms into an elliptical or 

polygonal configuration, eventually leading to wall-wall 

contact at critical pressures [56, 57]. This radial collapse 

mechanism, rather than axial buckling, is the dominant 

deformation mode under hydrostatic compression 

conditions, with critical collapse pressure scaling inversely 

with nanotube diameter [58]. The diameter-dependent 

nature of this instability, combined with diameter 

distribution in SWCNT samples, contributes to the 

observed nonlinear compression characteristics and 

explains the model-dependent variations at higher 

pressures where structural transformations become 

increasingly significant. It must be emphasized that 

SWCNTs exhibit highly anisotropic mechanical 

properties, with radial and axial bulk moduli differing by 

factors of 20-50 [61, 62]. The radial bulk modulus (Kradial 

≈ 15-40 GPa) reflects the compressibility of van der Waals 

gaps between tubes and the deformability of the tube cross-

section, while the axial bulk modulus (Kaxial ≈ 600-900 

GPa) represents the extreme stiffness of covalent C-C 

bonds along the tube axis [63]. Our study employs an 

effective isotropic bulk modulus (B₀ = 37 GPa) obtained 

from hydrostatic compression experiments, which  

predominantly reflects radial-dominated volumetric 

response. This treatment is appropriate for the following 
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reasons: (1) under hydrostatic pressure conditions, volume 

change is dominated by radial compression rather than 

axial compression due to the extreme stiffness anisotropy; 

(2) in SWCNT bundles with random tube orientations or 

polycrystalline-like arrangements, macroscopic 

mechanical response approaches quasi-isotropic behavior 

despite individual tube anisotropy; (3) the experimentally 

determined bulk modulus inherently represents volume-

averaged response under hydrostatic conditions; and (4) 

the four EOS models employed in this study were 

formulated for isotropic or quasi-isotropic materials using 

scalar bulk modulus parameters. We acknowledge that this 

isotropic treatment represents a limitation for applications 

involving uniaxial loading or single-tube mechanical 

analysis, where fully anisotropic continuum models or 

atomistic simulations would be necessary [64, 65]. Future 

studies incorporating direction-dependent elastic constants 

within anisotropic EOS frameworks would provide more 

complete descriptions of SWCNT compression behavior 

under non-hydrostatic conditions. 

 

Table 4. Data regarding compression of SWCNT’s material by different 

EOS 

Pressure 

(GPa) 

Tait 

Model 

Murnaghan 

Model 

Kholiya and 

Chandra 

Model 

Shanker

s Model 

V/V0 V/V0 V/V0 V/V0 

0 1 1 1 1 

2 0.959 0.958 0.957 0.966 

4 0.931 0.931 0.92 0.932 

6 0.911 0.911 0.88 0.898 

8 0.895 0.895 0.85 0.863 

10 0.884 0.882 0.81 0.827 

12 0.867 0.871 0.78 0.791 

14 0.858 0.861 0.734 0.755 

16 0.849 0.852 0.71 0.718 

 

 
Figure 3. Variation compression of volume of SWCNT’s with respect to 

the Pressure 

 

3.5. Nano-Ni compression analysis 

 

Nano-Ni exhibits moderate compressibility across all EOS 

models, with V/V₀ values consistently decreasing with 

pressure increase. The Shanker model shows the most 

distinct variation, suggesting enhanced elastic deformation 

capacity attributed to surface energy effects and reduced 

atomic coordination in nanoparticle configurations.  

As a face-centered cubic (FCC) transition metal, nickel is 

recognized for its ductility in bulk form. At the nanoscale, 

this ductility is enhanced by increased grain boundary 

mobility and surface atom contribution, leading to greater 

pressure sensitivity.  

Recent experimental studies on nickel nanoparticles have 

demonstrated that reduced coordination numbers at 

surfaces and interfaces contribute to modified mechanical 

properties compared to bulk materials.  

The enhanced compressibility in nano-Ni can be attributed 

to the high surface-to-volume ratio characteristic of 

nanoparticles.  

 

Table 5. Data regarding compression of Nano-Ni material by different 

EOS 

Pressure 

(GPa) 

Tait 

Model 

Murnagha

n Model 

Kholiya and 

Chandra 

Model 

Shankers 

Model 

V/V0 V/V0 V/V0 V/V0 

0 1 1 1 1 

2 0.989 0.989 0.988 0.996 

4 0.979 0.979 0.979 0.99 

6 0.969 0.97 0.97 0.989 

8 0.96 0.96 0.96 0.98 

10 0.951 0.952 0.952 0.978 

12 0.942 0.944 0.943 0.971 

14 0.934 0.936 0.935 0.967 

16 0.925 0.928 0.928 0.962 

 

 
Figure 4. Variation compression of volume of Nano-Ni with respect to 

the Pressure
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Surface atoms, having lower coordination numbers, exhibit 

different bonding environments that can accommodate 

deformation more readily than bulk atoms. This nanoscale 

effect becomes particularly prominent under applied stress, 

contributing to the material's adaptability under 

mechanical loading. Prior studies [24,25] confirm 

enhanced ductility in nano-Ni due to grain boundary 

mobility and surface energy effects. 

 

3.6. Nano-ε-Fe compression analysis 

 

Nano-ε-Fe exhibits compression behavior similar to nano-

Ni but with slightly reduced volume loss under pressure, as 

shown in Table 6 and Figure 5. This characteristic can be 

attributed to the denser atomic packing inherent in the 

hexagonal close-packed (HCP) structure compared to face-

centered cubic (FCC) arrangements. The near-overlapping 

results among all EOS models suggest high structural 

stability and isotropy in compression response.  

 

Table 6. Data regarding compression of Nano-ε-Fe material by different 

EOS 

Pressure 

(GPa) 

Tait 

Equation  

Murnaghan 

Equation  

Kholiya 

and 

Chandra 

Equation  

Shankers 

Equation  

V/V0 V/V0 V/V0 V/V0 

0 1 1 1 1 

2 0.989 0.989 0.989 0.991 

4 0.978 0.978 0.978 0.98 

6 0.968 0.968 0.968 0.971 

8 0.959 0.959 0.959 0.961 

10 0.95 0.95 0.95 0.952 

12 0.941 0.941 0.941 0.943 

14 0.933 0.933 0.933 0.936 

16 0.925 0.925 0.925 0.927 

 

 
Figure 5. Variation compression of volume of Nano-ε-Fe with respect to 

the Pressure 

The ε-phase demonstrates exceptional incompressibility 

under elevated pressure conditions, evidenced by the 

gradual volume reduction trends observed in the initial 

pressure stages. As pressure increases, interatomic 

distances decrease; however, the strong metallic bonding 

in ε-Fe provides substantial resistance to volumetric 

collapse. This intrinsic stability is crucial for high-pressure 

applications including planetary core simulations and 

medical instrument miniaturization, where maintaining 

mechanical integrity under extreme conditions is essential. 

The material's behavior suggests suitability for 

applications requiring structural stability under variable 

pressure conditions. Literature reports [21–23] validate the 

high-pressure stability of ε-Fe, linking its resistance to 

volumetric collapse with dense atomic packing. 

 

3.7. Comparative analysis and model performance 

 

The comparative analysis across all five nanomaterials 

reveals distinct material-specific responses and systematic 

model-dependent variations that provide crucial insights 

into the applicability of different equations of state for 

nanoscale systems. The Tait and Murnaghan models 

demonstrate excellent agreement for most materials, 

particularly showing consistent predictions for Al2O3 and 

nano-ε-Fe, which can be attributed to these materials' 

relatively uniform compression behavior and strong 

interatomic bonding that aligns well with the linear bulk 

modulus assumptions inherent in these classical 

formulations. In contrast, the Kholiya and Chandra model 

consistently predicts more pronounced compression across 

all materials, especially for carbon-based structures 

(SWCNTs and graphite), reflecting its specific design to 

account for nanoscale surface effects and size-dependent 

phenomena that become increasingly significant in low-

dimensional materials. Shanker's model captures 

intermediate compression behavior with particularly good 

representation of nanoscale effects in metallic 

nanoparticles, where its incorporation of higher-order 

elasticity terms effectively describes the enhanced 

deformation capacity arising from surface energy 

influences and reduced atomic coordination. Material-

specific trends reveal that Al2O3 demonstrates the highest 

incompressibility with minimal inter-model variation (less 

than 1% difference at 16 GPa), validating the robustness of 

all EOS approaches for highly incompressible ceramic 

systems, while SWCNTs exhibit the largest model-

dependent differences (up to 15% variation at 16 GPa), 

indicating complex deformation mechanisms including 

potential structural instabilities that challenge the 

applicability of classical continuum-based formulations. 

The metallic nanoparticles (nano-Ni and nano-ε-Fe)
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display consistent moderate compressibility across models 

with systematic deviations primarily emerging in the 

Shanker formulation, suggesting that nanoscale metallic 

systems benefit from models incorporating anharmonic 

effects, while graphite shows intermediate compression 

with good inter-model correlation except at the highest 

pressures where interlayer interactions become 

increasingly nonlinear. Notably, all materials exhibit 

increasing model divergence at pressures exceeding 10 

GPa, indicating the onset of nonlinear deformation 

mechanisms, potential phase transitions, or structural 

instabilities that are not fully captured by the linearized 

assumptions underlying classical EOS formulations, 

thereby highlighting the need for more sophisticated 

theoretical approaches or experimental validation when 

extending predictions to extreme pressure regimes in 

nanoscale systems. 

 

4. Conclusion 

 

This comparative investigation systematically examines 

the volumetric compression characteristics of five 

structurally diverse nanomaterials- SWCNTs, graphite, 

Al2O3, nano-ε-Fe, and nano-Ni- under applied pressure 

using four theoretical equations of state. The analysis 

reveals material-specific compression behaviors 

influenced by bonding characteristics, atomic 

configuration, and dimensionality effects. Al2O3 exhibits 

the highest incompressibility among studied materials due 

to strong ionic-covalent bonding, with minimal 

compression even under high pressures, validating its 

suitability for applications requiring dimensional stability. 

SWCNTs demonstrate pronounced nonlinear compression 

behavior attributed to structural instabilities arising from 

their unique one-dimensional geometry and hollow 

structure, showing significant model-dependent variations 

at higher pressures. Nano-Ni displays enhanced elastic 

responsiveness compared to bulk counterparts, influenced 

by surface energy effects and reduced atomic coordination 

in nanoparticle configurations. Nano-ε-Fe maintains 

exceptional structural stability with minimal compression 

variation across all EOS models, reflecting the dense 

atomic packing of the hexagonal close-packed structure. 

Graphite shows intermediate compression behavior 

dominated by interlayer interactions, with consistent trends 

across most EOS models. The study validates the 

predictive capability of classical equations of state for 

nanoscale mechanical responses while highlighting the 

importance of model selection based on material type and 

pressure range. The observed differences between EOS 

models at elevated pressures underscore the complexity of 

nanomaterial behavior under extreme conditions. These 

insights provide a significant framework for tailoring 

nanomaterials in advanced applications requiring superior 

mechanical performance and precision, particularly in 

biomedical engineering, energy systems, and miniaturized 

devices operating under stress. Several important 

limitations should be noted.  

As a purely theoretical investigation, the predictions 

presented here would benefit from experimental validation 

through high-pressure XRD, Raman spectroscopy, or TEM 

measurements, which we recommend for future work. 

Likewise, the isotropic EOS framework used in this study 

is best suited for materials with cubic or quasi-isotropic 

behavior. For highly anisotropic systems such as SWCNTs 

and graphite, the extracted bulk modulus represents a 

direction-averaged or radially dominated response rather 

than a complete description of their tensorial mechanical 

properties. A fully anisotropic analysis would require 

direction-dependent elastic constants and tensor-based 

EOS models, which remain a promising avenue for future 

theoretical development. Also, the present models assume 

isothermal conditions and do not incorporate potential 

temperature-dependent effects or dynamic loading 

behavior. Despite these limitations, the comparative 

framework established here contributes to the rational 

design and selection of nanomaterials for specific high-

performance applications. 
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