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Abstract

In this study, we synthesized hexagonal boron nitride nanosheets (h-BNN) via the molten hydroxide exfoliation method which results
in small flakes and nanoscrolls. The resultant h-BNNs can be dispersed in various solvents such as water, ethanol, and acetone, and
form a stable dispersion. The morphological and structural analysis of h-BNNs were performed with Fourier Transform infrared
spectroscopy (FTIR), X-ray diffractometry (XRD), and scanning electron microscopy (SEM). The masterbatch (MB) method was
used to incorporate the h-BNNs into the polypropylene (PP) matrix via melt mixing. Dilution and film production processes were
performed using a twin screw extruder. Nanocomposite films having an h-BNN weight ratio of 1%, 2%, 3%, and 5% were prepared.
Thermogravimetric analyzer (TGA) and differential scanning calorimetry (DSC) were used to investigate the thermal stability.
Crystallization (T,) temperatures were increased with the increased amount of h-BNNs and h-BNNs nucleating agent behavior on the
PP crystallization was observed. Oxidation induction time (OIT) of the pure PP was increased from 8.84 min to 17.82 min. The results
show a considerable effect of the h-BNN content on the thermo-oxidative stability of the nanocomposites studied. The rheological and

mechanical properties of the PP-hBNN nanocomposite films were also determined depending on the particle loading ratio. Optimum

particle content providing the best thermal, mechanical, and rheological properties were found to be 3% wt.
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1 Introduction

Due to their superior properties against other materials, poly-
mer nanocomposites (PNC) have been intensively studied,
particularly in the last decades. PNCs are tailored to be supe-
rior properties that are specialized but also very effective.
They consolidate different properties of traditional mate-
rials and perform a wide range of functions and purposes
which cannot be achieved by them. Their ascendant ther-
mal, mechanical, chemical and tribological properties widen
its usability potential in different applications such as auto-
mobile components, advanced medical applications, drug
delivery systems, multifunctional materials, microelectronic
packaging coatings, and flame retardants [1-6]. One can
suggest from their name that PNCs are the combination of a
nanoscale reinforcement and polymer matrix and they pos-
sess the most desirable properties of the reinforcement and
polymer matrix. Nano clay, nano oxides, graphene, metal-
lic nanoparticles such as nano titanium or nano copper, and

carbon nanotubes (CNT) are the most common reinforce-
ments used in the preparation of PNCs [7, 8]. PNCs also pro-
vide design and process flexibility due to the almost limitless
number of reinforcement and polymer matrix combinations.
On the other hand, there are also numerous challenges that
limit the performance of PNCs such as reinforcement disper-
sion, particle-chain interactions, interfaces, and interphase
strengths [9, 10]. To overcome these challenges researchers
have been performing different strategies such as surface
modification of reinforcement, utilizing surfactant, or using
co-matrix/particles [11-13]. Boron nitrides (BN) are one of
the most preferred fillers which consist of boron-nitrogen
bonds. The most known crystalline forms of BN are cubic
form (c-BN) which is isoelectronic with diamond; wurtz-
ite BN (w-BN) and hexagonal boron nitride (hBN) which is
isoelectronic with graphite [14]. Unlike hBN, wBN and cBN
are stable at high pressures and temperatures. hBN is stable
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at room temperature and it is a white, non-toxic, and imper-
meable material with almost the lowest density (2.27 g/cm?)
among ceramic materials [15]. The 2-D nanosheets of hBN
(h-BNNs) are known as white graphene and are benefi-
cial for PNCs. Besides the improved optical properties and
chemical stability; with their high surface area, they reduce
interchain mobility and improve the mechanical and thermal
properties of polymers. Due to their fascinating properties,
they have great potential in various applications including
coatings, automotive, catalysts, medicine, sensors, electron-
ics, high-resolution imaging, energy storage, water purifi-
cation, and UV emitters [16—19]. The h-BNNs can be pre-
pared by using various methods. Chemical exfoliation, ball
milling, mechanical cleavage, molten exfoliation, chemical
vapor deposition, high energy radiation, and biomass-di-
rected synthesis have been reported for the fabrication of
h-BNNs [20-24].

In this study, hexagonal boron nitride nanosheets (h-BNN)
were prepared via molten hydroxide exfoliation, and a range
of h-BNN/polypropylene nanocomposite films was pre-
pared. Since the h-BNN nanosheets tend to stack to each
other, melt-mixing and extrusion methods were used to pre-
pare films to eliminate further aggregation. The detailed
investigations on the preparation and morphology of both
h-BNNs and h-BNN/polypropylene nanocomposites were
carried out via field emission scanning electron microscope
equipped with a transmission electron detector (STEM) and
X-ray diffraction (XRD) analysis. The effects of h-BNN
content on the rheological, processing, thermal and mechan-
ical properties of nanocomposites were also investigated.

2 Materials and methods

2.1 Materials

Hexagonal boron nitride (=99.9%, Ma: 24.8 g/mol,
white powder) was supplied from BORTEK, Boron
Technologies, and Mechatronics Inc., Turkey. Sodium
(NaOH) >98%, pel-
lets) and potassium hydroxide (KOH) (reagent grade,
90%, flakes) were purchased from Sigma-Aldrich.
Polypropylene (PP) (Y101) (MFI of 15 g / 10 min
(230 °C, 2.16 kg) and density of 0.9 g/cm’ was supplied
from the Sumitomo Corporation.

hydroxide (reagent  grade,

2.2 Methods

2.2.1 Exfoliation of hBN

The exfoliation procedure was carried out as described else-
where [24]. After mixing 0.05 mol (2.0 g) sodium hydrox-
ide (NaOH) and 0.05 mol (2.8055 g) potassium hydroxide
(KOH), the agate was pulverized using a mortar. 0.01 mol
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(0.284 g) of h-BN was added to the mixture and stirring was
continued. After obtaining a homogeneous mixture, the mix-
ture was transferred to the poly(tetrafluoroethylene) — lined
stainless steel hydrothermal synthesis reactor. The reactor
was kept at 180 °C for 2 hours in an oven. After 2 hours, the
temperature was turned off and the oven was cooled down
to room temperature without opening the lid. The solid in
the reactor was washed with ethanol and deionized water
until the filtrate was neutral and dried under vacuum for 12
hours. Exfoliated hBN nanosheets (h-BNNs) were observed
by scanning electron microscopy (SEM); used for nanocom-
posite preparation and characterization.

2.2.2 Preparation of the h-BNN / polypropylene
nanocomposites
Since the nanofiller content is too low; the masterbatch (MB)
method was used to prepare the base compound. The PP
and h-BNNs were dried in an oven at 80 °C for approxi-
mately 10 h until they reached 1% moisture content. PP and
h-BNNs were mixed by thermal compounding using a melt
mixer to obtain an MB containing 20% h-BNN. The mix-
ing process was carried out within 5 minutes at 190 °C with
a rotor speed of 80 rpm.

The melt was solidified directly by air-cooling and pel-
letized using a laboratory scale pelletizer (Giilnar Machine,
Turkey).

2.2.3 Nanocomposite film production

In this step, the masterbatch (MB) was diluted to var-
ious amounts of hBNN (1%, 2%, 3%, and 5% wt) con-
tent. Both the dilutionand film production were performed
using a twin screw extruder. The extruder was a co-ro-
tating intermeshing extruder (Giilnar Machine, Turkey)
with a 16 mm screw diameter and a 24:1 length-to-di-
ameter ratio (L/D). The extruder was also equipped
with a cast film unit. During the extrusion barrel tem-
peratures of the five zones were set as 140 °C, 160 °C,
200 °C, 210 °C, and 220 °C from feeding to die zones
and the screw speed was maintained at 250 rpm.

2.3 Characterization tests

Fourier Transform Infrared (FT-IR)
recorded on Bruker Alpha ATR-FTIR spectrophotometer
in the range of 4000—650 cm™' at room temperature with

spectrum  was

the 4 cm™' resolution mode.

XRD analysis of the hBN and hBNN particles were
recorded on Rigaku D/Max-Ultimate X-Ray diffractome-
ter with CuK  radiation (4 = 1.5406 A), operating at 40 kV
and 40 mA and a rate of 0.2°min.
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The crystal structure examinations (interlayer distances
(d) crystallite thicknesses (L), lateral size (L), full-width
at half maximum (FWHM)) of h-BNNs were also con-
firmed via powder XRD measurements. The interlayer
distance was estimated from the 002 reflection (peak at
26.72°) by applying Bragg's law. Both crystallite thick-
nesses (L) and lateral size (L) were calculated from the
002 (peak at 26.72°) and 100 reflections (peak at 41.61°)
according to Scherrer's equation Eq. (1) The number of
layers was also calculated by the ratio L _/d.

- KA
B cosf

(0

Here L is the average grain size (L, or L, of the h-BNNs,
K is the dimensionless shape factor (K =0.94 and K = 1.84
used for L_and L, respectively), 4 is the wavelength
(0.15406 nm) of the X-ray, f is the line broadening at half
the maximum intensity and 0 is the Bragg angle [25].

Thermogravimetric analysis (TGA) of the PP-hBNN nano-
composite films was carried out on a Seiko SII TG/DTA 7300
Thermogravimetric analyzer. Samples were heated from 25
to 700 °C with a heating rate of 10 °C/min in nitrogen.

Thermal transitions of the nanocomposite films were
characterized by a differential scanning calorimeter (Pyris
Diamond DSC) under nitrogen atmosphere. In the first run,
the nanocomposites were heated from 25 °C to 200 °C with
a heating rate of 10 °C/min and isothermally kept at that
temperature for 1 min. To observe crystallization transition,
we performed the second run where the materials were
cooled to 35 °C at a heating rate of 10 °C/min. In the last
run, samples were heated to 200 °C with a heating rate of
10 °C/min. The endothermic peaks observed in the third
run of the DSC studies were used to determine the melting
transitions.

Oxidation induction time measurements were carried out
using Pyris Diamond DSC under the conditions stated in
ASTM D-3895-07. Approximately 10 mg sample was placed
in an uncovered pan and subjected to nitrogen gas. The DSC
cell is heated to the temperature of 200 °C (heating rate of
10 °C min™') where the OIT value was determined. After
reaching 200 °C samples were held about 3 min for under
isothermal conditions where the phase was indicated as ¢! and
then nitrogen was switched to oxygen gas. The flow of both
gases was adjusted to 50 mL min! during the entire measure-
ment. The DSC cell was held under isothermal conditions
until a significant exothermic onset (oxidation) was obtained.
The onset of this oxidation signal was indicated as #2. The dif-
ference between ¢! and # was calculated as OIT time.

To evaluate the hBNN-PP interactions and morphology
of the PP-hBNN nanocomposite films were observed by
Philips XL30 ESEM-FEG/EDAX Scanning electron micro-
scope (SEM). Prior to the sample observation, film sam-
ples were broken in liquid nitrogen and the fractured sur-
faces were covered with a platinum layer with an Edwards
S 150 B sputter coater. hBNNs were also investigated by
JEOL JSM-7600F (Field Emission Scanning Electron
Microscope) equipped with a TED (Transmission Electron
Detector). For this purpose, 200 mesh, Holey Carbon Grid
was used. An ultrasonic bath was used to disperse the
hBNNSs in isopropyl alcohol. After 15 min sonication, the
solution was dropped on the copper TEM grid and dried.

Zwick Roell Z010/TN2S Materials Testing Machine in
tensile mode at room temperature with a load cell of 20kN
using a crosshead speed of 500 mm/min. The nanocom-
posite films were obtained using a cutting device in accor-
dance with ISO 527-3 standard [26]. Mechanical tests were
repeated at least 5 times for each sample and mean values
were taken.

The rheological properties of the PP-hBNN nanocom-
posite films were carried out with a rotational dynamic
oscillatory rheometer (Discovery Hybrid Rheometer-1,
DHR-1, TA Instruments) equipped with a parallel plate
that was 25 mm in diameter. Measurements were per-
formed with a gap distance of 1000um at 200 °C.

3 Results and discussion

3.1 Preparation of h-BNNs

h-BNNs were synthesized by the molten hydroxide exfo-
liation method. The exfoliation process depends on the
insertion of cations (Na" or K*) and anions (OH") between
h-BN layers. Due to their chemical potentials, they insert
into interlayer space on the top surface. Using NaOH as
only hydroxide was found to be not enough for exfolia-
tion [24]. Because of that solid mixed NaOH/KOH with
a molar ratio of 1:1 was found to be the optimum condition
for the exfoliation process.

Since the exfoliation media is highly alkaline, KOH or
NaOH residues can affect some properties of nanocompos-
ite film. Removal of hydroxides and exfoliation process of
the bulk h-BN particles as well as chemical properties of
h-BNNs were investigated by ATR-IR analysis.

The ATR-IR spectra of the h-BN and h-BNNs are shown
in Fig. 1. In the ATR-IR spectra, two strong characteris-
tic peaks were detected around 1380 cm™ and 770 ¢cm™!
which belong to in-plane B-N stretching vibration and out-
of-plane B-N-B bending vibration, respectively.
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Fig. 1 ATR-IR spectra of as received and exfoliated h-BN nanosheets

Besides, a weak and broad band at about 3340 cm™' is
attributed to hydroxyl group formation on the h-BNN lay-
ers which was also confirmed by XRD analysis.

The exfoliation process of the bulk h-BN particles was
confirmed via XRD analysis. The XRD diffraction pat-
terns of bulk h-BN and h-BNNs are given in Fig. 2. As seen
in Fig. 2, the diffraction peaks which are located at
20 =26.8° 41.6° 43.9°, 50.2° and 55.2°, are correspond to
crystal planes of (002), (100), (101), (102) and (004) respec-
tively, are accordance with JCPDS (Joint Committee on
Powder Diffraction Standards — Card no. 34-0421) for stan-
dard h-BN powders [27]. In addition to the peaks reported
for h-BN in JCPDS, the presence of a new peak observed at
20=30.0° attributed to the (010) plane. This new peak indi-
cates that h-BN layers are exfoliated to form nanosheets
and -OH groups are exposed on their surfaces due to the
harsh alkaline exfoliation method.
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The crystallite thickness and crystallite lateral size of the
h-BNNs were found to be 3.96 and 11.29 nm, respectively.
The number of layers was also calculated as 11.9.

The morphology of h-BN and h-BNNs were evaluated
by SEM and STEM analyses. SEM analyses were first
performed on bulk h-BN (as-obtained h-BN) and h-BNN.
It can be seen in Fig. 3(a) that bulk h-BN powders consist
of irregular shapes and thick flakes which are stacked on
each other with different lateral sizes.

STEM images in Fig. 3(c) and (d) reveal that the exfoli-
ation process of bulk h-BN is sufficient since the thickness
and lateral sizes of the exfoliated particles decreased and
a single to a few layered h-BNNs formed. High magnifi-
cation STEM images in Fig. 3(c) also show that some of

J’)‘j AccV SpotMagn  Det WD —————| 1pm

500K/30 50000x BSE67

Fig. 3 SEM an STEM images of (a) SEM image of bulk h-BN particles,
(b) STEM image h-BNN scrolls, (c) STEM images of the exfoliated
h-BNNs; (d) SEM images of exfoliated h-BNN's at x 150000 magnification
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Fig. 2 XRD diffraction patterns of bulk h-BN and exfoliated h-BN nanosheets
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the single-layered h-BNNs are partially rolled into a roll
by curling at one end. One can see from Fig. 3(d) entirely
transparent nanosheets that show their ultrathin nature,
unlike bulk h-BN particles. The size of the h-BNN scrolls
ranges from 27 nm to 217 nm while h-BNNs range from
200 nm to 500 nm.

3.2 PP nanocomposites

3.2.1 Thermal properties

The TGA and the differential thermogravimetric (DTG)
curves of PP-h-BNN nanocomposite films with various
contents of h-BNNs powders are presented in Fig. 4. 10%
weight loss temperature (7d, ), 50% weight loss tempera-
ture (7d,,), the maximum decomposition rate MDRmax
and char % at 700 °C are summarized in Table 1.

One can see from Table 1 that, 7d |, and T7d, temperatures
were slightly increased with the increasing h-BNN content.

On the other hand, MDR __of the nanocomposites was
decreased up to a critical h-BNN content which is 3 wt%.
When the h-BNN content increase to 5 wt%. The MDR
decreases about 10% compared to the neat PP matrix. This
phenomenon can be attributed to the stacking of h-BNN
particles.

TGA curves in Fig. 4 show that neat PP and all nanocom-
posites exhibit identical degradation properties, with a sin-
gle-step decomposition, revealing that h-BNN content has
no significant effect on the thermal degradation mechanism.
Aside from the mechanism, TGA analysis proves that
h-BNN improves the thermal stability of nanocompos-
ites. This may be due to the high thermal conductivity of
h-BNNs and the strong interaction with the PP matrix.

The DSC method is one of the most common methods
to investigate the numerous phenomena of nanocomposites
such as melting, crystallization, and glass transition (Tg ).

The heat characteristics of the prepared PP-h-BNN
nanocomposite films were examined using DSC.

The DSC thermograms of neat PP and nanocomposites
were shown in Fig. 5 while the crystallization tempera-
ture (7,) and melting temperature (7)) were collected in
Table 2. Neat PP and PP-h- BNN nanocomposite showed
single melting peaks during the heating. As can be seen
from Fig. 5, the crystallization temperature (7, ) of the
PP matrix was remarkably shifted to the higher tempera-
tures. It can be said that semi-crystalline h-BNNs behave
as a nucleating agent of PP crystallization. According to
Fig. 5, the addition of the h-BNN particles slightly changed
the melting temperature (7, ) of the PP-h-BNN nanocom-
posites. The degree of crystallinity (X ) of the nanocom-
posites was calculated with the following Eq. (2)

Table 1 TGA analysis of the neat PP and PP-h-BNN nanocomposite films

Sample Cd“’ Cd” decol\m/[g();ition Choar a(: 700
€O O rate (ng/min, °C) C o8

PP 425 452 1942 5.42
PP-hBNN-1 427 454 1431 6.31
PP-hBNN-2 436 457 1182 7.27
PP-hBNN-3 436 458 1078 7.61
PP-hBNN-5 435 459 1763 8.25
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Fig. 5 The DSC thermograms of the neat PP and PP-h-BNN
nanocomposite films
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Fig. 4 TGA and DTA curves of neat PP and PP-h-BNN nanocomposite films



Table 2 The specific melting enthalpy (AH ), melting temperature (7, ),
the degree of crystallinity (X)) and the crystallinity temperature (7,,) of
the neat PP and PP-h-BNN nanocomposite films

Sample T (°C) AH (o) T.(°C) AH (g X (%)
PP 166.9 77.1 117.8 -84.0 32.2
PP-hBNN-1 169.0 61.2 118.9 -61.3 29.7
PP-hBNN-2 166.8 52.4 125.2 -61.7 26.6
PP-hBNN-3 165.6 54.2 126.2 -59.8 26.9
PP-hBNN-5 166.0 68.5 126.8 -59.3 36.2
X, =—S0n__ @
(1-f)6H,

where AH is the melting enthalpy, fis the mass fraction of
the PP matrix and AH,, is the melting enthalpy of the 100%
crystalline PP, which was reported to be 208 J g! [28].
Consistent with the previous studies, with the increase of
the h-BNN content, the degree of crystallinity of the PP-h-
BNN nanocomposites decreases [29, 30].

The stacking of h-BNN particles at higher loadings
changes the particle size and blocks the crystallization of
the PP matrix. The small size of h-BNNS contributes to
the rapid energy release which also reduces the crystalli-
zation of the PP matrix.

DSC was also used to explore the oxidation induction
time (OIT) and the OIT is evaluated in accordance with
Fig. 6. Oxidative induction time gives information about the
thermo-oxidative performance of the sample and the higher
oxidation resistance provides the high OIT value [31]. The
samples were heated up to 200 °C under nitrogen gas, and
then oxygen gas was loaded into the system.

The time until the start of the exothermic process was
measured. As can be seen from Fig. 6 that h-BNN addi-
tion significantly increases the required time for oxidation
of the nanocomposites in comparison to neat polypropyl-
ene which indicates that the fire resistance increases. This
phenomenon can be attributed to the higher thermal sta-
bility and good resistance to oxidation of h-BNNs.

3.2.2 Mechanical properties

The thicknesses of the prepared test samples were mea-
sured with calipers and averaged. The films were attached
between the jaws of the tensile device from the ends and
the distance between the two jaws was precisely adjusted.
The separation speed of the jaws was set at S00 mm/min.
The tensile test was continued until the moment of rupture.
Mechanical tests were repeated 5 times for each sample.
The stress-strain experiments in the tensile device were
performed according to the ISO method and at room tempe-
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rature. Elongation % and ultimate force values were found
by using the tensile strength values corresponding to the
elongation. The results of the experiment for all specimens
studied are given in Table 3 and Fig. 7.
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0.15 | —h-BNN-3/0IT=12.18 .
al =" =z
E oil h-BNN-5/ OIT=17.82 /
3 —PP/ OIT=8.84
2 0.05
=
=
E 0

-0.05

0.1

0.15

0 10 20 30 40

Time (min)

Fig. 6 Oxidation induction time (OIT) curves of the neat PP and PP-h-

BNN nanocomposite films

Table 3 The tensile test results of the neat PP and PP-h-BNN

nanocomposite films

Tensile Yield Elongation Elastic
Sample strength strength at break modulus
(Mpa ) (Mpa ) (%) (Mpa)
PP 25.86 34.86 362.58 299.03
PP-hBNN-1 26.31 37.39 16.25 311.77
PP-hBNN-2 30.76 - 9.75 382.05
PP-hBNN-3 39.49 - 778 591.25
PP-hBNN-5 34.97 - 5.62 666.41
PP PP-hBNN-1
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Fig. 7 Stress-strain curves of the neat PP and PP-h-BNN

nanocomposite films
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It was observed that as the filling ratio of the prepared
films increased, the rigidity of the nanocomposites gets
stronger than neat PP. When compared with neat PP with
3 wt% h-BNN content, the tensile strength, and elastic
modulus of the nanocomposite 39.49 and 591.25 MPa,
shows an improvement of 52.7% and 97.7%, respectively.
This improvement can be attributed to the high mechan-
ical strength of h-BNNs, uniform dispersion and interac-
tion between h-BNN and the PP matrix. However, there is
a slight decrease in tensile strength of the nanocomposite
was observed after a critical filling ratio which is 3 wt%.
During the stretching process, the arrangement of the PP
chains changes due to the applied stress. With the addi-
tion of the h-BNN particles, the movement and orienta-
tion of the polymer chains are also hindered which causes
rigidity and a sharp decrease of the elongation at break.
This behavior is a common observation for PP compos-
ites reinforced with fillers whether micro- or nano-scale
dimensions. In literature, it is reported that with the addi-
tion of a small amount of nanoparticles tensile strength,
yield strength, and modulus increase. This situation is
attributed to the strong interaction between the particle
interface and the matrix [32, 33].

As can be seen in Table 3, neat PP shows yield strength,
and with the addition of 1 wt% h-BNN yield strength
increases. But at other filling ratios nanocomposites don't
show any yield. This can be attributed to decreased inter-
action between h-BNN particles and PP matrix due to the
stacking layers of particles which is also proved by the
SEM images (Fig. 8).

3.2.3 Morphological features
All properties of the nanocomposites are affected by the
dispersion of the nanofiller. Homogeneity is a key factor
in improving the properties of the matrix. The dispersion
efficiency of the h-BNNs in the PP matrix was evaluated
by SEM and STEM analyses.

SEM analyses which were conducted on the frac-
tured surface of the nanocomposite films were shown in
Fig. 8(c)—(d) and confirmed that exfoliated h-BNNs are
homogeneously dispersed in the PP matrix without agglo-
meration at lower h-BNN content as 1 wt%. Even though
the particle dispersion still seemed homogenous at higher
h-BNN contents from Fig. 8(d), weak Van der Waals inter-
actions take place and stacking of the few h-BNN layers
occurs ascendant (pointed by circles). Over a content of 3
wt%, the dispersion effect weakens.

Fig. 8 SEM images of (a) PP-h-BNN nanocomposite films containing
1%wt h-BNN; (b) nanocomposite films containing 2%wt h-BNN;
(c) films containing 2%wt h-BNN at 10000X magnification; (d) films
containing 2%wt h-BNN at 50000X magnification

3.2.4 Rheological properties

Since all the ingredients are responsible for the properties
of the nanocomposite, it is necessary to study the effect
of particle content which is used for film production. The
frequency dependency of the storage (G') and loss (G")
moduli of PP-h-BNN nanocomposite films as a function
of h-BNN loading at 190 °C are given in Fig. 8. Storage
modulus is the ability of the material to store energy
and loss modulus is the ability of the material to dissi-
pate energy [34]. It can be clearly seen that the addition
of h-BNN significantly enhances the moduli of PP over
the entire frequency range. Even though they do not differ
in the low-frequency region, G' and G” increase simulta-
neously with increasing h-BNN loading in the high-fre-
quency region. The crossover frequency is a frequency
value of a viscoelastic material where it changes its rhe-
ological behavior from the rubbery plateau region to the
terminal region, and it is determined as the frequency val-
ues which intersect the G' and G” values [35].

One can see from Fig. 9 that for PP matrix as the frequency
increases, both G and G” increase. The pure matrix behaves
like an elastic solid since G’ > G” at lower frequencies.

Asthe frequency increases, the G’ increases; it crosses the
loss modulus at 72 rad-s™" and this point is called the cross-
over point. From the cross-over point, viscous behavior
dominates. However, with the addition of h-BNN behavior
of the PP matrix changes and all h-BNN-containing sam-
ples don't show a cross-over point.
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Fig. 9 Variations in G’ and G” and angular frequency of neat PP and
PP-h-BNN nanocomposite films

It is known that complex viscosity depends on the G’
and indicates the ability of the media to show maximum
resistance to flow and deformation [34]. Fig. 10 reveals that
with the increment of h-BNN content reveals a decrement
in complex viscosity. With the addition of h-BN into the PP
matrix, polymer chains surround the particles and cause
a high immobile monolayer around them. The non-con-
tact polymer chains become constrained due to the inter-
action with polymer chains of the immobile monolayer,
so, the overall mobility of the nanocomposite decreases.
As a result, the complex viscosity decreases with the
increasing amount of h-BNN up to 5 wt% However, with
the increasing amount of h-BNN content stacking of
h-BNN particles starts.

h-BNNs probably get stacked due to the presence of
weak and non-local Van Der Waals forces, which causes
difficulty in proper dispersion and alignment in the
PP matrix. Furthermore, this stacking leads to a slight
decrease in the thermal and mechanical properties of the
composites after an optimum h-BNN content.

4 Conclusion

FT-IR, XRD and morphological analysis (SEM and
STEM) of h-BNNs prove that the exfoliation process was
successful. PP-based nanocomposite films reinforced with
h-BNNs with different filler content were prepared via the
melt extrusion method. Thermal, mechanical, morpho-
logical, and rheological properties of the nanocompos-
ite films were investigated. TGA and OIT analysis shows
enhancement in the thermal stability of nanocomposites.
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Fig. 10 Rheological properties of nanocomposite films; (a) Tan o as a
function of angular frequency; (b) complex viscosity as a function of the
angular frequency of the neat PP and PP-h-BNN nanocomposite films

T and T, increased with the increased the weight fraction
of h-BNNs which also proves the increased thermal sta-
bility. The rheological analysis showed that the viscosity
of the nanocomposites are higher than the neat PP matrix.
The storage modulus and loss modulus of polymers ele-
vate with increasing frequency. The prepared nanocom-
posite films may serve as an alternative protective pack-
aging material, especially in high thermal and mechanical
properties are demanded.
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