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Abstract: Various dimensional structured inorganic
nanoparticles have different ways of improving mechan-
ical properties of polymeric materials. However, there
are limited studies on hybridization of different nano-
particles with different dimensional structures for optimal
enhancement of mechanical properties of polymer matrix.
Therefore, this study combined nanoparticles with 0D
(barium titanate [BT]), 1D (carbon nanotubes [C]), and 2D
(graphene [G] and boron nitride [BN]) to significantly
promote the hardness, elastic modulus, tensile strength/
modulus, heat deflection and Vicat softening temperature
of polypropylene (PP) nanocomposites. The nanoparticles
were surface functionalized to take care of good interfa-
cial interaction with the PP matrix. The nanocomposites
were fabricated via melt compounding techniques.
Although all the developed nanocomposites showed
enhanced mechanical and thermomechanical properties,
the ones containing hybrid of carbon and ceramic nano-
particles with different dimensional structures showed
superior responses. For instance, optimal hardness,
elastic modulus, heat deflection and Vicat softening
temperature of about 269.5 MPa, 2.9 GPa, 100.7 °C, and
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160 °C were measured for the hybrid PP/3 wt%BNG/3 wt%
BTC nanocomposite, which are about 239.4%, 77.7%,
19 °C, and 11 °C higher than that of the pure PP, respec-
tively. The significant enhancement in the measured
properties is attributed to effective mechanical inter-
locking and network structural hardening of the PP
matrix.

Keywords: hardness; modulus; polypropylene; tensile
strength; thermomechanical properties.

1 Introduction

For the past years, there have been tremendous research
outputs for the improvement of mechanical properties
of polymers using ceramic fillers [1] carbon fillers [2] and
organic fillers [3]. Composites’ design and development
have shown good potential in improving mechanical
properties of polymers via controlling and restraining their
chains on applications of load. In this nanotechnological
era, the use of nanofillers to improve mechanical properties
of polymers is a welcome development. Nanofillers signifi-
cantly enhance mechanical and other properties of poly-
mers at a very lower concentration due to their large surface
area compared to microfillers. Carbon-based percolative
nanofillers such as graphene and carbon nanotubes have
shown promising potentials in the enhancement of me-
chanical, thermal, and electrical properties of polymer
nanocomposites due to their high and excellent engineering
properties [4, 5]. They are hexagonal nanomaterials with
honeycomb structure and carbon atoms in sp” configuration
[6, 7]. The graphene and carbon nanotubes are respectively
2D and 1D structural nanomaterials with high aspect ratio,
which enables their significant influence on the various
properties of polymers at low content. They have good
mechanical properties such as Young Modulus of about
1 TPa and strength of 130 GPa and 50 GPa for graphene
and carbon nanotubes respectively [8, 9]. However, some
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of the major challenges associated with this class of nano-
fillers are incompatibility and agglomeration in the
polymer matrix [10], which have significant contribution
in deterioration of mechanical properties of such nano-
composites. On that regard, research attention has shifted
towards interfacial engineering of carbon percolative
nanofillers since interfacial interaction between constit-
uent(s) of composite materials are complicated, which
involves simultaneous responses of mechanical, chemi-
cal, and physical factors [11]. Promoting their interfacial
relationship with polymer matrix is often achieved via
surface functionalization or modification, which attaches
functional groups on them with enhanced dispersion and
engineering properties [5, 12].

On the other hand, ceramic materials such as boron
nitride and barium titanate used in this study also have
good mechanical properties like strength of about 83 MPa
and 100 MPa and Young Modulus of about 100 GPa
and 67 GPa respectively [13, 14]. Notwithstanding, most
ceramic nanofillers have lower aspect ratio compared
to carbon percolative nanofillers, therefore, required sig-
nificant amount to enhance properties of polymer matrix.
For instance, for nanoindentation, high concentration of
ceramic nanofillers is required to obtain appreciable con-
tact between an indenter’s tip and nanofillers in a polymer
matrix for enhance nanomechanical properties [15].
However, such high concentration can deteriorate tensile
strength, elongation, flexibility and induce high weight on
the resultant polymer nanocomposites. Determination of
mechanical properties using nanoindentation approach is
currently taking place of conventional means of doing so.
This is due to its advantage of measuring mechanical
properties of a material on desired locations on a mate-
rial’s surface, which can be related it is microstructure [1].
It employs localized deformation from the surface of a
material to few nanometers underneath in the evaluation
of nanomechanical properties [16, 17]. This technique has
been found suitable for most materials including polymer
and their composites. For instance, Rajeshwari and Dey [1]
used nanoindentation to determine hardness and elastic
modulus of high-density polyethylene nanocomposites,
which improved by 219.3% and 242.4% at 20 vol% nano
aluminium nitride loading. Chafidz et al. [18] has also used
nanoindentation to obtain increase in hardness and reduced
modulus of about 36% and 34% with 3 wt% carbon nano-
tubes in polypropylene (PP) matrix. While Tserpes et al. [19]
adopted both tension and nanoindentation approaches in
the investigation of mechanical properties of PP/carbon
nanotubes with enhanced responses.

Studies on combination of different dimensional struc-
tured nanoparticles for the enhancement of mechanical
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properties of polymer matrix are rare. 0D, 1D, 2D, and 3D
nanoparticles have different degree of improving the
mechanical properties of polymer matrix due to their
different load bearing capability, orientation in the matrix,
impeding and interlocking of polymer chains. Therefore,
their hybrid can yield optimal mechanical properties
through combination of their various structures in network
hardening of the polymer matrix. Final properties of
polymer nanocomposites often rely on phases present
and interfacial relationship between the nanocomposites’
constituent(s) [11]. Where hybrid of different structural
nanoparticles can assist one another in promoting disper-
sion and interfacial relationship in the polymer matrix.
Therefore, the aim of this study is to obtain high mechanical
and thermomechanical properties at low content without
sacrificing tensile properties of PP nanocomposites, by
using hybrid 0D (barium titanate), 1D (carbon nanotubes),
and 2D (graphene and boron nitride). In that regard, this
study experimentally showed that the hybridization aided
in good dispersion of the nanoparticles in the PP matrix
and enhanced its tensile, nanomechanical and thermo-
mechanical properties more than the nanocomposites
containing only graphene and carbon nanotubes. This was
due to the combined effect of the carbon and ceramic
nanoparticles in network structural hardening and stiff-
ening of the PP matrix, respectively.

2 Materials and methods
2.1 Materials

Polypropylene (PP) (melt index — 4 g/10 min, 230 °C/2.16 kg, density —
900 kg/m’), polypropylene grafted maleic anhydride (PPMA) (0.5%,
density — 920 kg/m’), dopamine hydrochloride (DA-HCI) (essay >98%,
MW - 189.64, BP — 248-250 °C), 3-glycidoxypropyltrimethoxysilane
(GPTMS) (BP - 120 °C/2 mmHg), graphene (G) (C — >95%, O — <3%,
diameter — 2-3 pm, few nano thickness — 6-8 nm), barium titanate (BT)
(assay >99%, particles size <100 nm, density 6080 kg/m’ at 25 °C), and
xylene plus ethylbenzene basis (ACS reagent, essay >98.5%) were all
purchased from Sigma-Aldrich, South Africa. Other materials such
as multi walled carbon nanotubes (C) (purity — >98%, diameter —
10-30 nm, length — 5-20 pm) and hexagonal boron nitride (BN) (assay
>99.5%, particles size <100 nm and density 2200 kg/m’ at 25 °C) were
acquired from Hongwu International Group, China.

2.2 Nanoparticle surface modification

The carbon and ceramic nanoparticles used for this study were
surface modified using DA-HCl and GPTMS, respectively. 5 g of
graphene (G) and carbon nanotubes (C) each were dispersed in two
beakers with distilled water and ultrasonicate for 4 h at 80 °C. 2.5 mL
of ammonia solution was added into the mixture in dropwise and
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further ultrasonicate for 10 h at the same temperature. The mixtures
underwent self-polymerization of DA-HCI into polydopamine (PDA)
in the presence of the carbon nanoparticles snice the PH of the
solution was increase by introducing the ammonia solution. At the
end of 10 h, the carbon nanoparticles were severally washed with
distilled water to remove unreacted DA-HCI and obtained function-
alized graphene (fG) and functionalized carbon nanotubes (fC).
Similar process was followed in the functionalization of boron
nitride (BN) and barium titanate (BT). Typically, 20 g of BN and BT
each were dispersed in separate beakers containing xylene and
ultrasonicate for 4 h at 80 °C. Then 50 mL of GPTMS was introduced
into each mixture and further ultrasonicated for 10 h. At the end of
the reaction, the ceramic nanoparticles were collected and washed
severally in a distilled water to remove unreacted GPTMS. Then
functionalized BN (fBN) and functionalized BT (fBN) were obtained
and tried in an oven. To ensure good interface interaction between
the carbon and ceramic nanoparticles, they were combined in groups
via hydrothermal and nanoparticles self-assembly methods. The 2D
BN and G were mixed in the ratio of 3 wt%G to 15 wt%BN in distilled
water and ultrasonicated for 4 h at 80 °C. The mixture was further
sealed with aluminium foil and placed in an oven for 10 h at 140 °C for
self-assembly of the BN and G (BNG). Also, BT and C were mixed in
the ratio of 3 wt%C to 15 wt%BT and followed similar process
described above for BNG to obtain self-assembled BT and C (BTC).

2.3 Nanocomposite preparation

The nanocomposites preparation followed easy steps involving
masterbatch preparation via solution mixing and melt compounding
with pure PP. Typically, for each nanocomposite, certain amount of
nanoparticles (denoted as xBNG, xBTC, xG, and xC, where x is the
weight percent [wt%)]) was mixed with PPMA compatibilizer, which
was dissolved in xylene at 130 °C in preparation of PPMA/
nanoparticles masterbatch. The use of PPMA is to enhance compati-
bility of the nanoparticles with the PP matrix. The PPMA/nano-
particles were mixed for 1 h, dried in an oven and granulated for
nanocomposites fabrication. The nanocomposites were developed via
melting mixing of the prepared masterbatch and pure PP using HAAK
rheomixer 600 OS. Both the masterbatch and appropriate amount of
the pure PP were simultaneously fed into the rheomixer and mixed for
10 min at 190 °C and 100 rpm. To obtain consolidated nanocomposites’
shapes required for the various analyses conducted in this study, the
melt compounded nanocomposites were grinded and hot-pressed
using carver presser for 10 min at 200 °C and 10 MPa.

2.4 Characterization procedures

Thermogravimetry analysis (TGA) of the nanoparticles was conducted
using TA instrument Q500 to determine if they were successfully
functionalized. The analysis was conducted in an inert environment
(nitrogen) at a heating rate of 10 °C/min from 50 °C to 900 °C. Fourier
Transform Inferred (FTIR) (Perkin Elmer Precise Spectrum 100) was
used for the investigation of the functionalized and unfunctionalized
nanoparticles. Attenuated total reflection mode was used at wave-
number range of 400-2000 cm™. Dimensional structures (0D, 1D, and
2D) of the nanoparticles were revealed using transmission electron
microscope (TEM) (JEM-2100). The TEM analysis was conducted
at acceleration voltage of 200 kV and beam current of 110 pA.
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Microstructures and the state of nanoparticles dispersion in the PP
matrix were revealed using scanning electron microscope (SEM)
(VEGA 3 TESCAN) at acceleration voltage of 20 kV. Differential scan-
ning calorimeter (DSC) (DSC-Q2000) was used for the investigation of
the DSC properties of the nanocomposites in a nitrogen atmosphere
at a heat and cooling rate of 10 °C/min. Percentage crystallinity (X.)
was calculated using Eq. (1). Where /\H; is the melting enthalpy of a
100% crystalline form of PP (209 J/g) [20] and A\H,, is the heat of
fusion (J/g).

AHp

X =—————*100
¢ AH/*Wt%

0)]
Tensile properties of the nanocomposites were determined using
universal testing machine (LLOYD EZ50) at a crosshead of 5 mm/min
for all the samples. The measurement was repeated five times per
sample in accordance with ASTM D638 (Type V) standard. The heat
deflection temperature (HDT) and Vicat softening temperature (VST)
of the nanocomposites were measured in accordance with ASTM D648
standard using HDT/Vicat tester (CEAST HV6). This was done by
applying load of 0.45 MPa and heating rate of 2 °C/min, starting from
30 °C to deflection or softening temperature of the samples. The HDT
was measured when the nanocomposites deflected by 0.25 mm. The
VST was measured in accordance with ASTM D1525 standard at
applied load of 10 N. The VST was recorded when flat-ended needle of
1 mm? circular cross section penetrated the samples by 1 mm. Each
sample was tested three times and their average are presented in this
study. Nanoindentation approach was employed in the determination
of the nanomechanical properties of the nanocomposites using
nanoindenter (Anton Paar, NHT) in accordance with ASTM D785
standard. This was done by applying load of 200 mN, 20 s penetrating,
holding, and retracting time each. Each sample was tested five to ten
times and their averages are presented. Hardness H (MPa) and elastic
modulus EM (MPa) of the nanocomposites were measured following
Oliver and Pharr method, which are calculated using Egs. (2)-(4) [16].
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where F is the maximum applied load (N), A is the contact area
which the nanoindenter’s tip makes with the material (m?), E; is the
nanoindenter’s tip elastic modulus (1140 GPa), v; is the nanoindenter’s
tip Poisson ratio (0.07), v is the Poisson ratio of the PP (0.43), E, is the
reduced elastic modulus of the indentation at contact (MPa), and Bis a
constant based on indenter’s tip geometry [21].

3 Results and discussion
3.1 TGA analysis

Both the carbon and ceramic nanoparticles revealed
successful functionalization as presented by their TGA
analysis in Figure 1(a). All the functionalized nanoparticles
showed different thermal response compared to their
pristine states. The carbon nanotubes (C) and graphene



DE GRUYTER U.0. Uyor et al.: Network structural hardening of polypropylene matrix —— 523
(a) 105 (b)
100
95
gso ;
w '
w 85 M 8
3 80 &
= E
57 :
(] 70 c
- (]
3 S
65 H
—1BT
60 1 L l " | ) 1 ) | " | ) l ) | L | L 1 L 1 L 1 L 1 L 1 L l L 1
100 200 300 400 500 600 700 800 900 500 1000 1500 2000 2500 3000 3500 4000
4
Temperature (OC) Wavenumber (cm )
(c) (d)
[
= [
=. 1 A
8 e |
0 [
sV
[
8 b= ! ST
& g | BT
£ ) | —BT
: AN
«s [ '
= ' i
[
N 1 | N | . 1 L [ N 1 ‘ 1 N L | L | L | L 1 L | L 1 L | L
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
-1
Wavenumber (cm ) Wavenumber (cm™ 1)

Figure 1: Thermal analysis: (a) TGA analysis of the nanoparticles; FTIR analysis of: (b) G, fG, C, fC, (c) BN, fBN and (d) BT, fBT nanoparticles.

(G) have high thermal stability, which reduced after
modification with organic materials due to thermal
decomposition of the attached organic matters [22, 23]. The
G showed lower decomposition as the temperature
increases compared to the C. This is because the G was
slightly oxidized on purchase, therefore, thermal decom-
position of oxygen and water content resulted to its lower
thermal stability. At 900 °C, the C showed only about 1 wt%
loss, while the G had about 10 wt% loss as depicted in
Figure 1(a). However, after the functionalization process,
the wt% loss increased to about 5 wt% and 35.5 wt% at
900 °C for the fC and fG respectively. The increase in the
wt% loss of the nanoparticles indicates decomposition of

residual solvent, PDA grafted on the nanoparticles and
other organic functional groups [24, 25]. The fG showed
more stages of thermal decomposition and higher wt% loss
compared to fC. This tells that the fG was more function-
alized than fC since it was slight oxidized which increase its
affinity with the DA-HCI used for the functionalization.
From the TGA analysis, it can be estimated that about
25.5 wt% and 4 wt% organic functional groups were grafted
onto the fG and fC, respectively, which indicate their
successful functionalization. In the similar way, the TGA
analysis of the BN and BT nanoparticles showed that they
were also successfully functionalized as include in
Figure 1(a). Most ceramic materials including BN and BT
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are high thermal stability materials, which show only slight
reduction in weight at high temperature [26, 27]. Therefore,
at 900 °C, the BN and BT had only about 1.3 wt% and
1.6 wt% loss, respectively. However, fBN and fBT showed
different thermal decomposition stages and lower thermal
stability compared to their pristine states. This is also as
results of quick thermal disintegration of oxygen and other
functional groups such as silicon from the GPTMS used
for their functionalization. At 900 °C, the fBN and fBT
loss about 25 wt% and 15.3 wt% respectively. Therefore,
from their TGA analysis, it can be calculated that about
23.7 wt% and 13.7 wt% functionalities from GPTMS were
grafted onto the fBN and fBT, respectively, which also
indicates successful surface functionalization. This was
further confirmed using FTIR analysis as presented in
Figure 1(b)—(d). The G and C showed typical graphitic peak
vibrations at approximately 1401.6 cm, 1616.9 cm,
3135.85 cm, and 3427.3 cm™! [28]. However, after the
surface modification, new vibration bands were noted for
fG and fC as indicated with arrows in Figure 1(b). The
vibration band at 1048.50 cm™ and 1555.2 0 cm™ for fG

represent C-O functional group and N-H shearing
respectively [25, 29]. While the small peak at 2920.60 cm ™
corresponds to C—H functional group. The fG showed one
new vibration peak at about 1048.50 cm™l, which
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represents C—O functional group. And the typical graphitic
peak intensity became higher for the fC compared to the C.
In addition to the typical hexagonal vibration bands for
BN, which represent B-N in-plane and B-N-B out-of-plane
bending vibrations [30, 31], new vibration bands were
seen for fBN at 630.90 cm™ and 1009.40 cm™ as indicated
with arrows in Figure 1(c), which could be respectively
attributed to B-N-O and B-O-H [32]. While the vibration
bands at 1119.7 cm™ and 1061.3 cm™ could be attributed
to saline functional group in GPTMS that was grafted onto
fBN [33]. In the same way, fBT revealed successful surface
functionalization as new vibration bands (as indicated
with arrows in Figure 1(d)) were noted when compared with
the pristine BT. Vibration bands at 1035.50 cm™ and
1100.20 cm™ for fBT could be attributed to the saline
functional groups in GPTMS [33, 34]. While the bending
vibration 1170.90 cm ™ to 1429 cm ™’ could represent H-O-H
group due to water absorption during the surface modifi-
cation process [34, 35].

3.2 Microstructural analysis

The TEM micrograph in Figure 2(a) shows high aspect ratio
and 1D structure of carbon nanotubes. Its also shows long

Figure 2: TEM micrographs of (a) the carbon nanotubes, (b) graphene, (c) boron nitride, and (d) barium titanate nanoparticles.
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in-plane dimension of nanotubes entangled with one
another, which is its typical characteristic [23]. The feature
enables formation of network structures in a polymer
matrix, which aids in improving mechanical and thermal
properties. Large surface of graphene is clearly revealed
by the TEM micrograph in Figure 2(b). The figure shows 2D
structure with wrinkled surface and large in-plane
dimension. Its large in-plane dimension also aids in large
surface area for enhancement of mechanical properties of
polymer nanocomposites. On the other hand, the BN and
BT nanoparticles were also investigated under TEM to
ascertain their morphological structures as respectively
presented in Figure 2(c) and (d). The BN also has 2D
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structure [32] with stacked layers. While TEM micrograph of
the BT reveals that BT has OD or spherical structure as
depicted in Figure 2(d) [34]. Therefore, the TEM analysis
confirms that 0D, 1D, and 2D nanostructured materials
were used for this study.

The morphological structures of the nanocomposites
are presented in Figure 3. The micrographs showed
well distribution of the nanoparticles in the PP matrix.
This was due to the surface functionalization of the
nanoparticles and the use of PPMA compatibilizer in
the nanocomposites’ preparation. In addition, the use of
various nanoparticles with different dimensional struc-
tures helped one another in the dispersion. For instance,

VEGA3 TESCAN|
Performance in nanospace|

SEM HV: 20.0 kV
SEM MAG: 800 x

WD: 13.30 mm
Det: SE

Figure 3: SEM micrographs of nanocomposites containing (a) 1 wt%G/3 wt%C, (b) 3 wt%G /1 wt%C, (c) 1 wt%BNG/1 wt%BTC, (d) 1 wt%BNG/

3 wt%BTC, (e) 3 wt%BNG/1 wt%BTC, and () 3 wt%BNG/3 wt%BTC.
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the interpenetration of the G and C reduced the stacking of
the G and wall-to-wall interactions of the C in the PP
matrix. In the same way, the presence of the BN reduced
the stacking of the G sheets, while BT reduced the wall-to-
wall interactions of the C. Hence, relatively good distri-
bution of the nanoparticles in the PP matrix was achieved.
The microstructure of PP/1 wt%G/3 wt%C nanocomposite
(Figure 3(a)) shows more of mesh-like structure due to
the higher content of the 1D structured C. While that of
PP/3 wt%G/1 wt%C (Figure 3(b)) shows more of layered
structure due to higher content of the 2D structured G. The
nanocomposites revealed network-like structures, which
resulted to the network structural hardening of the
PP matrix with enhanced mechanical properties. How-
ever, a better microstructure with no significant separa-
tion of the nanoparticles from the matrix was observed for
PP/BNG/BTC group as shown in Figure 3(c)—(f). This is an
indication that the presence of BN and BT further assisted
the dispersion of the G and C in the PP matrix. The
microstructures of PP/BNG/BTC nanocomposites group
also revealed network-like structures due to the presence
of 2D structured G and 1D structured C. In addition, the
nanocomposites showed dense morphologies, which
can be attributed to the 0D structured BT and 2D structured
BN nanoparticles since they have relatively higher density
compared to the carbon-based nanomaterials. The good
dispersion of the nanoparticles in PP/BNG/BTC nano-
composites can be mostly contributed by the presence of the
BT nanoparticles since it has smaller size, spherical and 0D
structure, which enable it to fill micro-voids in the nano-
composites. Hence, the microstructure of the PP/BNG/BTC
group became denser compared to PP/G/C group. Therefore,
while the carbon-based nanoparticles gave network struc-
tural hardening to the nanocomposites, the ceramic-based
nanoparticles further stiffening the PP matrix. This resulted
to higher mechanical and thermomechanical properties of
the PP/BNG/BTC group compared to the PP/G/C group as
recorded in this study.

3.3 DSC properties

The melting temperature (T,,) and crystallization temper-
ature (T,) of the nanocomposites are shown Figure 4. It can
be observed from Figure 4(a) the that the melting peaks of
the nanocomposites shifted to the higher temperature
relative to the pure PP, which indicates increase in T,. The
Ty increased from 164.3 °C for the pure PP to the range of
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167.5 °C-168.9 °C depending on the nanocomposites as
presented in the figure. This shows optimal increase of
about 4.6 °C for PP-3BN@GNs-3BT@CNTs nanocomposite
compared to the pure PP. The recorded Ty, in this study
is higher when compared with those previously re-
ported by other studies [36, 37]. This study credits the
enhanced T, to the good relationship between the
ceramic nanoparticles (BN/BT) and the carbon nano-
particles (GNs/CNTs) in improving thermal properties of
polymer [38] and appreciable distribution of the nano-
particles and their interactions with the matrix as revealed
by the SEM micrographs shown in Figure 3. On the other
hand, as presented in Figure 4(b), the T. of the nano-
composites showed more pronounced enhancement when
compared with the increase in their T, with respect to the
pure PP. Typically, the T. increased from 117.8 °C for the
pure PP to optimal of 129.2 °C for PP/1 wt%BNG/3 wt%BTC
nanocomposite, which is about 11.4 °C increment. This
simply implies that solidification started at higher tem-
perature for the nanocomposites relative to the pure PP.
This is due to heterogeneous nucleation in the nano-
composites, where the nanoparticles served as many
nucleation sites in the matrix [39, 40]. Other nano-
composites also have higher T. compared to the pure PP as
included in Figure 4(b). The increase in the T, with respect
to the pure PP is very essential in the undercooling
reduction and decrease in the crystallization driving force.
It is known that when the range between T, and T. is small
for polymer composite materials, there may be close dis-
tribution of crystallite size within such composites [37].
This probably can be as a result of formation of numerous
nucleation sites in the matrix, which serve as barriers in
preventing long chains’ growth in such nanocomposites.
However, formation of many nucleation sites in the matrix
with reduction in the crystallite size due to the presence of
the nanoparticles promotes the net or effective degree of
crystallinity (X.) of the resultant nanocomposites. There-
fore, various studies have attributed increase in X. of
polymer nanocomposites as nucleation effect of the
nanoparticles in the polymer matrix [41, 42]. The enhanced
X, of nanocomposites containing PPMA has also been re-
ported just like this study [37, 43]. Hence, X, increased from
30.4% for the pure PP to optimal of 36.2% for PP/3 wt%
BNG/3 wt%BTC nanocomposite. The nanocomposites
containing all the three different dimensional structured
nanoparticles revealed better X, which contributed to their
better mechanical and thermomechanical properties
compared to PP/G/C nanocomposites.
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Figure 4: DSC analysis: (a) Melting temperature, (b) crystallization temperature, and (c) degree of crystallinity of the nanocomposites.

3.4 Tensile strength and modulus

Figure 5(a) shows that the tensile strength (TS) of the
nanocomposites was improved relative to the pure PP. For
instance, TS of about 33.6 MPa was recorded for the pure
PP, which increased to about 39.1 MPa for PP/3 wt%BNG/
3 wt%BTC nanocomposite. This is a significant improve-
ment considering the often reduction in TS of polymer
nanocomposites reinforced with percolative carbon nano-
particles, especially at high wt% content due to high level
of particles—particles interactions than particles—matrix
interactions [44]. Such interactions in combination with
formation of nanoparticles aggregates forms localized
stress concentration sites and reduction in mechanical

properties of the nanocomposites [45, 46]. PP/1 wt%BNG/
1 wt%BTC nanocomposite also have higher TS compared
to the pure PP and nanocomposites containing only G
and C. However, the percentage elongation (PE) of the
nanocomposites showed downward characteristic when
matched with the pure PP as included in Figure 5(a). This is
due to the decrease in ductility or stretchability of the PP
chains caused by the nanoparticles’ barriers in the matrix.
Hence, the flow of PP chains to reasonable extension was
restricted. Typically, the PP decreased from 52.7% for the
pure PP to the range of 23.0%-20.0% depending on the
nanocomposites as depicted in Figure 5(a). It was further
noted that reduction in the PE of the PP matrix by addition
of the nanoparticles increased its tensile modulus (TM) as



528 —— U.0. Uyor et al.: Network structural hardening of polypropylene matrix

DE GRUYTER

(a) 6o (b) 2200
~ Wl Tensie Strength. | ~ 1
=50l [ Percentage Elongation | | & 3000 . }
[
S0 € |
m pry
Dc S I %
£ 94 B 1600 - .
g u s
®Q o |
) 320 %1400- '
= £ _
£ o
g%m b= 1200 -
s I
0 00— ¢+ vy
° P U U
?\)(e ?\)( (,’\5\"'8‘° Ql" . *‘d% . \s@‘& “1&‘% ’6
R A A Ll
9\’\\ 9\'\‘d 9\'5 ol&“ ol&“ q&‘\ e|&$
At gt b
. Q?\ Q?\ ??\ ??\
Nanocomposites Nanocomposites

Figure 5: Tensile properties: (a) Tensile strength and (b) tensile modulus of the nanocomposites.

displayed in Figure 5(b). The PP/3 wt%BNG/3 wt%BTC
nanocomposite showed optimal TM of about 2037.2 MPa.
While about 1231.8 MPa was measured for the pure PP,
which amounts to about 65.4% increase. Comparing PP/G/
C group and PP/BNG/BTC group, the latter group showed
higher TM than the former group at all similar nano-
particles’ concentrations. For instance, TM of about 1627.1
MPa and 1643.6 MPa were, respectively, recorded for the
nanocomposites containing 1 wt%G/3 wt%C and 3 wt%G/
1 wt%C. Which was increased to 1824.1 MPa and
1982.6 MPa for PP/1 wt%BNG/3 wt%BTC and PP/3 wt%
BNG/1 wt%BTC, respectively. The enhanced tensile prop-
erties were contributed by the good load bearing capability
of the hybrid nanoparticles, effective load transfer from the
PP matrix to the nanoparticles [44] and good synergetic
effect among the nanoparticles with different dimensional
structures [47]. The larger TM of the PP/BNG/BTC group
compared to the pure PP and PP/G/C nanocomposites
implies that they have higher stiffness and resistance to
elastic deformation due to effective network structural
hardening and mechanical interlocking of the PP chains by
BNG and BTC.

3.5 Hardness and elastic modulus
The hardness (H) and elastic modulus (EM) measured for

the nanocomposites are represented in Figure 6. The
nanocomposites have larger H and EM values compared to

the pure PP. This is in line with their higher TM, confirming
the increase in the stiffness of the nanocomposites due to
the retrained PP chains and resistance to elastic deforma-
tion relative to the pure PP. The enhanced resistance to the
elastic deformation was due to the network structural
hardening of the PP matrix via retardation of its chains’
flow by 3D network structures formation in the matrix by
the nanoparticles [48, 49]. The network structural hard-
ening of the PP matrix with enhanced nanomechanical
properties were possible due to the good interfacial
bonding and dispersion of the nanoparticles in the matrix
[50]. From Figure 6, optimal H and EM of about 269.5 MPa
and 2.9 GPa were measured for PP/3 wt%BNG/3 wt%BTC
nanocomposite, respectively. While about 79.4 MPa and
1.66 GPa were recorded for the pure PP accordingly. These
can be quantified to about 239.4% and 77.7% increase in
the H and EM for the nanocomposite compared to that of
the pure PP. Although PP/G/C group of nanocomposites
showed lower H and EM compared to PP/BNG/BTC group
at all concentrations, they were still higher than that of the
pure PP. The nanocomposites containing 1 wt%BNG/3 wt%
BTC and 3 wt%BNG/1 wt%BTC revealed increase in H of
about 33.6% and 41.6% and EM of about 29.7% and 25.6%
compared to PP/1 wt%G/3 wt%C and PP/3 wt%G/1 wt%C,
respectively. These agree with the higher TM for the PP/
BNG/BTC nanocomposites compared to the pure PP and
PP/G/C nanocomposites as earlier discussed. This suggests
that optimal and more effective network hardening, resis-
tance to deformation and reduction in PP chains mobility
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Figure 6: Nanomechanical properties: (a) Hardness and (b) elastic modulus of the nanocomposites.

were achieved with PP/BNG/BTC based nanocomposites
compared to their counterparts. This is due to the presence
of the BN and BT nanoparticles, which gave the PP/BNG/
BTC dense microstructures (SEM micrograph in Figure 3)
and more stiffness snice BT could fill microvoids in the
nanocomposites owning to its OD and spherical structure
(TEM micrograph in Figure 2). This was more pronounced
as the BNG and BTC net concentration increase from 2 wt%
to 6 wt% as depicted in Figure 6. This could be as a result
of more interaction of the indenter’s tip with the nano-
particles than the matrix as the net wt% of the nano-
particles increases [51]. This is an indication that more
interlocking and network structural hardening of the PP
chains was achieved due to the combination of various
nanoparticles with different structural dimensions.

3.6 Creep resistance and force-
displacement

It is believed that when load was applied, propagating
microcracks and PP chains encounter the nanoparticles
(obstacles) in the PP matrix with retardation in their
mobilities to find new directions. This phenomenon
enhanced the mechanical properties of the developed
nanocomposites. This was more pronounced for nano-
composites containing BNG and BTC since they comprise
different nanoparticles sizes, structures, and orientation in

the matrix. Based on that, the PP/BNG/BTC group showed
better creep resistance compared to the pure PP and PP/G/
C group (see Figure 7(a)). The PP/3 wt%BNG/3 wt%BTC
nanocomposite also has lower creep (about 4.3%)
compared to that of the pure PP (about 10.5%). The creep
variation of other nanocomposites in respect to nano-
particles combination and concentration is included in
Figure 7(a). The optimal reduction in creep of the PP/BNG/
BTC nanocomposites can be attributed to effective inter-
locking of the PP chains, uniform dispersion and adhesion
of the nanoparticles with the matrix, which are required
for improvement of creep resistance [52]. The loading—
unloading curves of the nanocomposites obtained from
the nanoindentation are represented in Figure 7(b). Due to
the earlier stated network structural hardening of the PP
matrix, all the nanocomposites showed reduction in
maximum and final penetration depth. The reduction in
the penetration depth is more pronounced for PP/BNG/BTC
nanocomposites group, which agrees with their higher
H and EM. This simply means high resistance to change in
dimension on the application and removal of load, indi-
cating large stiffness and resistance to elastic deformation
due to the network hardening of the PP matrix by the
nanoparticles’ combination. Rigidity and plastic deforma-
tion resistance of the nanocomposites were evaluated in
terms of EM to H ratio as presented in Figure 8. The pure PP
has higher EM/H ratio (see Figure 8(a)) compared to all the
developed nanocomposites. This shows that the rigidity of
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Figure 8: Ratio of (a) EM/H and (b) H®/EM? of the nanocomposites.

the PP matrix increased with addition of the nanoparticles.
The nanoparticles were able to restrain the movement of
the PP chains on the application of load. The increase in
rigidity was more pronounced for the nanocomposites
containing BNG/BTC than that of PP/G/C nanocomposites
at all concentrations. This can be credited to the denser

microstructure of the PP/BNG/BTC nanocomposites as
revealed by the SEM micrographs due to the presence of the
BN and BT nanoparticles. The high values of H>/EM? ratio
as shown in Figure 8(b) suggests larger resistance to plastic
deformation and elasticity of the nanocomposites
compared to the pure PP [19, 21] due to the network



DE GRUYTER

hardening of the PP matrix with hybrid carbon and ceramic
nanoparticles having 0D, 1D and 2D structures.

3.7 Heat deflection and Vicat softening
temperature

The heat deflection temperature (HDT) and Vicat softening
temperature (VST) of the nanocomposites are presented in
Figure 9. The figure shows that the resistance to deforma-
tion of PP matrix under simultaneous application of heat
and load increased by the addition of the nanoparticles
into the matrix. Figure 9(a) shows that the pure PP
deflected by 0.25 mm at 81.7 °C, while incorporation of
3 wt%BNG/3 wt%BTC to its matrix amounted to 100.7 °C
before the 0.25 mm deflection. It implies that the nano-
composite has about 19 °C higher deflection temperature
compared to the pure PP. The observed increase in the HDT
suggests that the PP matrix was stiffening and its chains
were controlled against mobility with increase in resis-
tance to deformation [53]. In general, the high aspect ratio
of GNs and CNTs and their interconnections in the PP
matrix enabled fast dissipation of heat and resistance to
bending. While the presence of BN and BT aided in the
dispersion, bonding with the matrix, interlocking and
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stiffening of the PP matrix. Hence, larger HDT was
measured for all the PP/BNG/BTC group compared to the
PP/G/C group at similar content. On the other hand, it was
also noted that VST of the nanocomposites also increased
with addition of the nanoparticles into the PP matrix as
shown in Figure 9(b). Just like the HDT, the VST is also
higher for PP/BNG/BTC nanocomposites compared to their
counterparts. However, the VST values for PP/G/C nano-
composites were still larger compared to the pure PP. Since
formation of 3D network structures in the polymer matrix
by the interpenetration of the GNs and CNTs can enhance
heat conduction and dissipation [54], it implies there was
reduction in the accumulation of heat that would have
resulted to early softening of the nanocomposites. Hence, it
took higher temperature to soften the nanocomposites
before penetration of the flat-ended needle by 1.0 mm when
compared with the pure PP. In addition, the adjacent
nanoparticles to the flat-ended needle restricted the flow of
the adjacent PP chains, which gave rise to higher resistance
to the pin’s penetration. The high VST values of the PP/
BNG/BTC nanocomposites confirms that large network
structural interlocking of the PP matrix was achieved in the
matrix. Therefore, the VST increased from 148.7 °C for the
pure PP to optimal of about 159.8 °C for PP/3 wt%BNG/3 wt
%BTC nanocomposite, resulting to about 11.1 °C increase.
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Figure 9: Thermomechanical properties: (a) Heat deflection and (b) Vicat softening temperature of the nanocomposites.
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4 Conclusions

The nanocomposites were fabricated via PPMA/nano-
particles masterbatch preparation and subsequent melt
compounding with pure PP. The nanocomposites showed
significant improvement in the measured mechanical and
thermomechanical properties. The enhanced properties
were credited to the network structural hardening of the
PP matrix, which restricted its chains’ mobility on the
application of load. The enhanced mechanical and ther-
momechanical properties were correlated to the mechani-
cal interlocking of the PP chains, efficient load transfer
from the matrix to nanoparticles and the network config-
urations of the microstructures of the nanocomposites as
revealed by their SEM micrographs. The presence of the BN
and BT nanoparticles resulted to denser morphologies of
the nanocomposites and efficient load transfer. Therefore,
the PP/BNG/BTC nanocomposites group showed higher
hardness, elastic modulus, tensile strength/modulus, heat
deflection and Vicat softening temperature. The developed
nanocomposites can find advanced mechanical and
structural applications owing to their enhanced mechani-
cal properties.
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