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Abstract. In this work, we discussed multi-phase composites fabrication and analytical as well 
as experimental analysis. Shear mixing of MWCNT and epoxy is used to create 
nanocomposites. Ultrasonication, magnetic stirring, and moulding using the hand layup 
technique were the following procedures used for sample preparation. Curing and cutting were 
performed as well, all in accordance with ASTM standards. This research uses an experimental 
method for assessing material qualities and backs up its findings with an analytical one for 
verification. It can be shown that the outcomes of both experiments and analyses are consistent. 
The structural analysis of a composite sample is probed by using a further analytical validation 
strategy. In this research, we examined the effects of varying the MWCNT content of the 
matrix. The tensile strength was shown to rise up to 0.5% MWCNT content in the matrix. For 
0.7% MWCNT reinforcement in matrix, tensile strength drops as a result of agglomeration. 
This research also explored the use of ANSYS for critical buckling analysis on many different 
multi-phase nanocomposites samples. The critical buckling resistance capability of the various 
configurations of composite materials was examined, and the model's efficacy was shown via 
validation against existing literature. 
Keywords: Prestine CFRP, Hybrid composite, Hybrid marix, Multi-phase composite, buckling 
analysis 
 
1.Introduction 

Nowadays composite materials are widely used in various applications like buildings, 
bridges, aerospace and satellites due to high strength to wait ratio and good energy absorption 
characteristics [1]–[6]. The important features of composite materials improved tensile 
strength, thermal conductivity and corrosion resistance characteristics [7]–[9]. Composite 
structures  are modelled by various techniques namely hand layup, resin transfer moulding, 
open contact moulding, compression moulding,  reaction injection moulding, injection 
moulding, tube rolling and filament winding and so on [10]–[13]. In the development of 
nanocomposites carbon nanotube and multi wall carbon nanotube, grapheme and nano silica 
plays vital role [14].  

Quadrini et.al. [15] concluded that 35.7% and 15.1% enhancement was observed in 
flexural and tensile elastic moduli by the reinforcement of 0.3 wt % CNT as compared with the 
base sample. Eskizeybeck et. al. [16] noticed that the reinforcement of CNT in glass fibre epoxy 
decreases the tensile strength  and improve the flexural strength. Kaw et.al. [17] were noticed 
that young’s modulus increased by 82 % by th reinforcement of 5% of MWCNT in to an 
ultrahigh molecular weight polythene composite film the phenomenon of agglomeration may 
found in composite material which will cause reduction in mechanical properties. 
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Agglomeration occurs due to the in ineffective dispersion of enforcement of CNT/graphene 
etc. in polymer matrix [18]. Many literature shows that the van der Waals force of attraction 
between nanoparticles agglomerates it. Agglomeration reduces the material properties [19]–
[21]. 
To use the fibre reinforced polymer (FRP) composites in various applications it is important to 
increase the mechanical properties by the reinforcement of tiny particles called nanofillers 
in a material to create a mixture with different phases is called multi-phase composites [22]. 
In FRP matrix has two different purposes:-i) to bind the fibres together during loading ii) load 
transfer from matrix to fibre during stress concentration. The strength of the matrix is low and 
to improve the strength of the reinforcement of CNT/graphene is made 
to create materials that are made up of more than one type of substance or a combination of             
different materials [5], [23]. Teng and co-authors [24] noticed dynamic vulcanisation process 
performed on TPI/HDPE hybrid matrix, which results in better improvement in mechanical 
properties of polymer composites. Toughness, strength and electrical conductivity etc 
properties are also increased for multi –phase composites by the reinforcement of 
CNT/graphene etc [25]. 

Tung et. al. [26] analysed a  biaxial compression and conclude that the lowest buckling 
load effectively observed with a single half wave. [27] analysed the different combinations of 
m = 1; n = 1,2,3.. and n = 1; m = 1,2,3...and the reults are obtained by applying combinations 
to the isotropic plates. [28] analysed the buckling strength based on aspect ratio,plate boundry 
conditions and hole size for the perforated MMC plates with symmetric fibre laminated 
plates.A. [29] studied the different boundary conditions for laminated plates to investigate the 
buckling strength, it was observed that non dimensional buckling load under C-C is much high 
as compered with  F-C and C-F boundary conditions. P.F. Pai et.al. [30]carried mode analysis 
and conclude that the debond of the patch changes the higher mode shapes more as compared 
to the lower-mode shapes. 

The present study focuses on CNTs ability to improve mechanical properties of carbon 
fibre reinforced polymer CFRP hybrid composites. Proper dispersion of CNT in matrix was 
made by sonication, magnetic stirring or calendaring [31], [32].The CNT concentrations are 
taken as 0.1%,0.3%,0.5%,0.7% Bisphenol with aliphatic Amin epoxy with reinforcement of 
MWCNT used for preparation of multi-phase matrix. The tensile behaviour of the hybrid 
composites are studied. 
The research looks at how strong a special kind of material is by studying analytical and 
experimental approch for multi-phase hybrid composites.The critical buckling load is also 
investigated for sample manufactured by analytical approach and validated by ANSYS. 
 
2 Material Properties  
High purity MWCNT with external diameter 10 to 15nm and length 5 µm were reinforced with 
Bisphenol and base epoxy resin with aliphatic amine. The carbon fibre used in 0° ply 
orientation. The CNT percentage varies as 0.1%, 0.3%, 0.5%, and 0.7%. The properties of 
matrix carbon fibre and CNT were enlisted below,  
Table 1 Material Properties 

Material Properties Epoxy MWCNT Carbon Fibre 
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Modulus of elasticity 3.3 GPa 1.0 TPa 230 GPa 
Poisson’s ratio 0.4 0.28 0.19 
Number of walls - 2 - 

 
The evaluation of material properties were carried by Halpin-Tsai approach. The properties of 
three phase material (i.e. matrix, carbon fibre and MWCNT) are important for analytical 
approach. The properties of three phase laminated structures are reviewed and shortlisted from 
Lal and Markad [8]. Shape memory polymer composite (SMPC) exhibits the remarkable 
mechanical properties as compared to its corresponding shape memory polymer (SMP) without 
compromising the shape memory behavior. The enhancement of the mechanical and 
thermomechanical properties of the carbon fiber-reinforced SMPC is presented in the present 
study with the incorporation of graphene nanoplatelets (GnP) in the SMP matrix. The 
fabrication process involved the preparation of the GnP/epoxy nanocomposites through 
ultrasonication and shear mixing and the subsequent molding of the carbon fiber-reinforced 
hybrid polymer composites by hand layup technique. The mechanical and thermomechanical 
characterizations were conducted as per the ASTM standards, which were followed with 
corresponding morphological study to the explore the microscale behavior of the hybrid 
composites. Shape memory behavior were studied in terms of the shape recovery (Rr) and 
shape fixity (Rf) through the heat activation bending tests. The tensile strength of the hybrid 
composites with 0.4 and 0.6 wt% GnP content increased by 14.3% and 32.2%, respectively, as 
compared to unmodified SMPC. Similar trends were also indicated in the dynamic mechanical 
analysis (DMA) with the corresponding rise in the storage modulus and glass transition 
temperature due to incorporation of nanofillers. The improvement of the interfacial bonding 
between the fiber and matrix and wettability of carbon fiber supported these improvements. 
Negligible adverse effect was noticed in the shape memory behavior of the hybrid composites 
with the incorporation of GnP, which displayed the Rr and Rf of 97% and 96%, respectively. 
[5], [8] This paper presents the effect of the variations of multi-walled carbon nanotube 
(MWCNT) modification in shape memory polymer hybrid composites concerning their 
mechanical, thermomechanical, and shape memory characterizations. The process of 
fabrication includes preparation of the MWCNT/epoxy hybrid nanocomposites by shear 
mixing, ultrasonication, magnetic stirring, and subsequent molding by hand layup method. The 
appropriate post-processing was performed for the curing and cutting to prepare the samples 
for the mechanical and thermomechanical characterizations as per the ASTM standards. An 
enhancement in the thermomechanical properties was noticed due to the incorporation of the 
MWCNT. These observations were also validated with improvement in the interfacial bonding 
between the carbon fiber and the modified matrix, as shown in the morphological fractography. 
The tensile strengths were improved by 18%, 39%, and 26% with the incorporation of 0.4%, 
0.6%, and 0.8% modified MWCNT nanocomposites as compared to pure unmodified SMPC. 
However, the shape recovery of all the configurations of the shape memory polymer hybrid 
composites was not compromised on polymer-modified remaining almost unchanged at 94% 
[5], [6]. The elastic modulus of MWCNT can be evaluated from the following equations, 
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𝐸𝑚𝑤𝑐𝑛𝑡 =
𝑊𝑛 ∗ 𝑡𝑐𝑛𝑡 ∗ 𝐸𝑠𝑤𝑐𝑛𝑡

(𝑊𝑛 − 1) ∗ ℎ𝑖𝑛 + 𝑡𝑐𝑛𝑡
 

(1) 
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3 Sample Preparation 
In this work two types of samples were prepared 
1. Pure CFRP 
2. CFRP with reinforcement of MWCNT  
 
3.1 Preparation of CFRP 
For preparation of CFRP hand layup technique was used. Initially Carbon fibres were laid on 
the mould and then epoxy resin was applied on fibres as per guidelines of manufacturer epoxy 
resin and hardener mixing ratio is maintained at 100:10. In hand layup technique excessive 
resins can be extracted by roller moving in the direction of fibre orientation. By pressing roller 
over the fibre along with excessive resins voids also get removed. Uniform pressure is applied 
on the sample and kept it for 24 hours at room temperature. In the next part of curing, sample 
is heated up to 80°C in oven which will help to remove air trapped in the sample during 
preparation [5], [6]. The volume fraction of carbon fibre is maintain at 28% it will ensure the 
interferential bond between fibre and epoxy matrix. 
 
3.2 Preparation of CFRP with MWCNT reinforcement 
Initial MWCNT were dispersed in 100 ml acetone and stirred it for 1 hour and then followed 
by sonication for 10 minute. The purpose of this mixing is to do de-agglomeration of MWCNT 
nanoparticles. In sonication process temperature may rises to undesirable level that may cause 
rupture of walls of nanoparticles therefore it is necessary to keep the specimen surrounded by 
icebath. The sonicated mixture i.e. acetone and MWCNT added to epoxy resin and stirred at 
2000 rpm at 85 °C ,during this the acetone was turned into a gas and went away from 
the mixture. The remaining mixture is again sonicated for 1 hour which will cause uniform 
distribution of MWCNT in resin. After sonication process the mixture is kept in vacuum 
chamber for 24 hours to release air bubbles from the mixture which will be created by sonicator. 
The hardener was added in the mixture of resin and MWCNT which will stirred for 10 minute. 
5 layered specimen were prepared by varying weight percentage of MWCNT as 
0%,0.1%,0.3%,0.5% and 0.7% etc. later on samples were machined by abrasive water jet 
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machine for required tensile test. Schematic represention of fabrication of CFRP with MWCNT 
shown in figure 1. 
 

 
Fig.1  Schematic diagram to represent fabrication of CFRP with MWCNT 
 
4. Experimental Set up   
Tensile test were carried on nanoparticle composites sample as per ASTM D 3039. Sample 
dimensions are 150mm X 20mm X 1.8mm which was performed on Instron UTM 5582. By 
resin burn off test fibre volume fraction and voids were determined. The test is as per ASTM 
D 3171-99 standard. Initial weight of samples were measured and then after burn of test again 
weight is measured. The burning process was carried at 625°C. 
 
5. Results and discussion on material properties evaluation by experimental and 

analytical method 
5.1 Fibre volume fraction 
Fibre volume fractions are shown in figure 2. The void content of the sample causes a 
noticeable shift in the volume fraction. These crevices appeared in a vacuum chamber while 
storing a sonicated sample of epoxy resin enhanced with MWCNT. Not all Bubbles are 
destroyed before they reach the matrix [6], [33]. The carbon fiber's volume proportion stayed 
about the same, at around 28%. 
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Fig.2 Fiber volume fraction in CFRP with MWCNT 

5.2 Tensile test 
The force-displacement plot varies according to the proportion of MWCNT used to strengthen 
the sample, as seen in the figure. As can be shown in figure 3, the MWCNT-reinforced polymer 
has a higher load bearing capability than the CFRP sample. Modified nanocomposites 
containing 0.1%,0.3%,0.5%, and 0.7% MWCNT increased tensile strength by 9%, 17%, 35%, 
and 26%, respectively, as compared to pure CFRP. Tensile parameters including as maximum 
force, elasticity, and poisons ratio all improved with increasing CNT % as shown in figures 4 
and 5. 
 

Fig. 3 Tensile behaviour of reinforced 
sample containing varying % of MWCNT 
showing force vs deflection 

Fig. 4  Modulus of elasticity for reinforced 
sample containing varying % of MWCNT  
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Fig. 5  Force carrying capacity of reinforced 
sample containing different % of MWCNT  
 

 
Fig. 6  Poisson’s ratio of reinforced sample 
containing different % of MWCNT  
 

The 0.7% MWCNT sample showed a decrease in tensile strength compared to the 0.5% 
MWCNT sample.  This runs counter to the trend of rising interfacial tension between CNTs 
and their supporting matrix. The MWCNT aggregation in the matrix was a major factor in this 
[34]. Because of the potential for agglomeration, MWCNT should not be introduced in excess 
of a certain concentration. Figure 6 contrasts the elastic characteristics determined 
experimentally with those determined analytically. The existence of voids or agglomerated 
nanoparticle bundles in the matrix accounts for the little amount of variance seen in the 
findings. 0.7% of the MWCNT reinforced sample showed a significant drop in mechanical 
characteristics, which was traced to the onset of agglomeration.. 
 
6. Buckling Analysis of structural composites 
The amount of carbon nanotubes (CNTs), plate thickness, fibre orientation, and boundary 
condition all have a role in the force required to cause a laminated plate to buckle [35]. Most 
loads are carried by continuous fibres aligned parallel to the direction of force acting. In this 
study, we use both an analytical technique and a finite element method to determine the critical 
buckling stress for a fiber-reinforced material with a changing fraction of carbon nanotubes. 
For the buckling analysis, a simply supported boundary condition is used with the fibre 
orientation of the laminated plates held constant at 0 degrees and a compressive line pressure 
of 1 N/mm supplied. The characteristics of the S-S-S-S boundary condition are shown in figure 
7. 
6.1 Analytical Approach for buckling analysis 
The rectangular plate of lenth a, width b and thickness h is acted by a simply supported 
conditions on each edge as shown in figure 7. A uniformly distributed load is applied in 
unidirection.The boundry conditions applied are as folows. 
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Fig. 7  Schematic representation of simply supported edges with buckling load  
The governing equation for the nonlinear static analysis is, 

                          [K] {q} = λ[Kg]{q}                                                                          [12] 

Where, 

{q}=Transverse Deflection 

 [K] = {[KL] + [KNL] + [KfL] + [KfNL]}  

The stiffness matrix [K] is a group of different stiffness matrices that are used 
to measure how stiff a beam or foundation is, and there is also a geometric stiffness 
matrix [Kg] included. The solution to equation number 12, can get using methods like direct 
iterative, incremental, or Newton-Raphson. The Newton Raphson method is a fast and 
popular way to solve problems, especially when the answers are at higher amplitude. 

The critical buckling load acting on plate is calculated by following equation [36], 

Ncr= - (𝜋𝑎/𝑚)ଶ *(D1*(𝑚/𝑎)ସ + 2*D3*(𝑚/𝑎)ଶ(𝑛/𝑏)ଶ + D2*(𝑛/𝑏)ସ)                 [13] 

Where, 

                       𝑚 =  𝐻𝑎𝑙𝑓 𝑤𝑎𝑣𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑎𝑙𝑜𝑛𝑔 𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

                       𝑛 =  𝐻𝑎𝑙𝑓 𝑤𝑎𝑣𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑎𝑙𝑜𝑛𝑔 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

‘D’ values are calculated as follows, 

                        D1= D11 ; D2= D22  ; D3= D12 + 2*D66 

𝐷 = 
𝐷11 𝐷12 𝐷16
𝐷12 𝐷22 𝐷26
𝐷16 𝐷26 𝐷66

൩ 

                        Dij= (1/3) * ∑ (𝑄𝑖𝑗)
ୀଵ k * [(h^3)k-(h^3)k-1] 

 
𝑄11 = 𝑄11 *𝑚ସ + 2*(𝑄12 + 2*Q66) 𝑚ଶ𝑛ଶ + 𝑄22 * 𝑛ସ 

𝑄12 = 𝑄12 *(𝑚ସ+ 𝑛ସ)  + (𝑄11 +  𝑄22 - 4*Q66) 𝑚ଶ𝑛ଶ 

𝑄22 = 𝑄11 *𝑛ସ + 2*(𝑄12 + 2*Q66) 𝑚ଶ𝑛ଶ + 𝑄22 * 𝑚ସ 

Q11=(E11/(1-µ12*µ21)) 

Q22=(E22/(1-µ12*µ21)) 

Q12=Q21=(E11* µ21/(1-µ12*µ21)) 

Q66=G12 

6.2 Finite element model for buckling analysis  
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A total of 1183 nodes and 1080 elements were used in finite element analyses. Critical 
buckling loads (Nx,cr) were obtained from composite plate for first mode shape (i =1)of each 
sample that is CFRP and CFRP reinforced with varying percentage of CNT.The boundry 
conditions applied are as shown in figure 8. 
 

 
Fig. 8  Boundry condition for FEA model 
 
6.3 Results and discussion of buckling analysis 
 

The critical buckling load for first mode shape of various sample prepared was 
evaluated by analytical as well as FEM.The results are enlisted below in Table 1. It is noticed 
that the results are in good agreement with each other and the error is less than 5%. 
 
Table 1. Comparison of critical buckling load evaluated by Analytical and FEM approach 

Sample Critical Buckling Load(N) 
Finite Element 
Approach 

Analytical 
Approach 

CFRP 614.24 609.72 
CFRP with reinforcement of 0.1% MWCNT 620.43 619.29 
CFRP with reinforcement of 0.3% MWCNT 643.45 641.38 
CFRP with reinforcement of 0.5% MWCNT 660.37 658.27 
CFRP with reinforcement of 0.7% MWCNT 685.47 678.67 

 
The present analysis is also focused on the buckling mode shape evaluation for the each sample 
means for the presine CFRP, 0.1% , 0.3%, 0.5% and 0.7% MWCNT content in modified matrix 
multi-phase samples as shown in figures 9. 
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(c) (d) 
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Fig. 9 buckling mode shape evaluation for (a) the presine CFRP, (b) 0.1% , (c) 0.3%, (d) 0.5% and 
(e) 0.7% MWCNT content in modified matrix multi-phase 

7. Conclusions 

There is a strong correlation between experimental and analytical findings. The elastic 
characteristics have an inaccuracy of less than 5%. Modified nanocomposites containing 
0.1%,0.3%,0.5%, and 0.7% MWCNT increased tensile strength by 9%, 17%, 35%, and 26%, 
respectively, as compared to pure CFRP.The elastic characteristics and load bearing capacity 
decrease for the 0.7% MWCNT sample.This may occur if the CNT in the mixture clumps 
together.This article also explored critical buckling analysis of many distinct types of multi-
phase nanocomposites. The critical buckling load is found to rise with the % of CNT 
reinforcement, as predicted by both the analytical result and the FEA result. 
 
References 
[1] H. F. Seibert, “Applications for PMI foams in aerospace sandwich structures,” Reinf. 

Plast., vol. 50, no. 1, pp. 44–48, Jan. 2006, doi: 10.1016/S0034-3617(06)70873-6. 
[2] K. J. Kim et al., “Development of application technique of aluminum sandwich sheets for 

automotive hood,” Int. J. Precis. Eng. Manuf., vol. 10, no. 4, pp. 71–75, Oct. 2009, doi: 
10.1007/s12541-009-0073-5. 

[3] T. F. Tözüm and H. G. Keçeli, “Treatment of peri-implant defect with modified sandwich 
bone augmentation. Case report and follow-up,” N. Y. State Dent. J., vol. 74, no. 4, pp. 
52–57, 2008. 

[4] G. Karabulut and N. Beköz Üllen, “A Review on Welding Techniques of Metallic 
Foams,” Erzincan Üniversitesi Fen Bilim. Enstitüsü Derg., vol. 15, no. 1, pp. 217–232, 
Mar. 2022, doi: 10.18185/erzifbed.997743. 

[5] N. Tiwari and A. A. Shaikh, “Hybridization of carbon fiber composites with graphene 
nanoplatelets to enhance interfacial bonding and thermomechanical properties for shape 
memory applications,” Polym.-Plast. Technol. Mater., vol. 61, no. 2, pp. 161–175, Jan. 
2022, doi: 10.1080/25740881.2021.1967390. 

[6] K. Markad and A. Lal, “Experimental investigation of shape memory polymer hybrid 
nanocomposites modified by carbon fiber reinforced multi-walled carbon nanotube 
(MWCNT),” Mater. Res. Express, vol. 8, p. 105015, Oct. 2021, doi: 10.1088/2053-
1591/ac2fcc. 

[7] S. Abaci and B. Nessark, “Characterization and corrosion protection properties of 
composite material (PANI+TiO2) coatings on A304 stainless steel,” J. Coat. Technol. 
Res., vol. 12, no. 1, pp. 107–120, Jan. 2015, doi: 10.1007/s11998-014-9611-x. 

[8] A. Lal and K. Markad, “Nonlinear flexural analysis of sandwich beam with multi walled 
carbon nanotube reinforced composite sheet under thermo-mechanical loading,” Curved 
Layer. Struct., vol. 7, no. 1, pp. 1–16, Jan. 2020, doi: 10.1515/cls-2020-0001. 

[9] M. A. Gimenes Benega, W. M. Silva, M. C. Schnitzler, R. J. Espanhol Andrade, and H. 
Ribeiro, “Improvements in thermal and mechanical properties of composites based on 
epoxy-carbon nanomaterials - A brief landscape,” Polym. Test., vol. 98, p. 107180, Jun. 
2021, doi: 10.1016/j.polymertesting.2021.107180. 



STRUCTURAL ANALYSIS OF NANO-FILLER BASED STRUCTURAL COMPOSITE 

 200 

[10] S. Cetiner, F. Kalaoglu, H. Karakas, and A. Sezai Sarac, “Characterization of conductive 
poly(acrylonitrile-co-vinyl acetate) composites: Matrix polymerization of pyrrole 
derivatives,” Fibers Polym., vol. 12, no. 2, pp. 151–158, Apr. 2011, doi: 10.1007/s12221-
011-0151-z. 

[11] D. Yang et al., “Phase Change Composite Microcapsules with Low-Dimensional 
Thermally Conductive Nanofillers: Preparation, Performance, and Applications,” 
Polymers, vol. 15, no. 6, Art. no. 6, Jan. 2023, doi: 10.3390/polym15061562. 

[12] K. Nasouri, “Fabrication of lightweight and flexible cellulose acetate composite 
nanofibers for high-performance ultra violet protective materials,” Polym. Compos., vol. 
40, no. 8, pp. 3325–3332, 2019, doi: 10.1002/pc.25191. 

[13] “Fabrication and characterization of 100% green composite: Thermoplastic based on 
wheat flour reinforced by flax fibers - Saiah - 2009 - Polymer Composites - Wiley Online 
Library.” https://4spepublications.onlinelibrary.wiley.com/doi/abs/10.1002/pc.20732 
(accessed Jul. 13, 2023). 

[14] “State of the art review on mechanical properties of sandwich composite structures - 
Patekar - 2022 - Polymer Composites - Wiley Online Library.” 
https://4spepublications.onlinelibrary.wiley.com/doi/abs/10.1002/pc.26989 (accessed 
Jul. 13, 2023). 

[15] F. Quadrini, D. Bellisario, G. Matteo Tedde, and L. Santo, “Shape Memory Polymer 
Composites for Long-Term Exposure to Space Environment,” Adv. Mater. Lett., vol. 10, 
no. 12, pp. 903–906, Dec. 2019, doi: 10.5185/amlett.2019.0007. 

[16] V. Eskizeybek, A. Avci, and A. Gülce, “The Mode I interlaminar fracture toughness of 
chemically carbon nanotube grafted glass fabric/epoxy multi-scale composite structures,” 
Compos. Part Appl. Sci. Manuf., vol. 63, pp. 94–102, Aug. 2014, doi: 
10.1016/j.compositesa.2014.04.013. 

[17] A. K. Kaw, Mechanics of composite materials, 2nd ed. in Mechanical engineering, no. v. 
29. Boca Raton, FL: Taylor & Francis, 2006. 

[18] L. Gemi, M. Kara, and A. Avci, “Low velocity impact response of prestressed 
functionally graded hybrid pipes,” Compos. Part B Eng., vol. 106, pp. 154–163, Dec. 
2016, doi: 10.1016/j.compositesb.2016.09.025. 

[19] Y. S. Song and J. R. Youn, “Influence of dispersion states of carbon nanotubes on physical 
properties of epoxy nanocomposites,” Carbon, vol. 43, no. 7, pp. 1378–1385, Jun. 2005, 
doi: 10.1016/j.carbon.2005.01.007. 

[20] D. K. Rathore, R. K. Prusty, D. S. Kumar, and B. C. Ray, “Mechanical performance of 
CNT-filled glass fiber/epoxy composite in in-situ elevated temperature environments 
emphasizing the role of CNT content,” Compos. Part Appl. Sci. Manuf., vol. 84, pp. 364–
376, May 2016, doi: 10.1016/j.compositesa.2016.02.020. 

[21] M. Wang, Y.-G. Xu, P. Qiao, and Z.-M. Li, “A two-dimensional elasticity model for 
bending and free vibration analysis of laminated graphene-reinforced composite beams,” 
Compos. Struct., vol. 211, pp. 364–375, Mar. 2019, doi: 
10.1016/j.compstruct.2018.12.033. 

[22] Q. Li, M. Zaiser, J. R. Blackford, C. Jeffree, Y. He, and V. Koutsos, “Mechanical 
properties and microstructure of single-wall carbon nanotube/elastomeric epoxy 



STRUCTURAL ANALYSIS OF NANO-FILLER BASED STRUCTURAL COMPOSITE 

 201 

composites with block copolymers,” Mater. Lett., vol. 125, pp. 116–119, Jun. 2014, doi: 
10.1016/j.matlet.2014.03.096. 

[23] E. Wang et al., “Effect of graphene oxide-carbon nanotube hybrid filler on the mechanical 
property and thermal response speed of shape memory epoxy composites,” Compos. Sci. 
Technol., vol. 169, pp. 209–216, Jan. 2019, doi: 10.1016/j.compscitech.2018.11.022. 

[24] J. Teng, Z. Wang, J. Liu, and X. Sun, “Effect of dynamic vulcanization system on the 
thermodynamics and shape memory properties of TPI/HDPE hybrid shape memory 
polymers,” Eur. Polym. J., vol. 132, p. 109707, Jun. 2020, doi: 
10.1016/j.eurpolymj.2020.109707. 

[25] D. Rajak, D. Pagar, R. Kumar, and C. Pruncu, “Recent progress of reinforcement 
materials: A comprehensive overview of composite materials,” J. Mater. Res. Technol., 
vol. 8, Oct. 2019, doi: 10.1016/j.jmrt.2019.09.068. 

[26] T. K. Tung and J. Surdenas, “Buckling of Rectangular Orthotropic Plates Under Biaxial 
Loading,” J. Compos. Mater., vol. 21, no. 2, pp. 124–128, Feb. 1987, doi: 
10.1177/002199838702100203. 

[27] A. Lal and K. Markad, “Thermo-Mechanical Post Buckling Analysis of Multiwall Carbon 
Nanotube-Reinforced Composite Laminated Beam under Elastic Foundation,” Curved 
Layer. Struct., vol. 6, no. 1, pp. 212–228, Jan. 2019, doi: 10.1515/cls-2019-0018. 

[28] W. L. Ko, Anomalous buckling characteristics of laminated metal-matrix composite 
plates with central square holes. in NASA/TP, no. 1998–206559. Edwards, Calif. : 
Springfield, VA: National Aeronautics and Space Administration, Dryden Flight 
Research Center ; National Technical Information Service, distributor, 1998. 

[29] R. Seifi, N. Khoda-yari, and H. Hosseini, “Study of critical buckling loads and modes of 
cross-ply laminated annular plates,” Compos. Part B Eng., vol. 43, no. 2, pp. 422–430, 
Mar. 2012, doi: 10.1016/j.compositesb.2011.08.051. 

[30] P. F. Pai, A. H. Naghshineh-Pour, M. J. Schulz, and J. Chung, “Dynamic characteristics 
and buckling strength of composite-repaired aluminum plates,” Finite Elem. Anal. Des., 
vol. 28, no. 3, pp. 255–275, Jan. 1998, doi: 10.1016/S0168-874X(97)00039-5. 

[31] Z. A. Ghaleb, M. Mariatti, and Z. M. Ariff, “Properties of graphene nanopowder and 
multi-walled carbon nanotube-filled epoxy thin-film nanocomposites for electronic 
applications: The effect of sonication time and filler loading,” Compos. Part Appl. Sci. 
Manuf., vol. 58, pp. 77–83, Mar. 2014, doi: 10.1016/j.compositesa.2013.12.002. 

[32] V. M. Drakonakis, M. Aureli, C. C. Doumanidis, and J. C. Seferis, “Modulus–density 
negative correlation for CNT-reinforced polymer nanocomposites: Modeling and 
experiments,” Compos. Part B Eng., vol. 70, pp. 175–183, Mar. 2015, doi: 
10.1016/j.compositesb.2014.10.037. 

[33] R. K. Prusty, D. K. Rathore, M. J. Shukla, and B. C. Ray, “Flexural behaviour of CNT-
filled glass/epoxy composites in an in-situ environment emphasizing temperature 
variation,” Compos. Part B Eng., vol. 83, pp. 166–174, Dec. 2015, doi: 
10.1016/j.compositesb.2015.08.035. 

[34] S. Nagar, K. Sharma, N. Kukreja, and M. K. Shukla, “Micromechanical and experimental 
analysis of mechanical properties of graphene/CNT epoxy composites,” Mater. Today 
Proc., vol. 26, pp. 1855–1863, Jan. 2020, doi: 10.1016/j.matpr.2020.02.407. 



STRUCTURAL ANALYSIS OF NANO-FILLER BASED STRUCTURAL COMPOSITE 

 202 

[35] T. Özben, “Analysis of critical buckling load of laminated composites plate with different 
boundary conditions using FEM and analytical methods,” Comput. Mater. Sci., vol. 45, 
no. 4, pp. 1006–1015, Jun. 2009, doi: 10.1016/j.commatsci.2009.01.003. 

[36] K. Markad, Das, A. Lal, “Deflection and stress analysis of piezoelectric laminated 
composite plate under variable polynomial transverse loading | AIP Advances | AIP 
Publishing.” https://pubs.aip.org/aip/adv/article/12/8/085024/2819641/Deflection-and-
stress-analysis-of-piezoelectric (accessed Jul. 13, 2023). 

 
 
 
 
 


