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Abstract 

The present analysis concerns investigation of the elastic behavior of boron nitride 

nanotube (BNNT)-reinforced phenolic nanocomposite using molecular dynamics (MD) 

simulations. In the investigation, an armchair BNNT with chiral vectors (10, 10) was 

used as reinforcement and novolac-type phenolic chains and formaldehyde mixture was 

used as a matrix. The crosslinking of phenolic chains and formaldehyde mixture was 

achieved to obtain the three-dimensional crosslinked structure reinforced with BNNT. 

In addition to the tensile elastic modulus, the glass transition temperature was evaluated 

for the bulk phenolic resin and the nanocomposite using the density-temperature 

relationship. Based on the results, it was concluded that 6.8 % (volume fraction) of 

BNNT can enhance the elastic modulus of the composite by ~15 times. Poisson’s ratio 

was found to be independent of the mixing ratio. It was also observed that reinforcement 

with BNNT can enhance the glass transition temperature of the nanocomposite. 

Continuum-based rule of mixture showed a good correlation with the MD predictions. 

Keywords: BNNT; Phenolic Resins; Elastic Modulus; Poisson’s Ratio; Glass 

Transition Temperature. 

1. Introduction 

Carbon nanotubes (CNTs) have revolutionized the field of nanotechnology with their 

discovery in 1991 by Iijima [1]. The extraordinary mechanical [2], electrical [3] and 

thermal [4] properties they possess have now stretched the search landscape to different 

materials apart from carbon, which include the like of boron nitride, being the second 
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hardest material after diamond. A series of efforts in this direction led to the first 

theoretical prediction about BNNTs by Rubio et al. [5] in 1994 which followed the first 

experimental realization of DWBNNT by Chopra et al. [6] in 1995 and a further 

experimental efforts led to the synthesis of SWBNNNT using arc discharge [7] and 

chemical substitution reactions [8]. Despite similar hexagonal structures, BNNTs in 

contrast to CNTs show different behaviour due to the differences in the covalent 

bonding characteristics of the B-N and C-C bonds [9]. In fact, BNNTs are superior to 

CNTs in terms of their oxidation resistance [10-12]. Moreover, BNNTs also reported 

to have superior mechanical [12-16], electrical [15] and chemical [11, 17] properties in 

some instances. Due to the remarkable properties, high aspect ratio, high chemical 

inertness and good oxidation resistant, BNNTs possess an immense potential to replace 

CNTs as reinforcement materials in polymer matrix to develop aerospace components 

like thermal protection system (TPS). 

 Experimental efforts to gain insights into the mechanical properties of such 

complex material systems are cost and time intensive [18-23], and therefore, scientists 

have routinely employed continuum and atomistic-based computational approaches to 

predict the mechanical behaviour of nanocomposite material systems. 

 Zhi et al. [18] predicted the mechanical and thermal behaviour of Polymethyl 

methacrylate (PMMA)-BN nanotube (BNNT) composites and observed that 1 % wt. 

fraction of BNNT in a polymer greatly enhances the elastic modulus of the matrix by 

19 %. In addition, thermal stability and glass transition temperature (Tg) were also seen 

to improve. Zhang and Peng [19] performed MD simulations based pull-out test to 

characterise the interfacial behaviour of BN-CNT reinforced polyethylene (PE) 

nanocomposite. Their results indicated 90 % improved in the interfacial shear strength 

(ISS) when compared to the conventional CNT reinforced nanocomposite. Singh and 

Kumar [21] studied the effect of temperature on the elastic behaviour and interface of 

CNT-PE nanocomposite. Their results indicated that the use of small wt% of CNT in 

PE matrix, greatly enhances the elastic and Tg of the polymer, however, with the 

increase in temperature, the elastic modulus of nanocomposite and its interface drops 

suddenly. Han and Elliott [22] studied the elastic behavior of CNT reinforced polymer 

nanocomposite and reported the elastic modulus as 94.6 GPa and 138.9 GPa for 12 % 

and 17 % volume fractions of CNT, respectively. Wang et al. [24] studied the thermal 



Accepted in Engineering Research express on 19th September 2023 

conductivity and mechanical performance of boron nitride nanosheets (BNNS) based 

epoxy adhesives and found that addition of 1 wt. % BNNS in epoxy enhances the 

Young’s modulus, lap shear strength, fracture toughness and energy release rate by 69 

%, 31 %, 122 % and 118 %, respectively. Lago et al. [25] studied the dependence of 

the polycarbonate mechanical performances on boron nitride fakes morphology and 

observed the difference in Young’s modulus of 56 MPa, being the increment, compared 

to pristine polycarbonate with 0.1 wt. % of loading. Tank et al. [26] studied the 

mechanical performance of BNNT-reinforced ceramic composite and observed a 

significant improvements of 55 % in bending strength, 72 % in bending modulus and 

63 % in thermal diffusivity with just 0.1 wt. % addition of BNNT. 

 It is evident from the reported literatures that scant literature exist concerning 

MD studies on the elastic behavior of BNNT reinforced polymer nanocomposite and 

there is barely any study reported on elastic behaviour of BNNT reinforced phenolic 

nanocomposite. In the growing efforts in this direction, this work adds to the extant 

understanding about these material systems by reporting the elastic behaviour of 

BNNT-reinforced phenolic nanocomposites. 

2. Atomistic modelling and simulation 
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Figure 1. Atomistic model of the BNNT-reinforced phenolic nanocomposite 

developed in this work. 

The modelling began with the construction of armchair BNNT with chiral vector (10, 

10) at the center of a periodic simulation unit cell (46 Å × 46 Å × 60.11 Å) with its 

longitudinal axis in z-direction as shown in Fig. 1. Subsequently, 50 novolac-type 

phenolic chains were packed with monomers of formaldehyde into the simulation cell 

to model a mixture of BNNT, phenolic chain and formaldehyde. The target density was 

intentionally kept being low (0.6 g cm-3) to ensure homogeneous mixing of phenolic 

chain and formaldehydes during the equilibration process. Thereafter, the total potential 

energy of the structure was minimised using steepest descent algorithm [27] with 

energy convergence tolerance of 0.001 kcal mol-1. The model construction was done 

using the commercially available material studio 8.0 [28]. 

After obtaining the initial atomistic configuration, MD simulations were 

performed with an open source code, LAMMPS (Large Atomistic/Molecular Massively 

Parallel Simulator) [29]. To do so a hybrid force-field scheme (combination of polymer 

consistent force field (PCFF) [30] and Tersoff potential [31]) was implemented. The 

system’s temperature and pressure were regulated by implementing Nóse-Hoover 

thermostat [32, 33] and barostat [33, 34], respectively. Periodic boundary conditions 

were implemented in all the three directions. A cut-off radius of 15 Å was used. The 

long-range interactions contribution to the pressure and energy beyond cut-off distance 

were computed via utilising the tail correction and particle-particle-particle mesh 

algorithm [35]. 

Initially, the total potential energy of the atomistic structure was minimised 

using the fire algorithm [36] with an energy convergence tolerance of 0.001 kcal mol-

1. Thereafter, the structure in LAMMPS was simulated using NVT followed by NPT 

ensemble. This was done to ensure proper mixing of phenolic chain and formaldehyde 

mixture, while BNNT was maintained to remain at the center of the simulation cell. 

The improper mixing would have made a negative impact on the emerging three-

dimensional networks (like reduced degree of crosslinking) and inaccurate predictions. 

To this end, initially the structure was subjected to annealing to a target temperature of 

600 K with a heating rate of 1 K ps-1 using NVT ensemble MD simulation. The structure 

was kept at this temperature for another 300 ps before cooling it to 450 K with the 

cooling rate of 1 K ps-1. Thereafter, the structure was subjected to isobaric-isothermal 
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(NPT) ensemble MD simulations at temperature and pressure of 450 K and 1 atm, 

respectively, to get the well mixed equilibrated structure. 

The modified crosslinking algorithm based on dynamic method of curing was 

utilised for curing of the phenolic chains and formaldehyde mixture.  The structure was 

cured in iterative manner and in each iteration, limited set of reactions were allowed to 

occur (25 reactions per iteration). The initial search radius was kept as 3.5 Å which later 

on increases dynamically (increment of 0.5 Å) based on the availability of reaction sites. 

A single crosslink iteration consists of identification of reactive sites, polymerization 

(curing), multi-step relaxation and heating/cooling cycles. After completion of every 

crosslinking iteration, the structure was subjected to isothermal-isobaric (NPT) 

ensemble MD simulations to let the system evolve dynamically. The charges of the 

newly formed bonds were updated during the polymerization stage by using the bond 

increment charging algorithm of the PCFF force-field. The topologies are also updated 

during the same stage. After obtaining the desired level of degree of crosslinking, elastic 

behaviour of the BNNT-reinforced crosslinked phenolic nanocomposite was estimated. 

Tg of the obtained nanocomposite was also evaluated using density-temperature 

relationship. Continuum-based rule of mixture (ROM) was utilised in the end to 

validate the results obtained from the MD simulations. 

3. Results and Discussions 

3.1. Glass Transition Temperature (Tg) 
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(a) 

 

(b) 

Figure 2. Density vs. Temperature curves (a) Bulk phenolic resin matrix (b) BNNT-

reinforced phenolic nanocomposite. 
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The glass transition temperature (Tg) of the bulk polymer matrix/nanocomposite can be 

effectively evaluated by using the MD simulation. The previously published literature 

suggests two methods- temperature dependent density and temperature dependent 

specific volume. Majority of those papers [21, 37-39] have used temperature dependent 

density to predict the glass transition temperature (Tg). Few articles [40-42] also used 

temperature dependent specific volume to predict the Tg. However, Varshney et al. [39] 

have shown that, both methods predict the same Tg since specific volume is expressed 

as: 

ʋ =  
1

𝜌
 (1) 

 

where, ʋ is specific volume and ρ is density. 

To evaluate the Tg of bulk phenolic resin/Boron Nitride nanotube (BNNT) 

reinforced phenolic nanocomposite, the equilibrated structure of the phenolic 

resin/nanocomposite was slowly cooled down from a high temperature of 800 K to a 

low temperature of 100 K with a cooling rate of 0.5 K ps-1 in an anisotropic (NPT 

ensemble) cooling. While cooling, the variations of the simulation cell were totally 

decoupled in all the three directions. The structures were cooled in the interval of 20 K 

and at each interval of temperature, the structures were simulated for 300 ps in a 

constant pressure (NPT) ensemble. The density values (data points) were noted for 

every picosecond. Based on the 300 data points, evaluated from the 300 ps trajectory, 

the average densities of the structures were evaluated at each interval of temperature. 

The change in the density of the structure was monitored over a broad range of 

temperature (i.e., from 800 K to 100 K). Finally, from the values of densities obtained 

at various temperatures, the density versus temperature curves along with estimated 

error bars (5% of data), was plotted. The linear fitting function was used for the initial 

(i.e., glassy or brittle) and final (i.e., rubbery or amorphous) regions of the density vs. 

temperature curves and the intersection point of the two fits was taken as the Tg, as 

shown in Fig. 2. The Tg of the parent matrix and that of the BNNT reinforced phenolic 

nanocomposite were estimated to be ~ 514 K and ~ 592 K, respectively as shown in 

Fig. 2. Several research articles [31, 34-36] confirms that, the Tg of bulk phenolic resin 

(matrix) falls in the range of 500 K to 600 K, depending on the molecular weight and 

degree of cross-linking of the resin. Zhi et al. [18] showed that the reinforcement with 
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BNNT in the bulk phenolic resin (matrix) significantly enhances the Tg of the 

nanocomposite in comparison to the bulk phenolic resin. 

Tg of the BNNT-reinforced nanocomposite was also evaluated from 

temperature dependent specific volume as shown as Fig. 3. It can be seen that the results 

obtained from both methods are identical. 

 

Figure 3. Sp. Vol. vs temperature plot for BNNT nanocomposite. The intersection of 

the line predict the glass transition temperature (Tg) as ~ 600 K. 

The increase in temperature towards the glass transition temperature sets the 

transition from a glassy phase to a rubbery phase. Arbe et al. [43] considered the Tg in 

polymer as homogeneous scenario where some other researchers [44-48] have 

considered this as a heterogeneous scenario with second order phase transition. The 

growth from glassy state to rubbery phase was considered via a thermodynamic driving 

force in the second order phase transition theory [refer [48]]. When considering the bulk 

phenolic resin only, the resistance to this thermodynamic driving force is only offered 

by the phenolic chains while in the case of BNNT-reinforced phenolic nanocomposite, 

there is an additional resistance force that arises from the energy dissipation of 

interfacial energy and the involvement of BNNT nanofiller. Therefore, Tg of the bulk 
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phenolic resin matrix is about 500K while the Tg of BNNT-reinforced phenolic 

nanocomposite is about 600 K. Ramanathan et al. [49] have also shown in their study 

that addition of nanofiller restrained the mobility of polymer chains and therefore 

higher Tg was obtained when compared to the parent matrix. 

3.2. Elastic modulus of pure phenolic resin and BNNT 

To evaluate the tensile elastic modulus, the structure was first relaxed to obtain mass 

density in the range of 1.0-1.2 g cm-3. The elastic modulus for pure phenolic resin at a 

temperature of 300 K was estimated as 3.9 GPa (depending on the molecular weight 

and degree of crosslinking). The reported results for pure phenolic resin in literature 

were seen to be in the range of 3.5 GPa to 5.5 GPa [50, 51]. 

 The elastic modulus of BNNT with chiral vector (10, 10) having diameter of 

13.81 Å was also estimated using the same procedure of MD simulations at a 

temperature of 300 K. The elastic modulus for BNNT was obtained as 800 GPa which 

was seen to be in close proximity of the value of 850 GPa reported by Suryavanshi et 

al. [52]. 

3.3. Stress-Strain relation and elastic modulus of the nanocomposite 
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Figure 4. Stress-strain curve obtained for BNNT-reinforced phenolic nanocomposite. 

In this study, the stress-strain behavior of BNNT-reinforced phenolic nanocomposite 

was estimated by performing uniaxial tensile deformation using LAMMPS. 

To estimate the stress-strain response of the structure, non-equilibrium MD 

(NEMD) simulation was performed with a constant strain rate of 2×108 s-1, applied in 

the direction of the longitudinal axis (i.e., z-direction) of the simulation cell. To 

simulate the dynamic behaviour of the other two directions with respect to strain, an 

ambient pressure of 1 atm was applied. The kinetic response of the atoms with respect 

to applied strain was monitored at a constant temperature of 300 K using an anisotropic 

coupling. The stresses were calculated at every step of applied strain using virial stress 

tensor defined by Eq. (1). The response of the stresses with respect to applied strain was 

plotted in the form of stress-strain curve, as shown in Fig. 4. A polynomial curve was 

fitted. A linear fit of up to 2% of strain was fitted to obtain the slope of the stress-strain 

curve within elastic limit. The elastic modulus of the BNNT-reinforced phenolic 

nanocomposite from this linear slope was approximated to be 60.79 GPa. 

𝜎𝑖𝑗 =
∑ 𝑚𝐾𝜈𝐾𝑖𝜈𝐾𝑗

𝑁
𝐾

𝑉
+

∑ 𝑓𝐾𝑗𝑟𝐾𝑖
𝑁
𝐾

𝑉
 

(2) 

3.4. Poisson’s ratio 

The simulation cell lengths were seen to contract in the direction transverse to the 

direction of applied strain. This is due to the well-known Poisson’s effect. To estimate 

the Poisson’s ratio in the present study, the contraction of simulation cell lengths was 

recorded with respect to the elongation of the simulation cell length in the direction of 

applied strain and this trend is shown in Fig. 5. The direction of applied strain was 

considered as the longitudinal axis whereas the directions perpendicular to it were 

considered as the transverse axis. Longitudinal/transverse strain was calculated as the 

change in the simulation cell length with respect to original length. A curve was plotted 

for the transverse vs. longitudinal strain, as shown in Fig. 6. The slope of this curve 

predicted the Poisson’s ratio of the BNNT-reinforced nanocomposite as 0.36. 
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Figure 5. The change in simulation cell length in x- and y-direction with respect to 

change in cell length in z-direction. 

 

Figure 6. Longitudinal strain vs. transverse strain. The slope of this curve can be used 

to obtain Poisson’s ratio. 
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3.5. Comparison of MD results with continuum-based Rule of Mixture (ROM): 

The elastic properties obtained for BNNT, phenolic resin (matrix) and its 

nanocomposite obtained from the MD simulations were compared with the continuum-

based Rule of Mixture (ROM). Based on the theory of continuum mechanics, ROM 

assumes that there is a perfect bonding between reinforcement and matrix. The elastic 

modulus of the BNNT-reinforced phenolic nanocomposite can be estimated using 

compatibility equations for strains and equilibrium equations for stresses [53]. 

Mathematically, 

Enc = Vf
BNNTEBNNT + Vf

mEm (3) 

where, Enc, EBNNT and Em represents the elastic moduli of the nanocomposite, BNNT 

and the phenolic resin (matrix), respectively, and Vf
BNNT and Vf

m represents the volume 

fractions of BNNT and the phenolic resin matrix in the nanocomposite, respectively. 

Further, the volume fractions of BNNT and pure phenolic resin matrix must satisfy the 

following conditions: 

𝑉𝑓
𝐵𝑁𝑁𝑇 + 𝑉𝑓

𝑚 = 1 (4) 

Initially, the BNNT (𝑉𝑓
𝐵𝑁𝑁𝑇) was modeled as solid BNNT based on the basic 

assumption (i.e., continuum reinforcement) of micromechanics of ROM. To calculate 

the equivalent radius of solid BNNT (rsBNNT), the cross-sectional area of the hollow 

BNNT is taken equal to that of solid BNNT, as reported by Rafiee and Madhavi [54]. 

The equations for radius and volume fraction of solid BNNT can be derived as: 

rsBNNT = √2rBNNTtBNNT 
(5) 

𝑉𝑓
𝐵𝑁𝑁𝑇 =

𝜋𝑟𝑠𝐵𝑁𝑁𝑇
2

𝐴𝑐𝑠
 (6) 

 

where 𝑡𝐵𝑁𝑁𝑇 and 𝑟𝐵𝑁𝑁𝑇 are the wall-thickness and radius of hollow BNNT, 

respectively, and 𝐴𝑐𝑠 represents the cross-sectional area of the BNNT-reinforced 

phenolic nanocomposite (i.e., cross-sectional area obtained after final equilibration 

(NPT ensemble) of the nanocomposite. 
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Table 1. Validation of the results obtained from MD simulations through the rule of 

mixture (ROM) 

BNNT 

(chirality) 

Volume 

fraction 

𝑉𝑓
𝐵𝑁𝑁𝑇 

(%) 

Elastic modulus, E (GPa) 

MD simulation estimated value Analytical 

value using 

ROM 

Pure 

BNNT 

Pure 

Phenolic 

resin 

Nanocomposite Nanocomposite 

Single-

walled 

(10, 10) 

6.8 800 3.9 60.79 58 

 

It can be noted from the Table 1 that the results obtained from the MD 

simulations and using continuum ROM comparing the elastic modulus of 

nanocomposites modelled in this work were fairly close which renders strong 

confidence in the predictions made using the MD simulations. 

4. Conclusion 

The present study concerns MD simulations to predict the mechanical properties such 

as the elastic modulus, glass transition temperature (Tg) and Poisson’s ratio of a boron 

nitride reinforced phenolic resin nanocomposite in an effortless manner. The predicted 

results were validated using the continuum-based Rule of Mixture (ROM) theory. 

Based on the discussions offered, the following conclusions can be drawn: 

1. 6.8 % volume fraction of BNNT in the phenolic resin was seen to greatly 

enhance the elastic behaviour of phenolic resin and its nanocomposite which 

was evident from the corresponding improvement seen in the mechanical 

properties. It was shown for instance that the Tg got improved from ~514 K to 

~592 K by adding the BNNT reinforcement.  

2. The Poisson’s ratio was seen to be independent of the reinforcement and value 

remain independent to the percentage of BNNT mixed in the base material 

phenolic resin. 
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