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INTRODUCTION   
 

olylactic acid (PLA), commonly referred to as polylactide, is an eco-friendly, renewable and biodegradable 
thermoplastic polyester sourced from sustainable materials like corn, sugarcane, cassava or the pulp of sugar beets 
[1], unlike traditional polymers being non-degradable that are typically derived from fossil fuels and petroleum-based 

origins. PLA demonstrates bio-friendly and facile decomposition and is regarded as a green material. It maintains impressive 
strength and rigidity at room temperature. PLA is utilized in numerous sectors, such as food packaging, electronics, 
automotive and medical apparatus. Introducing nanoparticles into the PLA matrices can improve their mechanical 
properties, making them more suitable for green composites. The following describes the results of a few important 
literature papers in the area of concern related to our research. 
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According to research by Ajaj et al. [2], adding graphene nanoparticles (Gr) (0 to 0.5 wt. %) increased the yield stress and 
elongation at an optimum concentration of 0.4 wt.% PLA/Gr. The addition of further filler in the PLA matrix showed a 
decreasing trend due to particle agglomeration. Nethula et al. [3] reported that the incorporation of 2 wt. % of sulphur-
doped titanium dioxides (S-TiO2) into the polylactic acid (PLA) enhanced hardness, flexural strength and tensile strength 
by 10.3%, 23.2% and 20%, respectively. The research by Thangarajan et al. [4] demonstrated that the incorporation of recovered 
carbon black (RCB) with varying mesh sizes (500, 1000,1500 and 2000) significantly enhanced the tensile strength of 
polylactic acid (PLA), elevating it from 28.6 MPa to 47.2 MPa. Additionally, the elastic modulus increased from 832 MPa to 
1.56 GPa. According to Petousis et al. [5], Zirconium Dioxide (ZrO2) loading between 1 and 3 wt. % in PLA and polyamide 
12 (PA12) caused an increase in tensile strength of 20.1% for PLA at 1 wt. %, while PA12 at a 3 wt.% filler content yields 
a 47.7%. Li et.al [6] investigation revealed that Graphene-reinforced polylactic acid (G-PLA) nanocomposites exhibited 
significantly improved mechanical characteristics, demonstrating a 182% augmentation in Young's modulus alongside an 
85% enhancement in tensile strength. Makri et al. [7] showed that reinforcing PLA with 2.3 wt% nano lignin (NL) tripled 
its tensile strength, while PLA-L/NL achieved Young’s modulus of 1380 MPa (5 wt% lignin) and 1373 MPa (2.5 wt% nano-
lignin), compared to 638 ± 50 MPa for pure PLA. Huang et al. [8] analysed the mechanical properties of PLA reinforced 
with 0 to 3 wt. % carbon nanotubes (CNT). Their results showed an improved elongation at break, tensile strength, and 
Young's modulus value at the higher filler concentrations. According to a study by Solechan et al. [9], the 
PLA/polycaprolactone (PCL)/nano-hydroxyapatite (nHA) composite with 80%, 20% and 10% PLA, PCL and nHA 
demonstrated superior mechanical qualities of 55.35 MPa of flexural strength and 30.68 MPa of tensile strength. Khammassi 
et al. [10] studied the impacts of four different nanofillers on the mechanical characteristics of PLA composites. The 
Vermiculite (VMT) /hexadecyltrimethylammonium bromide (HDTMA)/PLA composite sample had superior and 
increased elastic modulus and stiffness respectively, compared to the pristine PLA. Vidakis et al. [11] showed adding 4 wt. 
% tungsten carbide (WC) in PLA improved the tensile strength by 42.5% and flexural strength by 41.9%. Dileep et al. [12] 
reported on PLA composites filled with equal weightage of graphene (Gr) and silicon dioxide (SiO2) at 0.1 to 0.5 wt. %. 
Their results revealed that the optimum concentration was 0.3 wt. % of Gr and SiO2, which increased the tensile and flexural 
strength compared to PLA from 29% to 60% and from 5% to 57% respectively. Sairy et al. [15] found that adding 3 wt. % 
graphene/nano clay to PLA nanocomposites resulted in a substantial enhancement of flexural strength and modulus, with 
37% and 31% increases, respectively. He et al. [16] ascertained the impact of core-shell nanoparticles (silica core, poly (butyl 
acrylate) (PBA) shell) on the mechanical properties of PLA. Nanocomposites with 1 wt.% filler (SiO2, SiO2-NH2, SiO2-
PBA-NH2) showed a 17.6% increase in tensile strength for PLA/SiO2-NH2 and 36.9% for PLA/SiO2-PBA-NH2, compared 
to 4.2% for PLA/SiO2. Additionally, core-shell nanoparticles improved the ductility, increasing the elongation at a break by 
25.9%. Park et al. [17] noticed an increase in tensile strength and elongation at break by 38% and 42%, respectively, at 1 wt. 
% of PLA/Alkylated Graphene Oxide (AGO) in contrast to neat PLA. Campuzano et al. [18] investigated the influence of 
carbon dots (CDs) at a concentration varying from 0.1 to 5 wt. % on the mechanical properties of PLA composites. The 
optimum concentration was observed at 0.3 wt. % of CDs, where the tensile modulus and strength increased compared 
with pure PLA from 3.55 to 4.3 GPa and 30 to 55 MPa, respectively. 
Extensive research has been conducted on PLA reinforced with various nanofillers, such as graphene (Gr), carbon 
nanotubes (CNT), amino-functionalized graphene oxide (AGO), clay, silicon dioxide (SiO2) and carbon dots (CDs). 
However, to the best of the authors' knowledge, no studies have comprehensively addressed this specific topic. Traditional 
research methods have mainly focused on experimental approaches to assess the tensile and flexural strength of PLA 
nanocomposites. While these methods provide valuable insights, they often lack predictive capabilities. To overcome this 
limitation, the present study introduces a finite element (FE) based Representative Volume Element (RVE) model to 
estimate Young's modulus of the PLA/BNNP composites, representing a novel contribution to the field. Boron nitride 
nanoplatelets (BNNP) were selected as the nanofiller due to their superior mechanical properties. The primary objective of 
this research was to fabricate the PLA/BNNP nanocomposites and evaluate their tensile and flexural properties through 
experimental and FE simulations.  
 
 
MATERIALS AND METHODS 
 
Materials  

LA pallets with a density of 1.20 to 1.30 g/cc and a melt flow index (MFI) of g/10 min were supplied by Banka 
BioLoo Ltd., India. The Boron nitride nanoplatelets (BNNP), with an average particle size of less than 100 nm, were 
provided by Nano Research Elements, India and used as a nanofiller in the process of the polymer nanocomposite 

fabrication. 
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Scanning Electron Microscopy (SEM) 
The samples were examined using scanning electron microscopy (SEM), with ZEISS EVO 10 High-Resolution SEM (Carl 
Zeiss AG, Germany) having 20 nm resolution and 1KV SE. The filler structure of the BNNP was confirmed as a platelet 
structure from SEM imaging, as shown in Fig. 1. The fractography study was also carried out using SEM imaging, which 
will be discussed in a subsequent section. 
 

 
 

Figure 1: SEM image of received BNNP filler. 
 
 

MICROMECHANICAL MATHEMATICAL MODELS 
 
Mori-Tanaka model 

he Mori-Tanaka approach is a helpful micromechanical method for evaluating the general modulus of composite 
materials. The interactions between the matrix and the inclusions are considered, resulting in accurate prediction. 
Eqn. (1) can be used for evaluating the composite modulus, it is a simplified version of the equation developed by 

Zhao et al. [19]  
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c mE , E  and fE   denote the moduli of the composite, matrix, and filler respectively. Additionally, fV   represents the volume 
fraction of filler material. 
 
Self-Consistent model 
The self-consistent method is a micromechanical approach used to evaluate the modulus of composite materials. It considers 
the interaction between the matrix and filler to provide a precise estimate of the moduli of the composites. Simplified by 
Kanaun et al. [20], Eqn. 2 may be referred- 
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The symbols adopted in Eqn. 2, are represented as  c mE , E  and fE  denotes moduli of composite, matrix, and filler 

respectively.  fV   represents the volume fraction of filler material. 
 
Fabrication of Composite samples 
To fabricate the composite samples, the PLA matrix reinforced with BNNP filler was used at various weight percentages 
(wt%) 0.005, 0.01, 0.02, 0.03, and 0.04. The detailed steps adopted for the PLA/BNNP composite sample fabrication 
process are described in Fig. 2.  The process used the melt mixing method to fabricate the PLA/BNNP composites, 
according to Jose et al. [18]. Initially, in a glass beaker, the weight of the BNNP filler was determined by a Weighing balance 
(Shimadzu ATX-224, Shimadzu Co., Japan) and then ethanol was added at a 1:20 ratio. An ultrasonicate bath sonicator 
operator (SM-100-US, Samarth Electronics, India) dispersed the filler in the ethanol until a uniform dispersion stage was 
reached. Next, the nanofluid was mixed with PLA granules using a hotplate operator (1-MLH, Remi Elektrotechnik Ltd., 
India) for uniform dispersion. After completely evaporating the ethanol, the composite was placed in a vacuum oven (GR-
58, Nano Tec, India) for a whole day to remove moisture. After twenty-four hours, the composite mixture was collected to 
prepare the tensile and flexural samples. The mixture was then fed into the injection molding machine (semiautomated 
horizontal, Deesha Impex Pvt. Ltd, India) as per ASTM Standards. 
 

 
  Figure 2: Fabrication steps. 
 
Tensile testing and flexural testing: 
A Universal Testing Machine (UTM) (H10KL, Tinius Olsen India Pvt. Ltd., India) was used for the tensile tests as per 
ASTM D638. The samples were uniformly loaded at a 2 mm/min strain rate under typical atmospheric circumstances. 
Similarly, flexural testing was carried out by ASTM D790 using the same UTM equipment. The flexural test was performed 
under atmospheric circumstances and at a 2 mm/min flexural strain rate. All samples underwent five tests, and the average 
value was noted.  
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Figure 3: 3D RVE of: a) 0.005 PLA/BNNP, b) 0.01 PLA/BNNP, c) 0.02 PLA/BNNP, d) 0.03 PLA/BNNP, and e) 0.04 PLA/BNNP  
 

 
Figure 4: a) Tensile sample, (b) Meshed view (c) boundary conditions. 

 
RVE modelling and fem specifics 
Employing the material design module from the ANSYS-2019 workbench, cubic Representative Volume Elements (RVE) 
were developed in a 1 x 1 x 1 micrometer size.  The RVE structures were simulated to calculate the elastic modulus of 
composite materials by varying the weight % of BNNP i.e. 0.005, 0.01, 0.02, 0.03 and 0.04 PLA/BNNP composite samples, 
as shown in Figs. 3a to 3e. Convergent analysis was used to determine the RVE dimensions. The material properties 
computed from the RVE analysis were used for further analysis in the Ansys workbench module, and static structural 
analysis was carried out for tensile and flexural tests. According to ASTM D638, the tensile geometry is imported into the 
static structural module, where it is meshed under a quad mesh with 2136 elements and 11247 nodes, as shown in Figs. 4a-
b. The bottom faces were constrained, while the load was applied to the top face in the positive x-direction, as illustrated in 
Fig. 4c. The load value used in the simulation corresponded to the ultimate load from the experimental results. Similarly, 

(a) (b) (c) 

(d) (e) 

(a) (b) (c) 
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flexural tests were performed in the Ansys static structural simulation environment. The flexural test geometry was modelled 
following ASTM D790 and meshed with quad elements of roughly 28808 elements and 125609 nodes, as shown in Figs. 
5a-b. In this test, the bottom two cylinders are fixed and the top cylinder is loaded in the positive Z direction, with an 
ultimate load value obtained from the experimental results of a flexural test, as shown in Fig. 5c. 
 

(a) 

 

(b) 

 

(c) 

 
 

Figure 5: a) Flexural Sample, (b) Meshed View (c) Boundary Conditions with co-ordinate systems. 
 
 
RESULTS AND DISCUSSIONS 
 
Tensile tests 

he stress-strain curve of polylactic acid (PLA) and the different PLA/BNNP composite samples are shown in Fig.6a. 
The X-axis represents strain (%), and the Y-axis is stress (MPa). Figer.6b. we illustrate the calculation of Young’s 
modulus of PLA and the PLA/BNNP nanocomposites from the stress-strain curve. According to the experimental 

findings, the pure PLA had an elastic modulus of 3086 MPa and by adding BNNP nanofillers i.e. the 0.005, 0.01, 0.02, 0.03 
and 0.04 samples, the moduli rose by 3 %, 6.3 %, 12.28%, 14.62%, and 17.43%, respectively. The ultimate tensile strengths 
of PLA and the PLA/BNNP composites are displayed in Fig. 6c. The experimentally obtained tensile strength of pure PLA 
was 20.8 MPa. For 0.005, 0.01, 0.02, 0.03, and 0.04 PLA/BNNP concentrations, the tensile strengths increased by 7%, 11%, 
20%, 21%, and 40%, respectively. This enhancement was attributed to the reinforcement of the high Young's modulus of 
BNNP, which is 0.865 TPa [21], into the PLA matrix leading to load transfer and overall mechanical performance. 
Additionally, the uniform dispersion of BNNP in the PLA matrix and the strong filler-matrix interaction likely contributed 
to the increase in composite properties [22, 23]. The tensile test fracture samples were examined using a ZEISS EVO 10 
High-Resolution SEM (Carl Zeiss AG, Germany) for pure PLA and the 0.04 wt.% PLA/BNNP composite. Fig. 7a shows the 
fractographic representation of unadulterated polylactic acid (PLA) exhibits a predominantly smooth surface interspersed 
with particulate matter and residual debris. This suggests plastic deformation occurs before material failure, indicating that 
the material undergoes some ductile deformation, which improves its capacity to achieve superior interfacial bonding with 
reinforcement constituents. [24]. In contrast, the fractography of the 0.04 wt.% PLA/BNNP composite, in Fig. 7b, shows 
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large ridges, which are characteristic of brittle behaviour [25, 26]. These ridges indicate energy absorption and help the 
material to become stiffer. 
 

  
(a) (b) 

(c) 
Figure 6: a) Stress vs. Strain, b) Young’s Modulus c) Tensile strength Fh. 

 

 
 

Figure 7: Fractography of a) PLA, b) 0.04 wt.% PLA/BNNP composite. 
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Flexural tests 
Fig. 8a shows the stress-strain relationship between PLA and PLA/BNNP composite samples during the flexural test. The 
result shows a linear relationship between stress and strain. The flexural strength corresponds to the maximum stress value 
of the stress-strain graph and is represented in Fig 8b. The pure PLA has a flexural strength of 20.5 MPa, a progressive 
increase in flexural strength of 12%, 24%, 32%, 51%, and 61% for 0.005 w%, 0.01 w%, 0.02 w%, 0.03 w%, and 0.04 w% 
respectively was noted for the PLA/BNNP composite samples. The increase in flexural strength with an increase in filler 
concentration is due to the enhanced stiffness value of the composites [27, 28, 29]. 
 

 
(a) (b) 

Figure 8: a) Stress vs. strain, (b) Flexural strength.  
 

 
 

 Fig.9 Young's Modulus (MPa) vs Methods for PLA/BNNP composites at various concentrations. 
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Young’s modulus value comparison 
This section demonstrates the values of Young’s modulus obtained experimentally. It compares them with the predictions 
from Representative Volume Element (RVE) analysis and micromechanical models, as shown in Fig.9. The experimental 
Young's modulus for 0.005 PLA/BNNP composite was 3187 MPa, with a deviation of 2%, 2.5%, and 2% for the Self-
Consistent, Mori-Tanaka, and RVE approaches, respectively. Similarly, for the 0.01 wt. % PLA/BNNP composite, the 
variations compared to the experimentally measured Young's moduli were 4%, 5.4%, and 4%. The 0.02 wt. %, 0.03 wt. %, 
and 0.04 wt. % compositions followed a similar trend, demonstrating that the RVE model effectively aligns with 
experimentally obtained Young’s modulus, with the deviations consistently below 10%. 
The agreement confirms the accuracy and predictive capacity of Young modulus between micromechanical predictions and 
evaluations from the experimental for PLA/BNNP composites. The Mori-Tanaka and Self-Consistent models account for 
matrix-filler interactions, leading to theoretical predictions and empirical data are closely related. additionally, the 
Representative Volume Element (RVE) implemented in Ansys simulates the composite microstructural properties by 
randomly dispersed BNNP fillers within a 1 × 1 × 1 μm³ cubic domain. This combined technique enhances the accuracy 
of numerical simulation, adding the predictive potential of micromechanical modeling's for PLA/BNNP composites [30]. 
 
 
FINITE ELEMENT ANALYSIS  
 
Tensile tests 

inite Element Analysis (FEA) was conducted using ANSYS to simulate the tensile behavior of both the pure PLA 
and PLA/BNNP composites. The stress contour maps, shown in Figs. 10a-f, display the distribution of stress 
throughout the specimen, with the stress gradually increasing from the wider ends towards the narrow center, which 

is the most likely location for failure initiation. For pure PLA, the maximum stress value was 23.384 MPa. The PLA/BNNP 
composite samples with 0.005 wt.%, 0.01 wt.%, 0.02 wt.%, 0.03 wt.%, and 0.04 wt.% BNNP, the stress values increased by 
3.7%, 10.7%, 19.8%, 20.7%, and 37.87%, respectively. Fig. 11, Show the comparison between the experimental tensile 
strength and simulation results. The errors between the simulation and experimental results for pure PLA and the 
PLA/BNNP composites with different loadings (0.005 to 0.04 wt.%) were 0.495, 0.947, 1.237, 1.975, 1.895 and 2.622 (2.1%, 
2.3%, 4.7%, 6.7%, 6.4%, and 6.9%,) respectively. These results show that the simulation and experimental errors were all 
below 10%, demonstrating the accuracy and reliability of the simulation in predicting the tensile behavior of the 
PLA/BNNP composites. 
 

 
                                (a)                                                           (b)                                                     (c)             
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                                (d)                                                           (e)                                                     (f)             
Figure 10: Stress distribution of a) PLA; b) 0.005 PLA/BNNP; c) 0.01 PLA/BNNP; d) 0.02 PLA/BNNP; e) 0.03 PLA/BNNP; f) 0.04 
PLA/BNNP tensile sample. 
 

 
Figure 11: Experimental vs. simulation of tensile strength. 

 
Flexural tests 
The Figs. 12a-f illustrates the results of the flexural simulation tests. The stress contour maps demonstrate that the stress is 
distributed throughout the specimen, with the maximum concentration occurring at the loading point. The pure polylactic 
acid (PLA) sample exhibited a maximum flexural strength of 20.5 MPa, which is relatively low. However, as we introduced 
BNNP into the PLA matrix, the flexural strength improved significantly. Specifically, for the PLA composites with 0.005 
wt.%, 0.01 wt.%, 0.02 wt.%, 0.03 wt.%, and 0.04 wt.% BNNP, the strength values increased by 21.76%, 23.77%, 33.34%, 
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49.35% and 59.72%respectively. Additionally, the simulation results were compared with the experimentally determined 
flexural strengths, as shown in Fig. 13. It revealed a minimal discrepancy, between the simulation and experimental results 
for the different samples were found to be 1.54, 0.892, 0802, 1.097, 1.308 and 1.376 MPa (6.6%, 3%, 2.6%, 3.2%, 2.8%, and 
2.4%). These results indicate a high degree of accuracy in the flexural characterization provided by the simulation, as the 
errors remained well below 10%. Overall, incorporating BNNP as nanofillers has proved effective in enhancing the 
mechanical properties of polylactic acid. 
 

       

 

 

        

  

          

                                                            

 

 

           

 

 

           

 

 

          

 

 
 

Figure 12: Stresses distribution of a) PLA; b) 0.005 PLA/BNNP; c) 0.01 PLA/BNNP; d) 0.02 PLA/BNNP; e) 0.03 PLA/BNNP; f) 
0.04 PLA/BNNP. 

 
 

CONCLUSIONS 
 

he research described in this paper, fabrication of polylactic acid (PLA) composites incorporated with (0.005, 0.01, 
0.02, 0.03 and 0.04) wt.% of Boron Nitride nano-particles (BNNP), and evaluating their tensile and flexural 
properties using the experimental and Finite elemental methods. The key findings are- 

 PLA reinforced with 0.04 weight percent of BNNP shows a significant enhancement of 17.4% Young’s modulus, 40% 
tensile strength, and 61% flexural strength variation compared with pure PLA. 

 The Young's modulus predicted by the proposed RVE modeling was near to the experimental results and that of other 
established micromechanical models. 

T 

a) b) 

c) d) 

e) f) 
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 The results from the Finite Element Analysis (FEA) were within a 10% error margin compared to experimentally 
determined tensile and flexural strengths, which demonstrates the effectiveness of the FEA method. 

 

 
Figure 13: Experimental vs. simulation of flexural strength. 
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