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1.0 Introduction   

Materials with distinctive properties at the nanoscale, typically between 1 and 100 

nanometers in size, are referred to as nanomaterials. In comparison to their bulk 

counterparts, materials frequently display different physical, chemical, and biological 

characteristics at this scale. Nanomaterials, which can be created artificially or organically, 

are used in a wide range of industries, including electronics, health, energy, and 

environmental science.Due to their high surface area to volume ratio, quantum effects, 

and elevated reactivity, nanomaterials have special features. Some of their notable 

characteristics include enhanced strength, improved electrical conductivity, altered 

optical properties, increased catalytic activity, and enhanced biological interactions 

Nanomaterials are used in electronics to make transistors, memory chips, and sensors, 

which are smaller and faster. They can be used in tissue engineering, diagnostic imaging, 

and drug administration in medicine. In energy storage and conversion devices like 

batteries and solar cells, nanomaterials are also essential. They can be used in 

Abstract: This study compares the effects of high pressure on the bulk modulus and 

pressure derivatives of a few nanomaterials, including Ge(13 nm), TiO2, Ni(20 nm), 

CuO, and Si(4.1 nm), which have better uses in contemporary technology. The 

pressure dependence of bulk modulus was assessed using the EOS of Vinet and 

Birch-Murnaghan. It was found that the high-pressure effect is highly dependent on 

the considered particle size.  The current study aims to theoretically predict the bulk 

modulus of nanomaterials of varying sizes in relation to pressure at a standard 

temperature. The bulk modulus and pressure derivative of the bulk modulus's trend 

of change against volume compressions, as we have discovered. 
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environmental science for water filtration, pollution detection, and clean up .The use of 

nanomaterials, however, also raises questions about their possible environmental impact, 

health dangers, and ethical implications, much like any new technology does.  

    Due to the fact that it offers useful information on the thermodynamic and 

thermoelastic properties of solids at high pressures and temperatures, the equation-of-

state (EOS) has played a crucial role in the fields of high pressure physics and geophysics 

[1,2]. 

 Now, high-pressure studies of nanomaterials are being conducted in tandem with the 

advancement of nano sciences to either better understand the characteristics of 

nanomaterials or to create other means of creating new nanomaterials[3]. 

     There are relationships between bulk modulus, transition pressure, and crystal size, 

according to earlier high-pressure investigations. However, depending on the system 

under study, the grain-size effect on the transition pressure can be of either sign [4]. 

 X-ray diffraction and synchrotron radiation have been used to investigate the equation of 

state for the transition of nanocrystallineGe. Values of the bulk modulus and the 

transition pressure rise with decreasing particle size, however the percentage volume 

collapse at the transition remains constant. The interface structure significantly influences 

the physical properties of nanocrystallineGe because a considerable portion of the atoms 

reside in the grain borders[5]. 

  TiO2 is an essential substance with various known and potential commercial applications 

in both macrocrystalline and nanocrystalline forms. This material's principal technological 

applications include pigments, polymers, cosmetics, electronics, and catalysts [6]. 

 Recently, nanocrystalline TiO2 has been employed as a model system to examine the size-

dependent phase transition behavior of nanoscale oxides in terrestrial environments[7]. 

       The strength of materials with micrometer or nanoscale dimensions can be 

significantly higher than that of macroscopic objects, this strength rarely reaches the 

material's maximal theoretical strength. Researchers show that faceted single-crystalline 

nickel (Ni) nanoparticles have a compressive strength that is extremely high (up to 34 

GPa) and unheard of in metallic materials. This value is consistent with the theoretical 

strength predictions for Ni. This record-breaking strength is the result of three distinct 

factors: a substantial Ni shear modulus, rounded nanoparticle corners, and a thin oxide 

coating covering the particle surface[8]. 

        Based on published research, the compressive strength, thermal characteristics, and 

microstructure of self-compacting concrete containing various quantities of 

CuOnanoparticles have been examined. Various characteristics of the specimens were 

tested when self-compacting concrete was mixed with CuO nanoparticles, with an average 

particle size of 15 nm. The findings show that CuO nanoparticles can counteract the 
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detrimental effects of the superplasticizer on specimens' compressive strength and 

enhance the compressive strength of self-compacting concrete[9]. 

    Raman spectroscopy methods and high energy Synchrotron radiation have been used to 

study the EOS of nanocrystallineCuO. The bulk modulus and the first order pressure 

derivative of the bulk modulus, particularly for nanomaterials, are two input parameters 

in addition to the models that are now available for the investigation of the high pressure 

compression behaviour. Therefore, it is appropriate and potentially helpful to propose a 

straightforward theoretical method for studying the high pressure compression behaviour 

of nanomaterials that only requires a zero pressure value of the bulk modulus at zero 

pressure[10].  

    Amorphous Si nanoclusters upon release of pressure from the high-pressure form of 

silicon (the 𝛽-Sn phase) was obtained. This behaviour differs from bulk silicon, which 

following the same thermodynamic path transforms commonly to a slightly distorted 

tetrahedral phase known as BC8. Amorphization was also observed in silicon upon 

compression on films of porous Si, which contains nanometre-sized domains of diamond-

structured material. The high density amorphous phase was shown to transform to low 

density amorphous silicon upon decompression.. 

   After releasing pressure from the high-pressure form of silicon (the 𝛽-Sn phase ), 

amorphous Si nanoclusters were formed. This behaviour contrasts from that of bulk 

silicon, which, when subjected to the same thermodynamic conditions, often changes to a 

slightly deformed tetrahedral phase known as BC8. Amorphization was also seen in silicon 

after compression on porous Si sheets with nanometre-sized diamond-structured 

domains. On decompression, the high density amorphous phase was demonstrated to 

convert into low density amorphous silicon[11]. 

       Researchers concentrate on the behaviors of NPs under pressure at the atomic and 

mesoscales, the structural and property transitions of perovskite NPs under pressure, and 

changes in the properties of inorganic NPs following compression [12]. 

 

2.0Method of analysis 

The link between a material's state variables (such as pressure, volume, and temperature) 

is described by the equation of state (EOS). The type of EOS used is determined on the 

properties of the material being examined. Several commonly used EOS models for solid 

materials utilised for nanomaterial compression include. 

Vinet equation of state[13] based on interatomic potentials of solids and takes in accounts 

the exponential compression of solids at high pressure.  

P = 3𝐵0 ( 𝑉𝑉𝑜)−23 [1 − ( 𝑉𝑉𝑜)13] 𝑒𝑥𝑝 [32 (𝐵0′ − 1) (1 − ( 𝑉𝑉𝑜)13)](1) 
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 The isothermal bulk modulus B is assumed to vary linearly with pressure in both the 

Murnaghan[14] and Birch[15] first order equations. 𝐵 = 𝐵0 + 𝐵0′ 𝑃  (2) 

The Murnaghan equation has the form 𝑃 = (𝐵0/𝐵0′ )[(𝑉0/𝑉)𝐵0′ − 1]            (3) 

   A frequently used equation to describe the pressure-volume connection of materials, 

including nanomaterials, is the Birch-Murnaghan equation of state[16]. The original Birch 

equation, which was created for bulk materials, is expanded upon in this formula.   

P = 
32 𝐵0 [( 𝑉𝑉𝑜)−73 − ( 𝑉𝑉𝑜)−53] [1 + 34 (𝐵0′ − 4) (( 𝑉𝑉𝑜)−23 − 1)]       (4) 

Where V is the volume of solid at pressure P and 𝑉0is the Vollume of solid at zero 

pressure. 

Expression for isothermal Bulk modulus corresponding to equation (1) and (4) is  obtained  

by  using the relationship  

  B = - V (𝜕𝑃𝜕𝑉)𝑇                                                                                  (5) 

            Given as  byVinet, 

B = 𝐵0 [2 ( 𝑉𝑉𝑜)−23 − ( 𝑉𝑉𝑜)−13 + 32 (𝐵0′ − 1)[( 𝑉𝑉𝑜)−13 − 1]] 𝑒𝑥𝑝 [32 (𝐵0′ − 1) (1 − ( 𝑉𝑉𝑜)13)]   (6) 

By Birch-Murnaghan 

B = 
𝐵02 (7 ( 𝑉𝑉𝑜)−73 − 5 ( 𝑉𝑉𝑜)−53) + 38 𝐵0(𝐵0′ − 4) (9 ( 𝑉𝑉𝑜)−93 − 14 ( 𝑉𝑉𝑜)−73 + 5 ( 𝑉𝑉𝑜)−53)              (7) 

Corresponding Isothermal Pressure derivative of Bulk modulus 𝐵′ = (𝜕𝐵𝜕𝑃)𝑇 = (𝜕𝐵𝜕𝑉 𝜕𝑉𝜕𝑃)𝑇= -
𝑉𝐵 (𝜕𝐵𝜕𝑉)𝑇    (8) 

Thus   by use of eq.(6) 𝐵′ =
𝐵012𝐵 [16 ( 𝑉𝑉0)−23 − 4 ( 𝑉𝑉0)−13 + 6(𝐵0′ − 1) [3 ( 𝑉𝑉0)−13 − 1] +

9(𝐵0′ − 1)2 [1 −                                    ( 𝑉𝑉0)−13]] exp [32 (𝐵0′ − 1) (1 − ( 𝑉𝑉0)13)]    (9) 

 

By use of eq.(9) 𝐵′ = 𝐵08𝐵 (𝐵0′ − 4) [81 ( 𝑉𝑉0)−9/3 − 98 ( 𝑉𝑉0)−7/3 + 25 ( 𝑉𝑉0)−5/3]
+ 𝐵06𝐵 [49 ( 𝑉𝑉0)−7/3 − 25 ( 𝑉𝑉0)−5/3] 
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(10) 

 

3.0Result and discussion  

Table 1  Input parameters utilized in this research  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig1 Shows the values of Bulk Modulus(B) with different compression for Ge(13nm) 

 

 

 

 

 

 

 

Nanomaterials B0(Gpa) B0'(Gpa) Ref. 

Ge(13nm)  112 4  [17] 

TiO2 211 8  [18] 

Ni (20nm) 185 4  [19] 

CuO 81 4  [10] 

    Si(4.1nm) 67 4.1  [20] 
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Fig2 Values of  pressure derivative of bulk modulus with different compression B/ 

for Ge(13nm) 

 

 
Fig3 Values of Bulk Modulus with different compression (B) for CuO . 
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Fig4 Values of  pressure derivative of bulk modulus with different compression B/ 

for CuO. 

 
Fig5Values of Bulk Modulus with different compression (B)  forNi(20nm) 

 
Fig6 Values of  pressure derivative of bulk modulus with different 

Compression(B/ )for Ni(20nm). 
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Fig7 Values of Bulk Modulus with different compression (B) for Si (14nm) 

 
Fig 8 Values of  pressure derivative of bulk modulus with different 

compression (B/ )for Si(14nm). 

 

 
Fig  9 Values of bulk Modulus with different compression (B) for TiO2 . 



Scope 
Volume 14 Number 03 September 2024 

 

82 www.scope-journal.com 

 

 

 
Fig 10  Values of  Pressure derivative of bulk modulus with different 

compression (B/ )for TiO2 . 

 

In the present work we have described two different forms of EOS; equations (1) and (4). 

Equation (1) corresponds to Vinet EOS, equation (4) corresponds to Birch- 

MurnaghanEOS . All the two EOS contains only two parameters B0and  B0
’ both at zero 

pressure. These values of B0and  B0
’ have been recommended by [17,18,19,10,20]. The values 

of pressure P for nanomaterialsGe(13nm),TiO2,Ni(20nm), CuO, Si(4.1nm) were computed 

for given increments of V/V0 by using equation (1) and (4). The value of input parameter, 

B0and  B0
’ are taken from literature displayed in table-1. Using the value of pressure P 

computed from equations (1)and (4) for nanomaterials ,Isothermal Bulk Modulus(B) and 

first pressure derivative of bulk modulus (𝐵′) at constant temperature has computed by 

using equations (6) ,(7),(9),   and (10). The dependency of B and B/ with compression 

displayed in Fig-1 to Fig-10. 

In all Figures  It is found that the volume of the nanoparticle decreases with the increase 

in pressure and bulk modulus increases with increase of compression but pressure 

derivative of bulk modulus decreases with increase of compression. At low pressure value, 

all curves with the two EOSs are relatively close to each other. The result of both EOSs for 

bulk modulus B are significantly close up to relative compression  of .85  for all 

nanoparticle. Increasing compression values beyond .85 causes the curves of both EOSs to 

exhibit more divergence. The variation in bulk modulus  with relative volume of TiO2 

greatly differ with B-M EOS and vinet EOS comparison to other nanomaterials . Thus, the 

trend of variation of pressure derivative of bulk modulus  with  relative volume  with B-M 

EOS differs from that of Vinet EOS are similar to all compression and reaches to 
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minimum value at compression 𝑉/𝑉𝑜  =.6,at this compression Si (14nm) shows more 

deviation compare to other taken nanomaterials in this research. 

 

4.0 Conclusions  

The rise in the repulsive force in the short distance between two nanoparticle atoms is 

related to the change in bulk modulus and pressure derivative with compression; the 

repulsive force is noticed between two neighboring atoms, whereas the attractive force is 

detected between all of the particle's atoms. Since the new study provides results that are 

fairly close to the experimental data for nanomaterials, it may be especially helpful for 

analyzing the high-pressure compression behavior of solids, particularly nanomaterials. 

Therefore, the present formulation could be helpful in developing high-pressure 

experiments on the compression behavior of nanomaterials in the future.   
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