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Abstract

Polypropylene (PP)/sisal fiber (SiF)/cellulose nanocrystals (CNC) hybrid compos-
ites were prepared at a variable weight percentage of SiF/CNC loading (29:1, 27:3,
25:5, and 23:7) using melt-blending technique followed by injection molding. The
dispersion of the CNCs and SiFs within the nonpolar PP matrix was enhanced by
using maleic anhydride grafted PP (MAPP) as a compatibilizer. Furthermore, the
mechanical properties like tensile, flexural, and impact properties of the hybrid
composites were evaluated. High tensile strength and modulus of 47.02 MPa and
2820.26 MPa, respectively, were observed for the hybrid composite with the incor-
poration of SiF/CNC (27:3 wt%) in the presence of 5 wt% MAPP. Additionally, an
increment of 30.87% and 14.81% was observed for corresponding flexural strength
and modulus as compared to their counterparts without MAPP. The elastic moduli
obtained experimentally were compared with the theoretical elastic moduli using
Cox—Krenchel and Ouali model in combination with the Halpin—Tsai model. Sur-
face morphology by field emission scanning electron microscopy observed that the
CNCs and SiFs were well dispersed within the PP matrix in the presence of MAPP.
Differential scanning calorimetry thermograms showed no measurable changes in
the melting temperature (7;,) of PP in PP hybrid composites; however, an increment
in the crystallization temperature (7;,) was observed. The thermogravimetric analysis
confirmed the enhancement in the thermal stability of PP hybrid composites due to
the synergistic effect of hybridization within the PP matrix. Partial substitution of
CNCs along with SiFs within the matrix polymer shows an increment in the stiffness
of the hybrid composites as evident by dynamic mechanical analysis.
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Introduction

The demand for lightweight and tougher materials have gained considerable
momentum in automobile, aeronautics, building, and construction industries to
improve the reliability, durability, and efficiency of the structural components.
Composite materials have demonstrated the desired performance characteristics
with respect to their improved durability as well as mechanical strength. Natural-
fiber-reinforced polymeric composite (NFPC), owing to their low density, high
strength, and rigidity, have attracted the key industrial sectors [1-3]. Natural fibers
like jute, sisal, kenaf, bamboo, etc., are excellent substitute for synthetic counter-
parts like glass, talc, mica, etc., in terms of properties like renewability, durability,
and low cost which warrant their potentiality for the aforementioned applications
across the globe [4].

Among the broadly classified natural fibers, SiF has been the most preferred
reinforcing agent in polymer matrices because of its excellent stiffness and tensile
strength in the composite application. The chemical composition of SiF constitutes
of three major components: cellulose (47-62 wt%), lignin (7-9 wt%), and pentosan
(21-24 wt%) (Kaewkuk et al. [5]). A preliminary study as confirmed from Joseph
et al. [6] described that SiF-reinforced thermoplastic matrix achieves better proper-
ties than the wood fibers in terms of high impact strength. Mohanty et al. [7] inves-
tigated the mechanical, thermal, and viscoelastic properties of SiF-reinforced PP
composite in the presence of MAPP. The studies revealed that the incorporation of
21 volume% of fibers and 1 wt% of MAPP within the PP matrix displayed optimum
mechanical properties along with improved thermal stability. PP has been the widely
used thermoplastic matrix for the production of large-volume parts with numerous
advantages like good stiffness, easy availability, design flexibility, recyclability, low
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cost, and excellent weathering resistance [8, 9]. Literature survey pertaining to the
use of various natural-fiber-reinforced PP composites has been reported using sisal,
jute, bamboo, kenaf, etc. [10—13].

CNCs isolated from various natural sources/fibers are evolving as smart nano-
materials, comprising of several crystalline allomorphs. CNCs possess properties
like high surface area, aspect ratio, and specific strength, along with non-toxicity
and inherent biodegradability characteristics [14]. CNC-reinforced PP nanocompos-
ites have been widely used in different prospective end-use applications due to low
wear and tear in machinery, recyclability, versatility, and reduced carbon footprints
[15, 16]. Ayaz et al. [15] reported the mechanical and thermal analysis of cellulose
nanowhisker-reinforced PP nanocomposites. The authors reported that the nano-
composites depicted improved thermal stability and tensile strength to the tune of
70-80% as compared to the PP matrix. Jae et al. [17] studied the mechanical and
physicochemical properties of PP/CNC nanocomposites in the presence of MAPP
and toluene diisocyanate (TDI). The authors observed that the thermal stability and
tensile properties of TDI-grafted CNC/PP nanocomposites are lower than that of
MAPP-grafted counterparts.

However, irrespective of these attractive properties, few disadvantages are also
associated with natural fibers which include high moisture content in the fiber, poor
dispersion, and incompatibility with the polar matrix, consistency in the properties
as compared to their synthetic counterparts. In order to increase the mechanical per-
formance, hybridization of fibers is an effective tool in increasing the usage of natu-
ral fibers in composite applications. A lot of development on cellulosic/cellulosic
natural-fiber-based hybrid composites have been reported which includes sawdust/
sisal, wood flour/sisal, banana/sisal, jute/manmade cellulose fibers, etc. [18-21].
Mubarak et al. [19] studied the mechanical and morphological properties of jute/
manmade cellulose fiber-reinforced PP hybrid composites. The authors reported that
a balanced property profile is achieved by the addition of 25 wt% of jute and 75 wt%
of manmade cellulose into the composites with an increase in the stiffness and heat
deflection properties [22]. Similarly, several reports in the area of natural fiber/glass
PP hybrid composites have been reported widely [10, 12]. Also, studies on cellu-
losic/cellulosic hybrid composites in thermoset matrices have been reported by vari-
ous researchers [23, 24]. In the current study, attempts have been made to improve
the performance of hydrophobic PP matrix by reinforcing with natural fibers to
fabricate lightweight parts for automotive applications such as door panels, interior
trims, arm rests, bumpers. The reduction in the vehicle’s weight helps to increase
the fuel efficiency with reduced CO, footprints [25]. Farah et al. [26] reported that
the utilization of natural fibers in composites has been tremendously increased over
the years to obtain lightweight automotive products with more suitable cost-effective
techniques.

The present research makes an effort to prepare PP hybrid composite using SiFs
and CNCs as reinforcing agents. To enhance the interfacial adhesion, MAPP has
been used as a compatibilizer at variable wt% for the fabrication of the hybrid com-
posites. To the best of our knowledge, this is a distinct methodology for the addi-
tion of CNCs in nanosize along with SiFs in microsize and its fabrication for the
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formation of hybrid PP/CNC/SiF composites. The synergistic effect of hybridization
on the mechanical, thermal, morphological, flammability, and viscoelastic proper-
ties of the composites has been reported.

Experimental
Materials

PP (Grade: M110) obtained from M/s Haldia Petrochemicals (Kolkata, India) with a
density of 0.9 g/cm?, a molecular weight of ~250,000 g/mol, and MFI of 11 g/10 min
at 2.16 kg load and 230 °C was used as the base matrix. CNCs in powder form (den-
sity 1.6 g/em?, purity 99.9, length 0.7 um, and diameter 10-40 nm) were obtained
from M/s Nanoshel (Punjab, India). SiFs (density 1.35 g/cm?, length 3-7 mm, and
diameter 0.2-0.4 mm) were procured from M/s Gogreen Products (Chennai, India).
MAPP with the acid number 15 mg KOH/g, Grade G-3015, and MFI of 32 g/min
was procured from M/s Eastman Chemicals Pvt Ltd (Hyderabad, India) was used as
a compatibilizer.

Fabrication of hybrid composite

Initially, the SiF bundles were washed with a mild detergent solution followed by
washing with distilled water to remove the wax content and other impurities present
in it. Thereafter, they were allowed to dry under sunlight for 48 h and chopped to
3—7 mm length. Prior to the fabrication of composites, the SiFs and CNCs were sub-
jected to pre-drying in a vacuum oven at 70 °C for 2 h.

PP/SiF/CNC hybrid composites were formulated at different weight% of SiF and
CNC loading (29:1, 27:3, 25:5, 23:7) employing melt-blending technique using a
batch mixer (M/s Haake Rheomex OS PTW16, Germany). The mixing process was
carried out at a temperature of 170 °C, speed of 50 rpm for 15 min. Finally, the melt
mixes collected from the batch mixer were subjected to injection molding using a
mini injection jet (X-plore 15 ml DSM, TA instruments, the Netherlands) to prepare
test specimens following their respective ASTM-D standard. The injection-molding
process was carried out at an injection temperature, pressure, and mold tempera-
ture of 190 °C, 9 bar, and 35 °C, respectively. A similar procedure was followed to
fabricate compatibilized hybrid composites PP/SiF/CNC/MAPP at various wt% of
MAPP (1, 3, 5, and 7). For comparative studies, the PP/CNC nanocomposites with
and without MAPP were also prepared using the same melt-blending technique fol-
lowed by injection molding at similar process parameters. The optimized formula-
tions of PP/CNC nanocomposites and detailed preparations of hybrid composites
along with its sample codes are summarized in Table 1.
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Table 1 Sample type and its respective code for PP/CNC nanocomposites and PP/SiF/CNC hybrid nano-
composites at the varying ratio with and without MAPP

Sample type Sample code SiF content CNC content MAPP
(%) (%) content
(%)
PP PP - - -
PP/CNC; PPC3 - 3 -
PP/CNC,;/MAPP; PPC3M5 - 3 5
PP/SiF,/CNC, PPS29Cl1 29 1 -
PP/SiF,,/CNC; PPS27C3 27 3 -
PP/SiF,s/CNC; PPS25C5 25 5 -
PP/SiF,;/CNC, PPS23C7 23 7 -
PP/SiF,;/CNC5/MAPP, PPS27C3M1 27 3 1
PP/SiF,;/CNC5/MAPP; PPS27C3M3 27 3 3
PP/SiF,,/CNC;/MAPP; PPS27C3M5 27 3 5
PP/SiF,,/CNCs/MAPP, PPS27C3M7 27 3 7

Characterization techniques
Mechanical tests

The tensile, impact, and flexural properties of PP, its nanocomposites, and
hybrid composites were evaluated as per ASTM-D 638, ASTM-D 256, and
ASTM-D 790, respectively. The universal testing machine (UTM, M/s Instron,
3382, UK) was used to conduct the tensile and flexural tests according to their
respective ASTM-D standards. For tensile tests, the specimen is prepared in
dumb-bell shape with dimensions of 127 mm X 12.7 mm X 3.2 mm. Further-
more, the test was performed at a test speed of 5 mm/min with a gauge length
of 50 mm. Similarly, the flexural test was performed at a cross-head speed of
1.3 mm/min while maintaining a span length of 50 mm employing specimens of
dimension 125 mm X 12.7 mm X 3.2 mm. Impact properties were determined
using an M/s Tinius Olsen, 1zod Impact Tester (USA) with samples of dimen-
sions 63.5%12.7x3 mm. Before conducting the test, a V-shape notch with a
depth of 2.54 mm using a notch cutter (Model 899, M/s Tinius Olsen, USA) was
made in all the samples. The test was conducted at a laboratory temperature of
23 °C=+2°C and 50+5% RH.

Heat deflection temperature (HDT)
HDT analysis of virgin PP, its nanocomposites, and hybrid composites were
performed using HV-2000A, M/s GoTECH, Taiwan, as per ASTM-D 648.

The testing was carried out at a load of 66 Psi with samples of dimension
127%x12.7%3.2 mm.
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Mechanical modeling

The combination of analytical models was employed to calculate the theoretical
elastic modulus (E,) of multi-phase hybrid composites. The E. of nanoparticle-filled
polymer matrix (PP/CNC nanocomposites) was calculated by the Cox—Krenchel and
Ouali model, whereas the E, of short-fiber-reinforced hybrid composites are evalu-
ated using the Halpin—Tsai equation. Therefore, a series of combined analytical
models are used to estimate the theoretical E, for PP/SiF/CNC and PP/SiF/CNC/
MAPP hybrid composites.

Cox-Krenchel model Cox—Krenchel model [27] is used to calculate the elastic modu-
lus of the nanofiller-reinforced polymer composites. Cox [28] incorporated a fiber
length efficiency (r;) and orientation (7,) factor into the “Rule of Mixture” to dem-
onstrate the E,. The relation used to calculate E, by employing the Cox—Krenchel
method is defined in Eq. (1):

E. = (non.EcncVene) + (EnVin)- (D
where

_tanh (fLenc/2)
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where 7, value is considered to be 0.375 as per the literature [29], Loy and deye
are the length and diameter of CNC which were measured to be 0.7 um and 25 nm,
respectively, as discussed in “Transmission electron microscopy (TEM)” section.
Vene and V are the volume fraction of the CNC and PP matrix, and v is Poisson’s
ratio of the matrix. The elastic moduli and density of CNCs were represented by
Ecnc and Sqyc; additionally, their respective values for the current study were con-
sidered to be 88 GPa and 1.54 g/cc in accordance with the literature [30].

Ouali model Ouali model is based on the percolation theory and is a revised form of
the series—parallel model. It calculates the E_ by taking into consideration the per-
colating, non-percolating CNC phase, and the matrix phase. Ouali model assumed
a considering factor (venc.c) known as the critical volume fraction of CNCs for the
formation of percolation network and is calculated as by Eq. (4):

0.7
LCNC/ denc

The E, of the CNC-reinforced PP is given by Eq. (5):

Venee =

“)
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o (1= 2Venc€) EnEoxnce + (1 — Vi )€EL )
‘ (1 - VCNC)ECNC + (€_ VCNC)Em

where €=0, if vene <Venec

\% — Venes .
€=vene —NC__NEC)if Vene > VeNe-e
1 = Venee

where € is represented as the percolation network of the CNC phase.

Halpin-Tsai model Halpin—Tsai equation is usually used to demonstrate the E, of the
composites reinforced with short fibers. Therefore, the E, of the hybrid composites is
calculated by the Halpin—Tsai equation as detailed below:

Eye 1 +£nVgp

E, Co1- nVsip ©)
where 7 is calculated as:
% ! Lesie
n= %+£’ where £ = 2 SiF- @

c

Ey. and E_ are the calculated theoretical elastic modulus of the hybrid composite
and PP/CNC nanocomposite, Eg;p, and Vg are the elastic modulus and volume frac-
tion of SiF, [ gz and d, are the critical fiber length and diameter of SiF, respectively.
The /g is calculated by the equation as described in Eq. (8)

_ 6siFdsiF _Om
lesip= 5 , where & = 73 (8)
where 6. andg,, are described as the tensile strength of SiF and polymer matrix, and
¢ is represented as the interfacial shear strength between matrix and fiber.

Fourier transmission infrared analysis (FTIR)

FTIR of virgin PP, SiF, and CNC, PP/SiF/CNC, and PP/SiF/CNC/MAPP hybrid
composites were examined to study the functional groups and interfacial bonds in
the samples using Nicolet 6700 (Thermofisher, USA). The analysis was carried out
at a resolution of 4 cm™! followed by 64 numbers of successive scans in wave num-
ber range of 4000—400 cm™".

X-ray diffraction analysis (XRD)
XRD analysis of virgin PP, SiF, CNC, and its hybrid composites was performed

using an X-ray diffractoms:ter (7000L, Schimadzu, Japan). Cu Ko radiation source
(20 mA, 40 kV, A=1.54 A) was used to conduct the test at a rate of 5°/min and a
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range of scanning angle between 5° and 40°. The crystallite size and d-spacing value
for every test samples were calculated by employing Scherer’s formula and Bragg’s
equation using Egs. (9) and (10):

0.89 * A

Average crystallite size = ——,
w * cos ()

©)

d =nA/2sin6, (10)

where A and 6 are denoted as the wavelength of the Cu Ko X-ray and diffraction
angle, respectively, and w is the full width at half maximum of diffraction (rad).

Thermal analysis

Differential scanning calorimetry (DSC) analysis was conducted using DSC Q-20,
M/s TA Instruments, USA. At a temperature range of 30-200 °C, samples of <7 mg
were heated under a nitrogen atmosphere at a heating rate of 10 °C/min. The exist-
ence of any previous thermal history is removed by holding the heated sample at the
particular temperature for 1 min and thereafter cooling down to 30 °C to measure
the crystallization temperature (7). Further, the melting temperature(7,,,) was meas-
ured by reheating the samples up to 200 °C. The degree of crystallinity X, (%) is
evaluated by Eq. (11):

X, (%) = % % 100%, 11
where AH, is represented as the melting heat of fusion measured by DSC analysis,
AH* is standard melting heat of fusion of PP matrix whose value is estimated to be
240.5 J/g [3].

Thermogravimetric analysis (TGA) was conducted using TGA Q50, M/s TA
instrument, USA, with test specimens of 5-8 mg under the nitrogen atmosphere.
The analysis was performed at a temperature range of 30700 °C while maintaining
a flow rate of 30 ml/min and a heating rate of 10 °C/min.

Dynamic mechanical analysis (DMA)

DMA test was performed with DMA-Q800, M/s TA Instruments, USA, with pris-
matic samples of dimension 35X 12x3 mm under nitrogen atmosphere. The test
was carried out at a frequency of 1 Hz and a temperature range of —50 to 150 °C
while maintaining a heating rate of 10 °C/min. In all the cases, four samples of each
composition were tested, and the mean values of storage modulus (£’) and loss tan-
gent (tan d) were noted.

Microscopy studies

Transmission electron microscopy (TEM) The diameter and length of CNCs were
studied using TEM analysis (JEOL 1400, Japan). Prior to the tests, the suspension
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of CNCs was done using an ultrasonication bath for 1 h. Thereafter, a drop from the
solution was kept on a copper grid coated with a thin layer of the carbon film. The
copper grid was allowed to dry, and the test was performed at operating voltage of
80 kV.

Field scanning electron microscopy (FESEM) FESEM analysis of SiF, CNC, and the
hybrid composites was carried out to study the impact fractured surface morphology
using Sigma, Zeiss, UK. Prior to the tests, all the samples are gold-coated using the
sputtering unit (sputter coater, BAL-TEC SCD 050, USA) to avoid any accumulation
of electric charge.

Flammability

The horizontal and vertical flammability properties of virgin PP and its hybrid com-
posites were performed by HVUL 2(M/s Atlas, USA) as per UL-94. The samples
with dimension 125 % 12.7 X3 mm were used to measure the rate of burning.

Results and discussion
Mechanical properties of PP, its nanocomposites, and hybrid composites

The mechanical properties of virgin PP, its nanocomposites, and hybrid composites
at the various wt% of SiF, CNC, and MAPP loading are represented in Table 2. In
the case of PP/CNC nanocomposites, the optimized samples formulated with and
without compatibilizer (PPC3 and PPC3M5) were reported. For hybrid composites,
the total SiF and CNC content was fixed at 30% as per the findings of Samal et al.
[31] and Kalaprasad et al. [32]. As evident from Table 2, the tensile strength and
modulus of PP are 32.62 MPa and 1238 MPa, respectively.

The tensile strength and modulus of PPC3 nanocomposites are 33.90 MPa and
1320.60 MPa which depicted an enhancement of about 3.92% and 6.67%, respec-
tively, as compared to PP matrix. However, there was a substantial increase in
the flexural strength and modulus of PP in PPC3 nanocomposites to 41.37% and
30.80%, respectively. Additionally, PPC3 nanocomposites exhibited impact strength
of 26.08 J/m that depicted an increment of 20.68% over that of PP estimates. Simi-
larly, the tensile strength and modulus of PPC3 in PPC3M5 revealed enhanced
values to the tune of 13.98% and 25.64%, respectively. The addition of 5 wt% of
MAPP in PPC3 nanocomposites further increased the flexural strength and modulus
by 27.73% and 25.24%, respectively. PPC3M5 showed impact strength of 28.9 J/m
which is increased to the tune of 10.8% as compared to PPC3 nanocomposites. The
addition of MAPP promotes interfacial adhesion between nonpolar PP matrix and
hydrophilic CNCs at the interface, thereby increasing the mechanical properties in
the nanocomposites. The hybridization of CNCs with SiFs in the PP matrix resulted
in further enhancement of the mechanical properties as summarized in Table 2.

The mechanical properties of PP in PP/SiF/CNC hybrid composites increased
consistently up to 27:3 wt% of SiF and CNC loading. Thereafter, a subsequent
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reduction was observed with the incorporation of 25:5 and 23:7 wt% of SiF and
CNC loading within the PP matrix. PPS27C3 hybrid composite exhibited an opti-
mum tensile strength and modulus of 34.47 MPa and 2406.22 MPa, respectively,
which was 5.67% and 94.36% higher than that of the PP matrix. This behavior is
possibly due to the synergism in the reinforcing effect of both CNC and SiF within
the PP matrix thereby improving the tensile properties. Similar enhancement in the
flexural strength and modulus to the tune of 77.40% and 173.79% in the case of
PPS27C3 hybrid composite as compared with the matrix polymer was observed.
Table 2 reports the impact properties of the hybrid composites, wherein an optimum
impact strength of 35.42 J/m was noticed in the case of PPS27C3 hybrid compos-
ites, which is around 63.90% higher than that of the PP matrix. However, a drop
in the impact strength at 25:5 and 23:7 wt% of SiF and CNC loading was observed
for PP/SiF/CNC hybrid composites. At higher loading of CNCs, an increase in the
fiber—fiber contact arises within the hybrid composite due to the high surface area of
CNCs. This relatively creates multiple paths for the easy propagation of the cracks
which attributes in the decrement of mechanical properties at higher CNCs loading
[33].

The variation in the mechanical properties as a function of MAPP content (1, 3,
5, and 7 wt%) with optimized PPS27C3 hybrid composite is also given in Table 2. It
reported that the incorporation of MAPP up to 5 wt% in PPS27C3 hybrid compos-
ite depicted an increment in the tensile strength and modulus to the tune of 36.46%
and 17.20%, respectively. Moreover, flexural strength and modulus of PPS27C3M5
hybrid composite exhibited an optimum increment of 30.87% and 14.81% as com-
pared to their counterparts without MAPP. The overall enhancement in tensile and
flexural properties for the PP hybrid composites in the presence of MAPP is attrib-
uted to the better compatibility effect among the fibers—fillers—matrix. Generally, the
anhydride part of MAPP creates bonds with the hydroxyl (OH) groups of CNC and
SiF thus forming an ester linkage that creates an effective stress transfer network at
the interface [22, 34]. This helps in restricting the polymer matrix chain mobility,
which in turn improves the interfacial adhesion between the individual fibers/fillers
and PP matrix. Apart from this, chemical interaction like van der Waal’s forces and
hydrogen bonding also takes place, but their influence for the stress transfer phe-
nomenon is less noteworthy [34]. Therefore, the addition of MAPP acts as a com-
patibilizer that enhances the dispersibility of CNCs and SiFs within the nonpolar PP
matrix. Subsequently, a reduction in tensile and flexural properties was observed at
7 wt% of MAPP in PPS27C3 hybrid composites. With the incorporation of MAPP
at higher wt%, they form self-entanglement among themselves without creating
covalent linkages with the fillers and fibers. This results in the reduction of mechani-
cal performance by creating slippage at the interface [10]. Moreover, MAPP is a
low molecular weight polymer that acts as a plasticizer at higher wt% of loading
which in turn decreases the mechanical properties. Furthermore, the addition of
MAPP also increases the impact strength by enhancing the compatibility between
hydrophilic fibers/fillers and hydrophobic matrix. Impact strength of 38.62 J/m was
obtained at 5 wt% of MAPP loading in PPS27C3 hybrid composites showing an
increment to the tune of 9.03%. Keener et al. [35] reported similar behavior and
described the addition of MAPP results in effective load transfer by increasing the
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interfacial fiber/matrix adhesion. Also, the presence of compatibilizer minimizes the
formation of microcracks between the fibers/fillers and PP matrix, thereby reduc-
ing the probability of crack propagation under an external impact load. However,
PPS27C3M7 hybrid composites exhibited a drop in impact strength to the tune of
3.93% as compared to PPS27CMS5 hybrid composites [36]. Based on the above
observations, PPS27C3 and PPS27C3MS5 hybrid composites were optimized for fur-
ther studies.

The stress—strain behavior of virgin PP; PPC3 and PPC3MS5 nanocomposites; and
PPS27C3 and PPS27C3MS5 hybrid composites are depicted in Fig. 1. In the case
of all samples, an elastic deformation was observed initially as shown by the linear
portion of the stress—strain behavior. PP matrix exhibits its proportionality limit at
19.87 MPa, and thereafter, it deviates violating Hooke’s law. Furthermore, the PP
matrix elongates continuously until it breaks, and this phenomenon is indicated as
the plastic deformation of the matrix. It represented the ductile behavior of the PP
matrix which is reduced by the incorporation of SiFs and CNCs in their filled coun-
terparts, thus revealing brittle characteristics in the case of composites. The change
of failure mode (ductile to brittle) is attributed to the increased stiffness of PP in PP
composites due to the addition of SiFs and CNCs. Subsequently, the characteristic
curves of PPC3 and PPC3MS5 nanocomposites revealed a decreased ductile behav-
ior when compared to PP matrix; conversely, they possessed less brittle character-
istics (more elongation) than that of hybrid composites. Furthermore, the charac-
teristic curves of PPS27C3 and PPS27C3MS5 are similar; however, PPS27C3M5
exhibits higher ultimate tensile strength and low elongation than that of PPS27C3
hybrid composites. The presence of MAPP enhances the interfacial adhesion in
PPS27C3MS5 hybrid composites thereby reducing the stress concentrations at the
interface [3].

Tensile stress (MPa)

0 20 40 60 80 100 425450
Strain (%)

Fig. 1 Stress—strain curve of (1) virgin PP; (2) PPC3 (3) PPC3MS5 nanocomposites; (4) PP S27C3 (5)
PPS27C3MS5 hybrid composites
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HDT of virgin PP; PPC3 and PPC3M5 nanocomposites; and PPS27C3 and
PPS27C3MS5 hybrid composites is enumerated in Table 2. The PP matrix shows an
HDT value of 116.9 °C, which augmented to 117.2 °C and 121.5 °C in the case
of PPC3 and PPC3MS5 nanocomposites, respectively. Furthermore, PPS27C3 hybrid
composites exhibited an HDT value of 136.8 °C that resulted due to increased
stiffness by the addition of SiFs and CNCs. Moreover, an optimum HDT value of
146.3 °C was observed in the case of PPS27C3MS5 hybrid composite thereby con-
firming the synergistic hybridization effect of SiFs and CNCs in the presence of
MAPP within the PP matrix. The synergistic hybridization effect occurs due to
improved stress transfer from the SiFs, combined with CNCs to the PP matrix [37].

Mechanical modeling

Figure 2 shows the theoretical and experimental elastic moduli of nanocomposites
and hybrid composites calculated using various micromechanical models. For sim-
plicity, it was assumed that there is no interaction between individual CNCs and
short SiF fibers within the hybrid composite. Therefore, the E, of CNC-filled PP as
calculated by Cox—Krenchel (Eq. 2) and Ouali model (Eq. 5) is taken into account

1.40
1.35 | 204
1.30 ]

1.25 4

c 1.20 o —=— Experimental e 16 b
wo ] krenchel model Eo
w’ Ouali model — w 1.4 —a— Experimental
1.10 - —e— cox krenchel+ Halpin Tsai model T
—aA— Quali + Halpin Tsai model
1.05 i 1.2
1.00 o /
1.0+ A
0.95 T T T
PP PPC3 PPC3M5 T T T T T
Samp|e t pe PP PPS29C1 PPS27C3 PPS25CS PPS23C7
Y Sample type
a

EJE,

—a&— Experimental
—e— cox krenchel+ Halpin Tsai model T
—4A— Quali + Halpin Tsai model

Sample type

(c)

Fig.2 Experimental vs. theoretical values using mechanical models a PP/CNC nanocomposites; b PP/
SiF/CNC ¢ PP/SiF/CNC/MAPP hybrid composites
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as the base matrix for SiF-reinforced PP using the Halpin—Tsai equation (Eq. 6). Fu
et al. [38] made a similar assumption for a hybrid composite fabricated by particle-
filled short-fiber-reinforced polymer composite. In the case of PPC3, as represented
in Fig. 2a, theoretical E_ as calculated by Ouali and Cox—Krenchel model showed
good agreement with experimentally determined values. Thus, the improved E, con-
firms that the CNCs act as a reinforcing agent within the vicinity of the PP matrix
as a result of which its stiffness was increased in PPC3 nanocomposites. However,
theoretical elastic moduli of PPC3M5 nanocomposites show deviation from the
experimentally determined values. This nonconformity in the estimated values of
PPC3M5 nanocomposites may perhaps be owed to the inability of both the mod-
els to consider the molecular level interactions between the matrix and fillers in the
presence of MAPP. Also, the ester linkages developed between the OH group of
CNCs and anhydride parts of MAPP were not considered by these mechanical mod-
els [27]. In the case of both the hybrid composites as confirmed from Fig. 2b, c, the
theoretical modulus using the Cox—Krenchel and Ouali method in combination with
the Halpin—Tsai model are not in good agreement with experimental findings and
shows a large deviation. Moreover, it was observed that all the combined analytical
models underestimate the calculated E, as compared with that of experimental val-
ues. The nonconformity in the projected values of calculated E, by employing vari-
ous combined analytical models can be explained by similar facts that the models
are incompetent to incorporate certain molecular-level interactions as a consequence
of aggregation and reinforcing effect between the reinforcing agents and PP matrix.
Similar behavior was reported by Prodyut et al. [27] where the authors reported that
the incompetence of the analytical models to incorporate the intra- and intermolecu-
lar hydrogen bonding among the reinforcing agents leads to a deviation in the theo-
retically calculated values as compared to its experimentally measured values.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of SiF and CNC are shown in Fig. 3a. It is evident that SiF and CNC
reveal an O—H stretching peak at 3307 cm™' and 3421 cm™!, respectively; addition-
ally, a peak at 2897 cm™' was observed that is primarily associated with the C-H
stretching. Further, the FTIR spectra of SiF show a peak at 1736 cm™! that represents
the ester linkage due to the presence of P-coumeric and ferulic acids in lignin and
hemicellulose. However, the aforementioned peak disappears in the case of CNC
due to the absence of lignin and hemicellulose. The vibrational peak at 1225 cm™!
in the case of SiF is associated with the C-O stretching which is absent in the FTIR
spectra of CNCs. Moreover, the band at 1041 cm™! is related to the xylans of hemi-
celluloses, thereby representing the strong bond of xyloglucans with SiFs and CNCs.
FTIR spectra of virgin PP and PPS27C3 and PPS27C3MS5 hybrid composites are
shown in Fig. 3b. The characteristic peak at 2952 cm™', 2920 cm™', and 2834 cm™!
are attributed to the C—H stretching of the PP matrix. Furthermore, the FTIR spectra
of the PP matrix depict two more peaks at 1459 cm™' and 1369 cm™', which are
associated with the CH, and symmetric CH; deformation, respectively. As evident
from FTIR spectra, the hybrid composites with and without MAPP exhibit all the
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Fig.3 FTIR spectra of (1) SiF (2) CNC (3) PP; (4) PPS27C3 (5) PPS27C3MS hybrid composite

characteristic peaks of PP. Moreover, it depicts a peak at 3410 cm™! which is related
to the O-H stretching of SiFs and CNCs. In the case of PPS27C3M5 hybrid com-
posites, a band at 1726 cm™! was observed which confirms the formation of ester
linkage at the interface. However, this transmittance peak is not visible in the case of
PPS27C3 hybrid composites due to the absence of MAPP thereby showing no evi-
dence of the formation of the ester linkage. Biswal et al. [39] corroborated similar
findings wherein the authors observed a peak at 1751 cm™! confirming the forma-
tion of ester linkage in PP/pineapple fiber composites at the interface in the presence
of MAPP [40].

Morphology studies
Transmission electron microscopy (TEM)

CNC shows rod-like fibrillar structure as evident from Fig. 4. As evident from the
TEM image by employing Image] software, diameter and an average length of the
fibrils were found to be about 1040 nm and 0.7 micrometers, respectively. Further-
more, the aspect ratio (L/d) was calculated to be 28. Azeredo et al. [41] reported that
L/d ratio higher than 10 is considered to be a minimum value for any considerable
reinforcement to take place within a composite. This additionally confirms an effec-
tive stress transfer from the matrix to the fillers at the interface in the composites.

Field emission scanning electron microscopy (FESEM)

FESEM micrographs of SiF consist of various distinct cells that are composed
up together by node-like structures and contain waxy substances on their surface
representing a smooth structure (Fig. 5a). On the other hand, CNC signifies rod-
like fibrils structure with a smooth and uniform surface as shown in Fig. 5b. The
FESEM analysis of impact fractured samples is shown in Fig. 5c, d to evaluate the
fracture behavior and fiber—filler—matrix interaction in the case of PPS27C3 and
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PPS27C3MS5 hybrid composites. The presence of agglomerations (red arrow marks)
in the case of PPS27C3 hybrid composites is observed due to the weak interfacial
adhesion of SiFs and CNCs within the PP matrix (Fig. 5c). Noticeable small voids
and gaps were also seen which indicates the fiber pullouts during the impact fracture
(few of them marked by the dotted yellow circle and green arrows). This further con-
firms the fact that in the case of PPS27C3 hybrid composites, the fiber—filler—matrix
interfacial adhesion is not strong enough to avoid the fiber pullouts. However, in the
case of PPS27C3MS5 hybrid composites, there were absence of holes and gaps as
observed from Fig. 5d. This reveals strong fiber—filler—matrix interfacial adhesion
achieved in the presence of MAPP which in turn increased the mechanical properties
when compared to its counterparts without MAPP. Basheer et al. [24] reported simi-
lar studies while investigating the morphological analysis of palm filler-reinforced
epoxy composites. The author’s observed that the poor matrix/filler interfacial bond-
ing leads to voids/microcracks that affect the mechanical strength of the composites.
Moreover, the fibers along with fillers seemed practically embedded within the PP
matrix in Fig. 5d (marked by yellow circle marks). This behavior is indicative of the
uniform distribution of both SiFs and CNCs within the PP matrix [42]. Although
Table 1 represents an increase in the mechanical properties of PPS27C3MS5 compos-
ites when compared to their counterparts fabricated without the addition of MAPP,
some of the fiber pullouts were still observed (marked by the green arrows). The
improvement in the mechanical properties can be ascribed to the enhanced inter-
facial adhesion of the hybrid composites at the interface in the presence of MAPP;
however, it seems the fiber—filler-matrix interaction is still less to evade the fiber
pullouts. Furthermore, another reason for the fiber pullouts may be ascribed to the
mean fiber length which may be less than that of the critical fiber length of the com-
posites. This factor can cause the fiber pullout during the impact fracture instead of a
breakage phenomenon, and the similar findings were reported by Rupam et al. [22].

X-ray diffraction analysis (XRD)

XRD of virgin PP, SiF, and CNC and PPS27C3 and PPS27C3MS5 hybrid composites
is given in Fig. 6a, b. The diffraction pattern of SiF and CNC as shown in Fig. 6a
revealed a broad peak at 260=15.3° and a sharp peak at 20=22°, which is ascribed to
the amorphous and crystalline characteristics, respectively. The corresponding crys-
tallographic planes associated with the aforementioned peaks are (110) and (002).
Besides, CNC depicts one more peak at 260=34° related to the crystallographic
plane corresponding to (004). Figure 6b depicts four major peaks portraying the
a-crystal form of PP at the scattering angle 13.9°, 16.67°, 18.45°, and 21.44° hav-
ing an interlayer d-spacing of 6.28 10%, 5.30 A, 4.81 A, and 4.20 A, respectively, as
calculated by Bragg’s relation (Eq. 10). The successive diffraction plane associated
with the aforementioned diffraction peaks are (110), (040), (130), and (111) [21].
PPS27C3 and PPS27C3M5 hybrid composites exhibit the characteristic peaks of PP
except at 18.45° which is not distinctly visible. Additionally, it also depicted the dif-
fraction peak associated with SiF and CNC at 15.2° and 22°. The X, (%) for PP,
SiF, and CNC was found to be 64.13%, 68.2%, and 75.3%, respectively. Moreover,
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Fig.6 X-ray diffraction spectra of (1) SiF (2) CNC (3) PP; (4) PPS27C3 (5) PPS27C3MS5 hybrid com-
posite

PPS27C3 and PPS27C3MS5 hybrid composites exhibit X, (%) of about 61.8% and
60.5%, respectively. This decrement in the X, (%) can be explained by the fact that
the addition of CNCs and SiF within the PP matrix acts as a nucleating agent, lead-
ing to the formation of several numbers of small crystal nuclei within an insufficient
space. This restricts the polymer chain mobility which in turn creates crystalline
defects and stress among them [43].

The SiFs and CNCs effect on the average crystallite sizes of PP hybrid compos-
ites is higher as compared to the PP matrix. The crystalline network of PP in PP
hybrid composites is affected by the increased crystalline size which is also corrobo-
rated by the DSC analysis explained in “Differential scanning calorimetry (DSC)”
section. As reported in Table 3, PPS27C3 showed the optimum crystallite size as
compared to PP matrix and PPS27C3MS5 hybrid composite that may be due to the
weak interfacial adhesion resulting in the inadequate stress transfer from the SiFs;
combined with CNCs to the PP matrix [44].

Differential scanning calorimetry (DSC)

DSC heating and cooling thermograms of virgin PP and PPS27C3 and PPS27C3M5
hybrid composites are shown in Figs. 7 and 8 and summarized in Table 4. As

Table 3 X_ (%) and average

L e A\ . Sample code Average crystallite sizes (nm) X, (%)
crystallite sizes (nm) for PP, SiF,
CNC, and its hybrid composites SiF 42.03 68.2
CNC 20.68 75.3
PP 30.60 64.13
PPS27C3 45.36 61.8
PPS27C3M5 40.22 60.5
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Fig. 8 DSC cooling thermogram of (1) PP; (2) PPS27C3 (3) PPS27C3MS5 hybrid composite
Table 4 DSC analysis of PP and o o o
Sample cod T, (°C T.(°C AH, (°C X %
its hybrid composites ampe coce n (O (0 n (O ”
PP 166.8 122 94.08 39.12
PPS27C3 166.1 126 61.40 25.53
PPS27C3M5 166.7 129 56.42 23.45
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depicted in Fig. 7, no appreciable changes were observed in the melting temperature
(T,) of PP and its hybrid composites. Nayak et al. [12] reported similar observations
in the case of bamboo/glass fiber-reinforced PP hybrid composites. However, an
increment in the crystallization temperature (7,,) was observed from the DSC cool-
ing thermograms (Fig. 8) with the incorporation of SiFs and CNC within the PP
matrix. The T, of PP matrix was found to be 123 °C which increased to 126 °C and
129 °C in the case of PPS27C3 and PPS27C3MS5 hybrid composites. This enhance-
ment in the T, is possibly due to the addition of SiFs and CNCs that restricts the
mobility of PP chains at the interface [21]. Moreover, the linear crystalline portion
of the PP matrix was interrupted by the incorporation of SiF and CNC leading to
a reduction in the X. (%). The X_. (%) for all the samples is determined by using
Eq. (11) and is tabulated in Table 4. The X% for PPS27C3 hybrid composites was
found to be 25.53% which was lower than that of the PP matrix (39.12%). The inclu-
sion of MAPP in PPS27C3MS5 hybrid composite results in a decrease in X, (%) to
about 23.45%. The SiFs and CNCs within the PP matrix act as a nucleating agent
thereby resulting in the formation of several nuclei in a limited space. This, in turn,
contributed to crystalline defects and stress among the crystals while restricting the
molecular motion of the polymer chain [31].

Thermogravimetric analysis (TGA)

The thermal stability of PP, SiF, CNC and its hybrid composites were investigated
from the TGA thermograms depicted in Fig. 9a, b. Table 5 reports the initial deg-
radation temperature (7)), degradation temperature at 10% (7T,) and 50% (Ts)
weight loss, and final degradation temperature (7%). As seen from TGA thermograms
(Fig. 9b), PP matrix displays a single-step degradation behavior showing T}, T}, Tsp,
and T; at 340 °C, 353 °C, 381 °C, and 445 °C, respectively. It can be explained
by the facts that in the case of the PP matrix, the random scission occurs at higher
temperature due to the presence of C—C bonds allowing the thermal degradation

Weight %
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Fig.9 TGA thermogram of (1) SiF (2) CNC (3) PP; (4) PPS27C3 (5) PPS27C3MS5 hybrid composite
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Table5 Thermogravimetric analysis of PP, SiF, CNC, and its hybrid composites

Sample code T, (°C) T (°C) Tspq (°C) T: (°C) Residues after
550 °C (%)

SiF 240 267 357 383 18

CNC 310 340 369 385 7

PP 320 353 381 445 2

PPS27C3 268 344 453 480 4

PPS237C3M5 279 372 454 482 6

to occur at the weak sites [45]. As evident from Table 5, CNCs and SiFs have an
onset degradation temperature (7;) and final degradation temperature (T}) of 273 °C,
240 °C and 382 °C, 361 °C, respectively, with a maximum degradation temperature
at~350 °C (Fig. 10a).

The residual mass retention/char residue in the case of CNCs and SiFs approxi-
mated to be ~18% and ~7% at 550 °C. Jue et al. [46] studied the degradation of cel-
lulose is primarily because of inter- and intramolecular dehydration reaction. In the
case of PPS27C3 hybrid composite, the corresponding T;, T, Tso, and T} occurs at
268 °C, 344 °C, 453 °C, and 480 °C. As seen in Fig. 10b, it shows two-step degrada-
tion behavior with an initial weight loss at~330 °C corresponding to the degrada-
tion of the SiFs and CNCs. Conversely, the second weight loss at~460 °C signifies
the thermal degradation of virgin PP. The thermal stability of PP in PPS27C3M5
hybrid composites increases due to the synergistic effect of the SiF fibers and CNC
fillers within the PP matrix in the presence of MAPP. The T;, T, T5, and T; of
PPS27C3MS5 hybrid composites occurs at 279 °C, 372 °C, 454 °C, and 482 °C,
respectively. On the contrary, the careful examination of the TGA data reveals the
untreated PPS27C3 has slightly lower stability than that of PPS27C3M5 hybrid
composites. It can be explained by the similar facts that the use of MAPP reduces
the number of hydroxyl groups by the formation of esterification linkage thereby
revealing greater thermal stability [47]. PPS27C3MS5 hybrid composites also show a
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Fig. 10 DTG thermogram of (1) SiF (2) CNC (3) PP; (4) PPS27C3 (5) PPS27C3MS5 hybrid composite
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two-step degradation behavior as similar to its counterparts without MAPP. There-
fore, SiF and CNC enhance the thermal stability by performing as a heat barrier
over the PP matrix consequently giving rise to the formation of char residue after
the thermal decompositions. Samal et al. [10] reported similar findings, and the
authors described that the presence of fibers/fillers within the PP matrix displayed
higher char residue, which indicates improved flame retardancy of PP in PP hybrid
composites.

Dynamic mechanical analysis (DMA)
Storage modulus (E’)

Figure 11 shows the variation of E’ as a function of the temperature of PP and its
hybrid composites. The E’ exhibits a decreasing trend with an increase in tempera-
ture for all the samples. Additionally, E’ depicts a significant fall for all the samples
between — 13 °C and 10 °C that is associated with the glass transition temperature
(T,) region of the PP matrix. Moreover, it was observed that E drops steeply in the
case of the PP matrix with an increase in temperature owing to the enhanced seg-
mental mobility of polymer chains [48]. However, the addition of SiF and CNCs
within the PP matrix with and without MAPP decreases the rate of fall of E" with
the increase in temperature, which indicates the higher stability of PP in PP hybrid
composite systems. The E’ value of PP matrix at —25 °C was found to be 3900 MPa,
which increased to 4700 MPa for PPS27C3 hybrid composites. This behavior can be
explained because of the reinforcing effect imparted by SiF and CNCs [49]. Further,
PPS27C3MS5 hybrid composites exhibited an E’ value of 5200 MPa at —25 °C that
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Fig. 11 Variation of E’ versus temperature of (1) PP; (2) PPS27C3 (3) PPS27C3MS5 hybrid composite
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possibly due to the synergistic hybrid effect of SiF and CNCs within the PP matrix
in presence of MAPP.

Loss tangent (tan 6) and loss modulus (E”)

Figure 12a, b shows the effects of hybridization on the tan & and E”, respec-
tively. Tan & or loss factor curve is the ratio of E” (viscous response) to E' (elas-
tic response). PP matrix exhibits its f and o relaxation peak around — 12 °C and
75 °C, respectively. The B-transition is related to the T,, whereas the a-transition
is attributed to the rotation and lamellar motions of the crystalline phase. The tan
0 intensities of both - and a-relaxation peak reduced significantly in the case of
PPS27C3 and PPS27C3MS hybrid composites. A slightly positive shift in T, of
PP in hybrid composites was observed. This effect can be described by the syner-
gistic interaction between SiFs and CNCs within the PP matrix which resulted in
the positive shift of Tg [50]. The decreased intensities are related to the dissipa-
tion of vibrational energy due to the less weight fraction of the PP matrix. In the
case of hybrid composites, increasing the fibers filler content reduces the tan &
value as it enforces restrictions in the molecular chain mobility of the PP matrix.
It resulted due to the adsorption of PP matrix on the surface of the fibers/fillers
thereby decreasing viscous response (E”) as indicated in Fig. 12b and enhanc-
ing the elastic response (E') of the hybrid composite. Gupta et al. [23] studied
similar behavior by interpreting the E” curve where T, is shifted toward the posi-
tive side of the composites when compared to their parent material, whereas the
highest shift was found in the case of hybrid composites. Moreover, PPS27C3M5
hybrid composites revealed the lowest tan & value as compared to PP matrix and
PPS27C3 hybrid composites that are indicative of enhanced fiber—filler—matrix
adhesion at the interface. Kitano et al. [51] corroborated similar findings and
explained that lower damping factor at the fiber/matrix interface will result in
higher interfacial adhesion and vice versa. As evident from Fig. 12a, a-relaxation
peak broadens in case of PPS27C3 and PPS27C3MS5 hybrid composites, which
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Fig.12 a, b Variation of tan § and E” versus temperature of (1) PP; (2) PPS27C3 (3) PPS27C3M5
hybrid composite
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Table 6 Flammability properties (UL-94) of PP and its hybrid composites

Sample Rate of burning Burning behavior
(mm/min.)
PP 29.12 Continuously burns while producing smoke with an orange-yellow

flame, ignites the cotton, and fast dripping was observed

PPS27C3 27.87 It produces smoke while burning with an orange-yellow flame,
ignites cotton, and dripping behavior was observed

PPS27C3M5 25.65 Dripping, ignite the cotton, continuously burns with slight smoke
and produces an orange-yellow flame

may possibly due to retardation of lamellar motion associated with the crystalline
phase of PP matrix by the incorporation of SiFs and CNCs [52].

Flammability (UL-94)

The horizontal and vertical flammability studies as per UL-94 for PP and its
hybrid composites are summarized in Table 6. The rate of burning was calcu-
lated to be 29.12 mm/min and 27.87 mm/min for PP matrix and PPS27C3 hybrid
composite, respectively. Furthermore, the rate of burning for PPS27C3MS5 addi-
tionally reduced to 25.65 mm/min which indicates the addition of SiF and CNC
reduces the burning rate irrespective of the dripping behavior which was wit-
nessed in both the hybrid composites. PPS27C3MS5 hybrid composite displayed
the lowest rate of burning which is perhaps due to the formation of the covalent
linkages at the interface in the presence of MAPP, hence increasing the flame
resistance. The hybrid composites burn continuously with an orange-yellow flame
while producing slight smoke and ignited the cotton. Further, the burning behav-
ior was examined more precisely by conducting the vertical flammability study.
All the samples burnt continuously up to the clamp holder after the 10 s of the
application of flame. It demonstrated that the PP and its both hybrid composites
exhibited a dripping behavior that prevents them to be measured for V-0, V-1, and
V-2 grading [53].

Conclusion

In the current study, the mechanical, morphological, thermal, viscoelastic, and
flammability properties of the PP/SiF/CNC and PP/SiF/CNC/MAPP hybrid com-
posites have been examined. PP hybrid composites fabricated at 27 wt% of SiF
and 3 wt% of CNC loading with 5 wt% MAPP exhibited optimum mechanical
performance. Several analytical models such as Cox—Krenchel and Ouali method
in combination with Halpin—Tsai have been studied for the estimation of the theo-
retical elastic moduli. However, the estimated theoretical values deviated from
the experimentally obtained values for both untreated and treated hybrid com-
posites. Morphological observations confirmed a uniform dispersion of SiFs and
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CNCs in the case of PPS27C3MS5 nanocomposites. Conversely, PPS27C3 hybrid
composites revealed agglomeration and voids in the impact fractured surface.
DSC measurements observed no appreciable changes in 7, of PP in the PP hybrid
composites system. However, T, of the PP matrix increased in the case of hybrid
composites due to the addition of SiFs and CNCs which acts as nucleation agents
during the crystallization process. TGA studies shown higher thermal stability
of PPS27C3MS5 as compared to PP matrix and PPS27C3 hybrid composites. An
optimum E’ was depicted for PPS27C3M35 hybrid composites as evident by DMA
studies. Tan 6 curve displayed a- and f-transition of PP in their respective hybrid
composite systems with a positive shift of 7, by the addition of microfibers and
nanofillers.
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