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Abstract. This article investigates the properties of nanocomposites (NCs) and carbon fiber reinforced hybrid
materials from experimental and numerical studies under different thermal conditions. The multi-walled carbon
nanotubes (MWCNTSs) are reinforced in the epoxy for the preparation of NCs with the help of ultrasonic probe
sonicator. Hand layup technique is used for the preparation of NCs and NCs based carbon fiber reinforced polymer
(CFRP) with pre-cured epoxy. To study the dispersion and agglomerations of the reinforcement in matrix phase, the
images are captured at high magnification for the MWCNTs, NCs and NCs based CFRP based hybrid material system
with the help of transmission electron microscopy (TEM) and environmental scanning electron microscopy (ESEM).
At different temperatures, the short term creep and frequency scan tests are performed on the dynamic mechanical
analyzer-8000 (DMA-8000) for MWCNTs based NCs, and NCs based CFRP material system respectively. The creep
compliance is obtained from DMA-8000. The frequency and temperature dependent material properties of NCs based
material system have obtained from the numerical analysis. The Saravanos-Chamis micromechanics (SCM) and
strength of material (SOM) methods are implemented to determine the material properties of NCs based CFRP
material system. Storage modulus and loss factor are determined in order to study the effect of different MWCNT
percentage on the NCs based CFRP material systems. Experimental validation has been done for the suggested NCs
based CFRP material system. Responses suggest the damping property is improved by the inclusion of MWCNTs in
the matrix phase for CFRP material system. It is further observed that the higher MWCNTs percentage in the matrix
phase leads to higher stiffhess and damping.
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1. Introduction

After the discovery of CNTs (ljima 1991), it has fascinated researchers for its remarkable
mechanical properties like higher Young’s modulus, lower specific weight, high specific surface
area for practical applications. Due to its exceptional mechanical and viscoelastic properties it has
found scope of applications from aerospace engineering to sports industries. MWCNT’s are used as
reinforcement has small size of 6 nm and have higher specific volume. A sublayer of nano-film
(Chandra et al. 1999, Koratkar et al. 2002) in a piezo-silica composite beam can enhance 200%
damping performance and 30% bending stiffness without affecting the weight of structure. The
presented studies (Zhau et al. 2004. Koratkar et al. 2005) suggests that addition of 2% CNT in matrix
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phase can lead to 1000% increase of the loss modulus of a bar under axial cyclic loading.
Experiments conducted (Rajoria et al. 2005) on single and multi-walled CNTs based nanocomposite
observed that enhancement in damping ratio is more dominant than that of stiffness. A mathematical
model presented (Lin et al. 2010) to obtain energy dissipation between the nanotubes and the resin
based on the interfacial friction. Vibration damping characteristics of MWCNT based hybrid
composite, the presented studies (Khan et al. 2011) found that the damping ratio of the hybrid
composites is increased with the addition of CNTs. The thermal and mechanical properties of
MWCNT reinforced epoxy based material are reported (Theodore et al. 2011, Gojny et al. 2004)
which indicated that improved dispersion can be achieved by chemical functionalization of
inclusions in the matrix phase. The material properties of CNT based materials with tensile and
dynamic mechanical analyser have been determined (Montazeri and Montazeri 2011). Author
(Thostenson and Chou 2006) suggested that for mixing of CNTSs into polymer, high shear stress
must be employed to get better dispersion. The review article reported (Ma et al. 2010) the different
dispersion and functionalization methods of carbon nanotubes in the matrix phase. Authors
concluded that the ultra-sonication and chemical functionalization techniques give better dispersion
of CNT in matrix phase. The experimental procedure (Hirsch 2002) suggested the essential steps
based on the interaction between CNT polymer from chemical functionalization and physical
methods. Author Balasubramanian and Burghard (2005) summarized the advantages and
disadvantages of chemically functionalization process for CNTs into matrix phase. The study carried
out on different experimental procedures (Zhang et al. 2015, Rahmanian et al. 2014) for the
preparation of the high hybrid composites containing short fibers with chemical vapour deposition
method. Jia et al. (2011) presented that the inclusion of CNTs in nanocomposites, decrease in creep
strains by 53% compared to epoxy matrix. The long term creep behaviour of the nanocomposites by
time temperature superposition in dynamic mechanical analyser was also predicted. Indentation
experiments were carried out (Tehrani et al. 2011) at high temperature to determine the mechanical
properties of nanocomposite based material system. The reported article (Dul et al. 2018) proposed
the combination of acrylonitrile-butadiene-styrene (ABS) filaments with graphene at 4 weight
percentage for higher elasticity and storage modulus. Author (Yao et al. 2013) studied the
mechanical properties of nanocomposites which were prepared by in-situ polymerization method.
Creep and time temperature superposition tests were conducted to obtain the viscoelastic properties
of nanocomposites. Investigation have been carried out to obtain (Boris et al. 2018) the viscoelastic
properties of short fibers reinforced composite with dynamic mechanical analyser. Author (Knapp
et al. 2015) characterized the damping behaviour of the thin film passive layer of the composite
which has size of less than 50 um thickness. The investigation has been done by Chandra et al.
(2002) for the damping coefficients of fiber reinforced composites based on micromechanical
method to observe the effects of the shape and volume fractions of the reinforcement in the
composite materials. The viscoelastic material modelling (Swain and Roy 2017) of hybrid composite
material has been carried out based on the Mori-Tanaka micromechanics. The elastic properties
(Swain et al. 2016, Swain et al. 2016) of carbon fiber reinforced hybrid composite material using
Mori-Tanaka and strength of material methods are evaluated. Comparative studies have been
presented (Treviso et al. 2015) by reviewing the different methods of damping properties analysis
in composite materials for different models. MWCNTS have also shown to be having superior static
and dynamic characteristics when subject to different loads (Ghayesh et al.). The effect of MWCNTSs
on the viscoelastic properties and dynamics of the structures has also been studied (Ghayesh et al.).

From the literatures, it is cleared that in many areas, improved damping of the NC based material
system is required. For different applications, carbon-fiber reinforced NC based material system will



Creep compliance and micromechanics of multi-walled carbon nanotubes based hybrid composites 143

be very useful. Such materials possess good load carrying capacity and are subjected to dynamic
loads in real life operations that cause vibrations. Hence, the study concerning damping problems of
such material system is of practical significance and great importance. Research in this area has
already been started but lack of fabrication techniques and experimental studies are yet to be
explored for better practical application of materials made by CNTSs.

The present study addresses the experimental and numerical techniques for the determination of
the viscoelastic properties (such as storage and loss moduli) of nanocomposites based hybrid
materials under different hygrothermal conditions based on creep compliances. The MWCNT’s are
used as reinforcement has small size of 6 nm and higher specific volume. MWCNTS are mixed in
0%, 4% and 8% by volume in the pre-cured epoxy to prepare samples from the sonication dispersion.
The samples are prepared with sharp edges and required dimensional accuracy. For the
agglomeration studies in the sample, images are captured with the help of environmental scanning
electron microscopy (ESEM). The random orientation of MWCNT in polymer and uniform size of
MWCNT are considered in this study. The samples are experimented on DMA-8000 for short term
creep test and creep compliance is obtained. With creep compliance further numerical study is
carried out to determine the stress relaxation, storage and loss modulus. Material properties and
damping characteristics of NC and HC are also obtained by the numerical study.

2. Experimental
2.1 Mixing of MWCNT in polymer

The epoxy is reinforced by MWCNTSs with the help of ultrasonic probe sonicator. Mixing is done
for 3 hours to disperse the inclusions in the matrix phase. Epoxy is Pre-cured at 45°C for 30 minutes
before mixing, and then MWCNTSs are reinforced in the epoxy. The MWCNTS are mixed 4% and
8% respectively by volume in epoxy.

2.2 Drying and sample preparation

The bottom surface of the mould is preheated to 45°C and after applying the mould relieving
spray onto the whole mould surface, the dispersed MWCNTSs reinforced epoxy is poured into the
mould for the NC material based samples. For hybrid composite (HC) samples, CNT reinforced
polymer brushed onto the fibers which are placed unidirectional (UD) in the mould. NC material
based sample and hybrid composite samples are prepared with hand layup technique. Then it is
allowed to dry for minimum of 72 hours. The samples are extracted from the mould with the required
dimensional accuracy.

2.3 Creep and frequency scan test on DMA-8000

Short term creep test is conducted on DMA-8000 for the different NC samples to obtain creep
compliance. Creep test is done for different volume fractions i.e., 0%, 4% and 8%, of the MWCNT
in the epoxy at different temperatures i.e., 0°C, 25°C and 50°C respectively. NC sample is fixed
under tension support as shown in Fig. 1. Frequency scan tests are also carried out on DMA-8000
to obtain the storage modulus and loss factor for the hybrid material system. The sequential
procedure is shown in Fig. 2. The NC samples made as per the ASTM standards are shown in Fig. 3.
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Fig. 1 DMA-8000 image with NC sample under tension support
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Fig. 2 Schematic diagram of Experimental procedure

3. Experimental and mathematical modelling for NC and HC material system

Material property of the NC based material systems is obtained experimentally with DMA-8000.
The present mathematical modelling cosists of Saravanos-Chamis micromechanics (SCM) and
strength of material (SOM). Analysis of NC and hybrid composite is presented in the subsections.

3.1 Experimental and numerical modelling for NC

NC based samples are prepared with mixing the MWCNT in the pre-cured polymer matrix. The
MWCNT is mixed with volume fraction of 0%, 4% and 8% seperately. The polymer matrix
nanocomposite (PMNC) exhibits higher material property with higher volume percentage of
MWCNT. The NC based samples are prepared with the required dimensional accuracy as per ASTM
standard and creep test is conducted on DMA-8000.

For such material based samples, creep compliance is obtained with different volume fractions
at different temperatures. Further numerical analysis is carried out with laplace transform to obtain
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the storage modulus and loss modulus for NC based material.
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Where, E(w), E,, w are frequency dependent modulus, instenteneous modulus and frequency

respectively. 7(i), and E (i) are prony constants. Succession 1 shows in the Fig. 4 for NC based
material system.
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3.2 Experimental and numerical modelling for HC

Carbon fiber reinforced PMNC hybrid composite samples are fabricated in different volume
fractions (i.e., 6%, 15.3%, 32.5% and 49.8%) with required dimensions. The frequency scan test is
conducted on DMA-8000 and frequency dependent material properties are obtained. Numerical
investigation is carried out for long fibers reinforced PMNC from Saravanos-Chamis
micromechanics and strength of material methods. The material properties obtained numerically are
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Fig. 5 Experimental and numerical constituents of CNTs-based carbon fiber reinforced HC

compared with the experimental reults. Succession 2 shows in the Fig. 5 for HC based material
system.

4. Mathematical formulation

4.1 Mathematical formulation for fiber reinforcement from Saravanos-Chamis
micromechanics (Chandra et al. 2002)

Saravanos and Chamis micromechanics (SCM) methods considered the fiber representative
volume element (RVE) of square packing array as shown in figure 6. SCM proposed a mathematical
model of the properties of hybrid composite consisting of reinforcement and matrix phase. The
stresses and stains are considered uniform throughout the hybrid composite from rule of mixture.

The longitudnal and transverse modulus of hybrid composite can be expressed as

E,=E_V +EV ()

11 f11 f

3)

Further, in-plane shear modulus and transverse shear modulus are given by

m

G

f12

VG,
Glzz(l—\/\T)Gm+1_ . (1_6 j @
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Fig. 6 Square packing array of reinforced fibers
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Fig. 7 Hexagonal packing of reinforced fibers
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Further, in-plane shear damping and transverse shear damping are given by
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4.2 Mathematical formulation for fiber reinforcement from strength of materials (Swain
et al. 2016, Swain et al. 2016)

Fig. 7 shows hexagonal representative volume element (RVE) of hybrid composite consisting
PMNC reinforced by carbon fiber. The strains in the modified matrix (NC), carbon fiber and hybrid
composite are equal in fiber direction and the stresses are equal in the transverse direction from
isofield conditions. Perfect bonding is considered between reinforcemen (carbon fiber) and modified
matrix. The constitutive relations for the hybrid composite are written below

{o'}=[C'Ks'}ir = f,NC. ®)
E 9KPMNCGPMNC 9
" ) 3KPMNC + GPMNC ( )
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(b)
Fig. 8 (a) Bright field, (b) HRTEM and (¢) HAADF TEM images of MWCNT at Nano-meter scale

From rule of mixture, the volume fraction of fiber reinforcement and NC based modified matrix
in HC is
Uf + UNC = 1 (10)
The strains and stresses in the hybrid composite in longitudinal and transverse direction
considered from iso-field conditions and rule of mixture are written as

{ f f f f f f }T
81 GZ 0-3 623 613 0-12

NC NC NC NC NC NCHT
= {81 62 0-3 0-23 0-13 612 } (1 1)

_ { HC HC HC HC HC HC}T
=14 o, O-a 0-23 0-13 12 !

f f f f f fqT
Vf {O-l ‘92 ‘93 623 813 ‘912}

NC NC NC NC NC NC T
+VNC {0-1 82 83 623 813 812 } ( 1 2)

_ { HC HC HC HC HC HC}T
=10, gz ga ,5‘23 813 812 :

The expression of stress and strain for HC lamina is obtained from above equations and can be
written as

{o™}=[C" K"}, (13)

Where, [C™1=[CIIV,]" +IC,IIV,T". (14)

Other terms in above equation are mentioned in the appendix.

5. Results and discussion
5.1 Based on TEM and ESEM test for NC and HC

MWCNTSs are treated in sonication bath for 30-45 minutes, and then with the help of carbon
grid, 2-dimensional images are captured on nanoscale. Fig. 8 (a) & (b) shows the bright field and
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(a)
Fig. 9 ESEM images of NC samples containing (a) 0%, (b) 4% and (c) 8% of MWCNT

(a) (b) (d)
Fig. 10 ESEM images of HC samples containing with (a) 6%, (b) 15.3%, (c) 32.5% and (d) 49.8% of carbon

fiber

high resolution transmission electron microscopy (HRTEM) image of the MWCNT to estimate the
overall distribution on the carbon coated copper grid at a lower magnification. Bright field image
depicts the dimension of the MWCNTSs sample where the average thickness of the Nanotubes ranges
from 6 to 10 nm. Fig. 8(c) shows the high angle annular dark field (HAADF) detector image which
estimated and confirmed the presence and distribution of MWCNTSs in the grid. Scanning
transmission electron microscopy (STEM) imaging and analysis is carried out to obtain the sample
(MWCNTS) images by diffracted electron beam.

Fig. 9 shows the ESEM images of NCs at high magnification consisting of 0%, 4% and 8%
volume fraction inclusion of MWCNT respectively. The agglomeration can be clearly seen in the
images by the increasing volume fraction of the MWCNT in the epoxy. Whereas Fig. 10 shows the
ESEM images of HC at high magnification consisting the carbon fiber of 6%, 15.3%, 32.5% and
49.8% volume fraction respectively.

5.2 Based on creep test on DMA-8000

Creep compliance is obtained for NC materials with 0%, 4% and 8% volume fraction of MWCNT
from DMA-8000 at different thermal conditions, i.e., 0°C, 25°C and 50°C respectively. Short term
creep test is conducted on DMA which are shown in Fig. 11(a), 12(a) and 13(a) for different
temperatures respectively.

Further creep compliance is predicted through power law curve fitting in time domain as shown
in Fig. 11(b), 12(b) and 13(b) for different temperatures respectively. Fig. 14(a), 15(a) and 16(a)
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Fig. 13 Variation of (a) short term and (b) long term creep compliance of NC samples at 50°C

shows the creep compliance for the same volume fraction of MWCNT in different temperaturesi.e.,
0°C, 25°C and 50°C respectively. Through power law curve fitting, further prediction of creep
compliance in time domain is shown in 14(b), 15(b) and 16(b).

5.3 Based on numerical prediction

of NCs viscoelastic properties

Creep compliance is obtained for different NC based materials from DMA-8000 and Prony series
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Fig. 16 Variation of (a) short term and (b) long term creep compliance of NC samples containing 8% of
MWCNT

is used to obtain the relaxation modulus in time domain which is shown in Fig. 17 at different
temperatures. Significant effect of MWCNT is observed on relaxation modulus which increases at
lower temperatures. The Laplace transform is used to convert the relaxation modulus from time
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Table 1 Validation of NC material properties with increasing volume fraction of MWCNT (Montazeri and
Montazeri 2011)

Constituents of NC Reference [30] (GPa) % increase (x100) Present (GPa) % increase (x100)

Epoxy 343 0 2.15 0
4% volume of MWCNT 3951 0.1518 2.69 0.2511
8% volume of MWCNT 4225 0.2317 2.77 0.2883
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Fig. 17 Variation of relaxation modulus with different volume fraction of MWCNT at (a) 0°C, (b) 25°C and
(c) 50°C
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Fig. 18 Variation of £ with different volume fraction of MWCNT at (a) 0°C, (b) 25°C and (c) 50°C

domain to frequency domain and the storage modulus and loss factor for such NC based materials

are obtained which are shown in Figs. 18 and 19.
The storage modulus of said materials increases and the loss factor decreases by the inclusion of

MWCNT in the matrix phase. The MWNCT improved the Young’s modulus of polymer
significantly which is validated from Montazeri and Montazeri (2011) shown in Table 1.

5.4 Based on Saravanos-Chamis micromechanics (SCM) and strength of materials
(SOM) for HC

SCM and SOM mathematical models are used for long fiber reinforcement in the matrix phase.
SCM and SOM models employ the square and hexagonal packing array RVE of the fiber in the
matrix phase.
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Fig. 20 Variation of (a) E11 and (b) E2 with the volume fraction of the reinforcement at 0°C

Table 2 Basic properties of CFRP Based HC Constituents

Properties Carbon fiber MWCNT Epoxy
E (GPa) 236.4 800 2.15
Poisson ratio 0.22 0.3 0.34
Density (kg/m?) 1800 2400 1150

MATLAB codes are used to depict the material properties of CFRP hybrid composite material
at different temperatures i.e., 0°C, 25°C and 50°C. Longitudinal and transverse modulus of the CFRP
based hybrid material system, increases with the increase in volume fraction of the reinforcement.
Significant effect of the MWCNT is observed on the shear modulus and shear loss factor of such
CFRP material system. Figs. 20-28 shows the variation in the material properties of such material
system at different temperatures. It is apparent that at any volume fraction of the carbon fiber, the
MWCNT in the RVE increases the elastic and damping properties. Longitudinal and transverse
modulus increases with the increase of volume fraction of carbon fiber, whereas the loss factor and
shear loss factor decreases significantly. The materials i.e., MWCNT, carbon fiber and epoxy, which
are used to prepare NCs and HCs are procured from ADNANO technologies and HINDOOSTAN
composites. The material properties of the constituents of CFRP based material system are
mentioned in the Table 2.
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5.5 Based on experimental comparison of PMNC based HC

CFRP based hybrid composite samples are fabricated with 6%, 15.3%, 32.5% and 49.8% volume
fraction. Frequency scan test is conducted for such CFRP samples on DMA-8000 to obtain the
longitudinal modulus (E11), transverse modulus (E22) and loss factors (tand) at 25°C. These results
are plotted with numerical results which were obtained from SCM and SOM methods. Experimental
comparison has been carried out for the properties of CFRP based hybrid material system. It is
observed that the involvement of MWCNT increases the damping properties significantly at
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Fig. 30 Variation of (a) E» and (b) transverse loss factor in frequency domain at 25°C

different volume fraction of carbon fiber as shown in Table 3.
Experiments are performed on DMA-8000 at different frequencies to obtain the material
properties of such CFRP hybrid material system. Experimental material properties of such CFRP



Creep compliance and micromechanics of multi-walled carbon nanotubes based hybrid composites 157

Table 3 Comparison of experimental and numerical results of HC material properties at 25°C

Method CF (%) E1 (GPa) G (x10%) E» (GPa) (o (X109
Experimental 0 2.731 1.7 2.731 1.7
SCM 6.0 16.96 3.1 2.85 2.1
SOM 6.0 17.04 32 3.5 3.1
Experimental 6.0 14.755 1.5 3.77 1.1
SCM 15.3 38.95 1.3 291 1.4
SOM 15.3 383 1.4 3.83 2.0
Experimental 15.3 27.89 5.9 3.84 9.01
SCM 32.5 79.97 9.1 3.74 1.2
SOM 32.5 78.8 9.3 4.12 1.5
Experimental 325 64.51 6.4 4.11 7.6
SCM 49.8 121.27 2.1 3.61 1.0
SOM 49.8 119.43 3.0 4.35 1.1
Experimental 49.8 104.7 9.1 4.57 6.2

based material system for different volume fraction of carbon fiber are shown in Figs. 29 and 30 at
25°C. As the frequency increases, the longitudinal and transverse material properties increase
significantly. The comparison of experimental results and numerical results are shown in Table 3. It
is evident from the Table 3, that experimental result shows, good damping properties of CFRP based
hybrid material system and the effect of the agglomeration on the longitudinal and transverse
modulus.

6. Conclusions

Present study proposes the combination of experimental and numerical methodology for
determination of viscoelastic properties of NC based hybrid materials based on creep test using
dynamic mechanical analysis under different thermal environment. NC and CFRP based hybrid
composite materials are fabricated from ultrasonic probe sonicator and hand layup technique.
MWCNTSs are used as inclusion and carbon fiber as reinforcement. TEM and ESEM are used to
capture the high magnification images for agglomeration study and it is observed that higher the
MWCNTSs in the polymer, higher is the agglomeration. Creep compliance is obtained for NC from
DMA-8000 under different thermal conditions. Prony series is used to determine the time dependent
relaxation modulus and further laplace transform is used for frequency dependent storage modulus,
loss factor of such NC materials.

Result showed a significant increase in the storage modulus and damping of NC material when
the higher volume fraction of MWCNT is mixed in matrix phase, Sravanos-Chamis micromechanics
(SCM) and strength of materials (SOM) mathematical models are used to depict the properties of
hybrid material system consisting of carbon fiber reinforced PMNC. A MATLAB code is generated
to obtain the longitudinal and transverse properties of such materials by increasing the volume
fraction of the carbon fiber. Predicted material properties showed that the stiffness and damping are
increased significantly by increasing the volume fraction of the carbon fiber in such hybrid material
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system. Loss factor and shear loss factor are decreased as the temperature is increases. Several
samples of hybrid composite are fabricated consisting of 8% volume fraction of MWCNT in matrix
phase and different volume fraction of carbon fiber as reinforcement. Experimental validation is
done for such hybrid composites for SCM and SOM methods based numerical results. Longitudinal
modulus, transverse modulus and loss factor are depicted in frequency domain. It is cleared from
the results that the overall material properties were increased by the inclusion of MWCNTS in the
CFRP material system.
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Appendix

All matrices used for the present study (Swain et al. 2016; Swain et al.. 2016) are presented

below
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