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The enhanced toughness of flame-retardant polymer composites is still a big challenge due to the
deterioration of their mechanical properties. In this work, polypropylene (PP)/nanohybrid expandable
graphite (nEG) flame-retardant composites toughened by octene-—ethylene copolymer (POE) were
fabricated for obtaining good mechanical properties and flame retardancy. The structure, rheological
and crystallization behaviors, morphology, flame retardancy, and mechanical property of PP/nEG/POE
composites with different contents of POE were investigated. Results show that the elongation at break
and impact strength of PP composites were significantly improved due to the incorporation of POE. The
elongation at break and notched impact strength of toughened PP composites with only 20% POE were
increased to 521.6% and 22.9 kJ m™2 from 16.1% and 9.3 kJ m~2 for untoughened PP composites,
respectively. The scanning electron micrography (SEM) images showed that POE droplets were dispersed
finely and uniformly in the PP matrix, exhibiting a typical two-phase structure. Additionally, the interfacial
adhesion between the matrix and inorganic particles was enhanced due to the addition of POE. The
rheological behaviors of PP composites showed improved elasticity and longer relaxation times, and
a stress-yield behavior appeared with the addition of POE. The interfacial interaction in PP composites
was enhanced and the formation of an interparticle network was further proved. Additionally, the
toughened PP/nEG20 composites with different contents of POE exhibited excellent flame retardancy.
Therefore, the toughened flame-retardant PP composites should possess a wider range of application
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1. Introduction

Polypropylene (PP) is a typical common thermoplastic with high
yield, wide application, and low price.*” It has excellent elec-
trical insulation, chemical resistance, and processability.**
However like most polymers, polypropylene has two fatal
shortcomings: it is flammable and brittle. The limiting oxygen
index (LOI) of PP is only 17.4%. Therefore, flame-retardant®’
and toughening®* modification of PP is usually required to
expand its application field. In order to improve the flame
retardancy and maximize its performance, many studies have
been reported for flame-retardant PP composites in recent
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years.”>™ On the basis of halogen-free environment protection,
one relatively effective method to improve the flame retardancy
is to introduce intumescent flame retardants (IFRs) into the PP
matrix.">®

Expandable graphite (EG) has been widely used in flame-
retardant polymer materials.”®>* Compared with traditional
halogen-free flame retardants, EG is regarded as a new type of
IFR because of its outstanding and highly effective flame
retardancy. However, EG also has some shortcomings. On the
one hand, a “popcorn effect” caused by the combustion process
generates a large amount of expandable charred layers, and the
interaction between charred layers and the substrate is very
weak, and can be easily destroyed. This leads to a poor smoke
suppression effect and the generation of droplets. On the other
hand, EG particles are easy to agglomerate in the polymer
matrix, and the interfacial compatibility is very poor between
EG and the polymer, resulting in an outstanding decrease in the
mechanical properties of the polymer.** Therefore, in order to
overcome these problems, it is necessary to modify EG or use EG
in conjunction with other additives. Chiang et al.”* reported that
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micro-encapsulated EG obtained by functionalization of the
coupling agent has obvious expandability and adhesion,
therefore, the interface force between EG and epoxy resin is
significantly enhanced. Additionally, composites with excellent
mechanical properties and flame retardancy could be obtained.
Some investigations have concluded that the particle sizes and
expansion of EG has a big effect on the flame retardancy and
mechanical properties of polymer matrix composites.”**” It was
found that the mechanical properties of the composites can be
enhanced by decreasing the particle size of EG. However, the
expansion volume and flame-retardant efficiency of EG will
decrease with decreasing the particle size of EG, which results
in a poor flame retardancy of the polymer composites.>*

Li et al.”® observed an obviously synergistic effect between EG
and magnesium hydroxide (MH) in flame-retardant EVA
composites. They found that the combination of EG and other
additives reduced the total amount of flame retardants for
achieving the same flame-retardant level. Xu et al.*® also inves-
tigated the influences of the coupling agent on the mechanical
properties of PP/EG composites. With regards to the issue of
polymer/EG composites, a few ways have been developed,
among which microencapsulating EG with the polymer shell
was affirmed to be a possible strategy.**** In order to overcome
the above shortcomings of EG, functionalized EG wrapped with
silica-nanoparticles (nano-SiO,) were synthesized via an in situ
one-pot method to avoid the popcorn effect of EG and to
improve the interfacial adhesion between the polymer and
flame retardants.®® In view of the spherulite structure of PP and
taking the chemical groups on the surface of EG into account,
nano-SiO, was generated on the surface of EG via an in situ
condensation polymerization, where nano-SiO, acted as
a nucleating agent to improve the interfacial adhesion between
EG and PP.

In this study of polymer blends, the addition of thermo-
plastic elastomers®* and rubber to toughen plastics represent
very important directions.** According to the role of the rubber
phase in the fracture process of toughened plastics and the
energy dissipation path during fracture,* several rubber
toughening mechanisms have been proposed,**° including the
microcrack (craze) mechanism,***' shear craze (shear band)
mechanism, void growth mechanism, and local anisotropy.
These models consider the respective roles of the rubber phase
and matrix phase, and the interaction between the two phases.**
Elastomer toughening of PP is the most effective toughening
method, but it will also reduce the stiffness, strength, and heat
resistance of the matrix.** In addition, there are common
inorganic nanoparticles-toughened PP, such as talcum powder,
Si0,, and CaCO3;.** The toughened modification of PP/
elastomer/inorganic nanoparticles ternary systems has been
studied and discussed in detail.** The synergistic effect between
the added components can greatly improve the toughness of the
composites.** The effect of the microstructure, phase
morphology, and toughening mechanism among the compo-
nents on their macroscopic properties is complex, but it is
a relatively effective method.

In this article, flame-retardant PP composites with octene-
ethylene (POE) as a toughening agent and functionalized

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanohybrid expandable graphite (nEG) as a high-efficiency
flame retardant were prepared by a melt blend. This was ex-
pected to further improve the compatibility between PP and
nEG. The synergistic effects of nEG and POE particles on the
structure, crystallization, and rheological behaviors, phase
structure evolution, and mechanical properties of PP/nEG/POE
composites were investigated in detail. The purpose of this
study was to obtain the best compounding formulation for
flame-retardant PP composites with excellent toughness for
engineering applications.

2. Experimental

2.1. Materials

Polypropylene (PP, T30S) with a melt flow index (MFI) of 18 g/
10 min and a density of 0.92 g cm™® was purchased from
Lanzhou Petrochemical, China. The octene—ethylene copolymer
(POE, EG8842) was supplied by Dow Chemical Company, USA,
with an MFI of 1.0 g/10 min (190 °C/2.16 kg) and density of
0.857 g cm ™. The M, of POE is 176 900, and the content of
octene was 44%. Expandable graphite (EG, C content of 99.6%)
with a particle size of 270 um was supplied by Qingdao Kang-
boer Graphite Company. Tetraethylorthosilicate (TEOS) and
ammonia with a 25% concentration were obtained from
Chengdu Kelong Co., Ltd., China. The nanohybrid expandable
graphite (nEG) particles were self-prepared in our laboratory
according to our previous work.*

2.2. Preparation of the PP/nEG/POE composites

The above nEG was dried at 45 °C for 12 h and PP was dried at
80 °C for 6 h. PP, nEG, and POE were pre-mixed at a certain
mass ratio and then the mixtures were extruded in a twin-screw
extruder at 150 rpm (TSE-20A1600-4-40, Nanjing, China). The
temperatures from the hopper to the mold were 170 °C, 180 °C,
190 °C, 205 °C, 210 °C, 210 °C, and 205 °C respectively. The
extruded bars were cooled in a water bath and cut into granu-
lates, and then dried in a dryer at 60 °C for 12 h. The dried
granulates were injection molded in an injection machine
(EM80-V, Cheng De Plastics Machinery) to obtain standard test
strips. The formulation of PP composites is presented in Table
1.

2.3. Measurements and characterization

2.3.1. Fourier transform infrared (FTIR) analysis. The FTIR
spectra were conducted on a Nicolet 5700 spectrometer (Nicolet
Instrument Co., USA) in the wavenumber range of 400-
4000 cm™'. Powders of the samples were mixed with KBr
powders, and then the mixtures were compressed into plates for
FTIR spectral analysis.

2.3.2. X-ray diffraction (XRD) analysis. The XRD patterns of
the samples were obtained on an X-ray diffractometer (PAN-
alytical Netherlands), using Cu Ka radiation (A = 0.15418 nm) at
40 kV and 20 mA.

2.3.3. Rheological behaviors. The rheological behaviors
were assessed on a stress-controlled rheometer (AR1500ex, TA
Instruments, USA) in a nitrogen atmosphere. The samples with
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Table 1 Formulation and flammability of the PP/nEG20/POE composites with different contents of POE
UL-94

Samples PP (%) nEG (%) POE (%) t t Dripping Rating LOI (%)
Pure PP 100 0 0 — — Yes Fail 17.4
PP/nEG20 80 20 0 2.3 2.0 No V-0 25.4
PP/nEG20/POE5 75 20 5 0 2 No V-0 22.6
PP/nEG20/POE10 70 20 10 9 2 No V-0 22.7
PP/nEG20/POE15 65 20 15 0 1 No V-0 22.8
PP/nEG20/POE20 60 20 20 0 1 No V-0 22.6

a thickness of 1 mm and diameter of 25 mm were made through 2.3.7. Flammability tests. The limited oxygen index (LOI)

compression molding at a melting temperature of 185 °C and
pressure of 8 MPa. Frequency sweep tests with an amplitude of
1% were performed in the range of 0.01-100 Hz at a tempera-
ture of 185 °C.

2.3.4. Differential scanning calorimetry (DSC) analysis.
DSC thermogram analysis was performed under dry nitrogen
using a TA instrument Q20 for measuring the nonisothermal
crystallization and melting behaviors of the composites. The
thermograms were recorded at a heating or cooling rate of
10 °C min '. The percent crystallinity was determined by
dividing the heat of fusion value by 209 J g™, representing the
heat of fusion of 100% crystalline PP.*”

2.3.5. Polarizing optical microscopy (POM) analysis. POM
technology was employed to investigate the crystal morphology
of pure PP and its composites with different contents of POE on
a CX40P polarizing microscope (Ningbo Shunyu Instrument
Co., Ltd., China). The samples were first held in the melt at
230 °C for 5 min and then quickly cooled to 120 °C for 8 h. The
overall crystallization behaviors of the samples were also
monitored through their digital images.

2.3.6. Scanning electron microscopy (SEM) analysis. The
phase morphology and the impact-fractured surface
morphology of the samples were characterized by SEM (Model
JSM-7500F, Japan) with 20 KV accelerating voltage. In order to
characterize the dispersion of POE, the samples were first brittle
fractured in liquid nitrogen and then etched in n-heptane for
3 h.

was surveyed using a JF-4 type instrument (Jiangning Analysis
Instrument Factory, China) on 120 x 6.5 x 3.2 mm® sheets
according to the standard oxygen index test (ASTM D 2863-13).
The Underwriters Laboratories-94 (UL-94) vertical burning test
was carried out on a CZF-1 type instrument (Jiangning Analyt-
ical Instrument Factory, China), with the bar dimensions of 127
x 12.7 x 2.7 mm® according to ASTM D3801.

2.3.8. Mechanical properties tests. Tensile strength testing
was carried out using a tensile tester (AGS-J) with a crosshead
speed of 50 mm min . The notched Izod impact was measured
on a pendulum impact tester (JBS-300B; Shandong Drick
Instruments, China) according to the ASTM D3420 standard. All
the tests were performed at 23 + 2 °C. The results were the
average values of at least five specimens.

3. Results and discussion

3.1. Structures of pure PP, PP/nEG20, and PP/nEG20/POE20

The FTIR spectra of pure PP, PP/nEG20 and PP/nEG20/POE20
are shown in Fig. 1. The FTIR spectra shown in Fig. 1 detec-
ted the reaction among nEG, PP, and POE. Very strong
absorption peaks at 3300-2800 cm ™" could be clearly observed
for pure PP, which were assigned to CH; or CH, symmetric and
asymmetric vibrations. At the same time, the intensity of the
absorption peaks at 3300-2800 cm " greatly decreased with the
incorporation of nEG and POE. However, a wide and strong
infrared absorption peak at 3448 cm™ " appeared for PP/nEG20
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Fig. 1 FTIR spectra and XRD patterns of pure PP and its composites: (a) pure PP; (b) PP/nEG20; (c) PP/nEG20/POE20.
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and PP/nEG20/POE20, which belonged to the OH bonds due to
the presence of nanohybrid EG and POE. In addition, the
introduction of nano-SiO, particles in EG also caused the
appearance of Si-H and Si-O bonds in PP/nEG20 and PP/
nEG20/POE20. Further, the peak of the Si-O bond was shifted
to a lower wavenumber due to the interfacial reaction of nEG
and POE. All the changes in intensity and position of the
absorption peaks revealed the occurrence of the interactions
between graphite layers and polymer matrix due to the reaction
of POE and nano-SiO, particles.

The structural phases of pure PP, PP/nEG20, and PP/nEG20/
POE20 were identified by XRD, and the XRD patterns are also
plotted in Fig. 1. It was found that there were five main char-
acteristic diffraction peaks of PP at 26 = 14.0°, 16.8°, 18.5°,
21.4°, and 26.2°, which corresponded to the (110), (040), (130),
(111), and (060) crystal planes, respectively. For PP/nEG20 and

View Article Online
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PP/nEG20/POE20 composites, the position of the diffraction
peaks remained basically unchanged, indicating that the addi-
tion of nEG and POE did not change the crystal structure of PP.
However, the width and intensity of these diffraction peaks
greatly changed, which may be attributed to the strong reaction
of the EG and POE particles. Compared with POE, nEG has
better a heterogeneous nucleation effect on PP. Moreover, nEG
prevents the induction of POE on B-PP while inducing PP to
form a-PP. In addition, most of the diffraction peaks of the PP/
nEG20/POE blends were weakened after cross-linking modifi-
cation, which may be due to the heterogeneous nucleation of
branched or cross-linked SiO, nanoparticles on PP.

3.2. Rheological performance of pure PP and its composites

The viscosity of a fluid is an expression of the internal friction
and a reflection of its resistance to flow. The linear viscoelastic
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Fig.2 Linear viscoelastic behaviors of PP and PP/nEG20/POE composites with different contents of POE at 185 °C: (a) storage modulus (G'); (b)
loss modulus (G"); (c) complex viscosity (p*); (d) loss tangent (tan 6); and (e) n* versus complex modulus (G*); (f) G’ versus G".
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behaviors of PP and PP/nEG20/POE composites with different
contents of POE at 185 °C are shown in Fig. 2. It can be observed
from Fig. 2a and b that the values of the storage modulus (G')
and loss modulus (G”) for PP and its composites with different
contents of POE increased with increasing w. Compared with
pure PP, PP/nEG20 moved up in the whole frequency range,
indicating that the melting elasticity had increased and the
relaxation time was prolonged. In addition, as the content of
POE increased, it had no significant effect on the change of G/
and G’ at low frequency. However, the values of G” showed
a slight increase with increasing the POE content at high
frequency. This is because the addition of POE increases the
deformation resistance of PP/POE blends under external forces.

It can be clearly found from Fig. 2c that all the samples
presented higher complex viscosity (n*) values at low angular
frequency than at the high-frequency range. The n* value of PP
and its composites decreased gradually with increasing o,
exhibiting the shear-thinning behavior of a pseudoplastic liquid
due to the decrease in the entanglement deformation of the
entanglement network. At the same time, the n* value of PP/
nEG20 was higher than that of the PP and PP/nEG20/POE
composites. Because nEG is a solid particle, so more free
volumes will be occupied between the molecular chains, and
the moving units of the molecular chains also will be decreased,
making the fluidity worse and resulting in a deterioration of the
flexibility of the composites, which in turn increases the n* of
the materials at low frequency. With the addition of POE, the n*
values of PP/nEG20/POE composites decreased. Also, n* showed
a slight upward trend with increasing the content of POE. At the
low-frequency region, although n* varied with increasing the
POE content, this was relatively slow. At the high-frequency
region, the effect was much more sensitive and even
upturned. This also balances the influence of nEG and elas-
tomer on the n* of the composites, which is beneficial to the
processing of the composites.

The loss tangent (tan 6) curves of PP and its composites as
a function of w are plotted in Fig. 2d. The tan ¢ values can well
show the viscoelasticity of the samples. Compared with pure PP,
the tan ¢ value of PP/nEG20 only decreased slightly at the low-
frequency region, and there was almost no change at the
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Table 2 DSC data of PP/nEG20 and PP/nEG20/POE composites with
different contents of POE

samples T (°C) To(°C) AHm(g") AH (g™) X.(%)
Pure PP 161.6 113.7 99.9 123.4 47.8
PP/nEG20 163.7 125.6 86.0 100.8 51.4
PP/nEG20/POE5 163.3 122.3 84.9 94.0 54.2
PP/nEG20/POE10 163.3 123.5 52.1 58.3 35.6
PP/NnEG20/POE15 163.3 123.2 44.9 52.6 33.1
PP/nEG20/POE20 163.1 122.5 35.2 50.0 28.1

high-frequency region. However, the tan 6 value of PP/nEG20/
POE composites was greatly affected by POE. The tan ¢ value
of the composites at the low-frequency region was lower than
that of PP and higher than that of PP at the high-frequency
region. This indicates that the PP composites with POE
exhibited elasticity at the low-frequency region and mainly
exhibited viscosity at the high-frequency region.

The stress-yielding behaviors of the samples can be seen by
the relationship between n* and complex modulus (G*), as
shown in Fig. 2e. This behavior is mainly manifested in
incompatible blends and filling systems of inorganic particles.
If n* suddenly appears upturned at the low G* interval, it
indicates that the sample has a stress-yield behavior. In the case
of PP, at the low G* interval, the n* gradually approached
a plateau, exhibiting Newtonian fluid behaviors. Compared
with pure PP, PP/nEG20 appeared to be warping at the low G*
range. The upward warping phenomenon became slow with the
addition of POE. However, with increasing the POE content, the
phenomenon of warping at the low G* region became obvious,
which indicated that the PP composites with POE had obvious
stress-yielding behaviors.

The Han curve is the Ig G’ — 1g G” curve for homopolymers
based on the molecular viscoelasticity theory of monodisperse
and polydisperse homopolymers that was first reported in 1982.
The Han curves of PP and its composites are exhibited in Fig. 2f.
No major change in the Han curves of PP and PP/nEG20 could
be observed. Both slopes slightly decreased at the low G” region,
and were uplifted at the high G” region, showing good elastic
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Fig.3 DSC melting and crystallization curves of pure PP and PP/nEG20/POE composites with different contents of POE: (a) pure PP; (b) O wt%;

(c) 5 wt%; (d) 10 wt%; (e) 15 wt%; and (f) 20 wt%.
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Fig. 4 Crystal morphology of pure PP and PP/nEG20/POE composites with different contents of POE at 120 °C for 8 h: (a) pure PP; (b) O wt%; (c)

5 wt%; (d) 10 wt%; (e) 15 wt%; and (f) 20 wt%.

behaviors. With the addition of POE, there was a slight decrease
at the high G” region compared to pure PP and PP/nEG20. Also,
with increasing the content of POE elastomer, the decline
phenomenon was more obvious. This indicated that the addi-
tion of POE changed the processing behaviors of the
composites.

3.3. Melting and crystallization behaviors of pure PP and its
composites

The DSC melting and crystallization behaviors of pure PP and
PP/nEG20/POE composites with different contents of POE are

shown in Fig. 3, and the corresponding data are listed in Table
2. It can be clearly found from Fig. 3 that nEG and POE had
a great effect on the melting and crystallization behaviors of the
PP matrix. Additionally, only a single melting and crystallization
peak for all the samples was observed in the DSC curves. The
melting temperature (Ty,) and crystallization temperature (T¢) of
PP were 164.1 °C and 113.7 °C, respectively. With the addition of
20% nEG, the T, and T, values of the PP/nEG20 composites
increased. This indicated that the thermal property of PP was
enhanced slightly, and nEG had a heterogeneous nucleation
effect on the PP matrix. On the other hand, the addition of POE

10.0gm

10.0pm

20.0pm 10.0pm

Fig. 5 SEM images of the impact-fractured surface morphologies of PP/nEG20 composites.
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had little effect on the T}, of the samples. However, the T, values
of the PP/nEG20/POE composites decreased slightly with the
addition of POE compared with the PP/nEG20 composites. This
indicated that the incorporation of POE weakened the hetero-
geneous nucleation effect of nEG on PP.

In addition, when 20% nEG was added into PP matrix, the
crystallinity (X.) of the PP/nEG20 composites was also improved
compared with pure PP. Because of the heterogeneous nucle-
ation of nEG, the crystallization process of PP was accelerated,
and the X. value of the PP/nEG20 composites increased.
However, with the addition of 5 wt% POE, the X, value of the PP/
nEG20/POE composites increased further, which was attributed
to the improved uniform dispersion of nEG in the matrix.
However, with increasing the content of POE, the X, value of the
PP/nEG20/POE composites decreased quickly. Because the
excessive POE intertwined with the molecular chains of PP,
which hindered the diffusion of the molecular chains of PP into
the crystal lattice, it was difficult for PP to crystallize. This is also
the reason why the crystallinity first increased and then
decreased as the POE content increased.

It is of great significance to study the structure, formation
conditions, influencing factors, and deformation and failure of
spherulites. The crystal morphologies of pure PP and its
composites at 120 °C for 8 h are shown in Fig. 4. For pure PP, the
spherulite structure was dense and complete, and the interface
between spherulites was very clear. In addition, the density of
spherulite was large, as shown in Fig. 4a. When 20% nEG
particles was added into the PP matrix, it could be observed
from Fig. 4b that the heterogeneous nucleation of nEG on PP
caused the crystals to become smaller, which successfully
regulated the grain size of PP. At the same time, the interaction
between inorganic particles and PP molecular chains limited
the movement of PP molecular chains, resulting in a more
incomplete crystallization of PP. With the addition of POE, the
distribution of nEG in the polymer matrix became more
uniform, resulting in the stress field around the elastomer
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being easier to generate. Also, the distribution of voids was
more dispersed, as shown in Fig. 4c-f. The POE and the PP
molecular chains were entangled with each other, so that the
rearrangement movement of the PP molecular chain occurred
during the crystallization process. Additionally, the presence of
POE limited the effect of nEG on the crystallization of PP. The
introduction of POE had no further effect on the grain size of
the matrix, but excessive POE restricted the diffusion and
accumulation of PP chains into the crystal lattice, making
crystallization difficult. This also explains the change in crys-
tallinity mentioned in the DSC section above.

3.4. Flammability of pure PP and its composites

The UL-94 and LOI results of pure PP and PP/nEG20/POE
composites with various contents of POE are listed in Table 1.
It can be seen from Table 1 that the LOI values of pure PP and
PP/nEG20 composite were 17.4% and 25.4%, respectively. With
the addition of POE, the LOI value of the composites decreased
slightly because of the flammability of POE, but the UL-94 grade
did not decrease. All the samples could reach the UL-94 V-
0 level. This indicates that the incorporation of POE had little
effect on the vertical combustion result of the composites, and
the composites achieved a good flame retardancy.

3.5. Morphology analysis of the PP composites

The mechanical properties of polymer composites are greatly
affected by the morphological structure constructed during
processing.*® In this work, in order to analyze to relationship
between the mechanical property and morphological structure,
SEM analysis was carried out to investigate the morphological
structures of the PP/nEG20 and PP/nEG20/POE composites.
Fig. 5-9 show the morphologies of the PP/nEG20 and PP/nEG20/
POE composites with different proportions of POE, respectively.
It can be observed from Fig. 5 that nanohybrid EG particles were
uniformly dispersed in the PP matrix, and almost no debonding

10pm

Fig. 6 SEM images of the impact-fractured surface morphologies of PP/nEG20/POE composites with 5 wt% POE.
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Fig. 7 SEM images of the impact-fractured surface morphologies of PP/nEG20/POE composites with 10 wt% POE.

could be observed at the interfaces between PP and EG.
However, the interfacial adhesion of PP and EG was enhanced
by nano-SiO, particles, and the fracture section of the PP/nEG20
composites was very rough. This reveals a better wetting of nEG
particles with the PP matrix. On the other hand, the addition of
POE had an obvious influence on the fractured morphology of
PP/nEG20/POE composites, as shown in Fig. 6-9. The PP
composites with various POE contents still had wetting of the
dispersed phase in the PP matrix. The nEG particles and POE
were uniformly dispersed in the PP matrix. In addition, an
obscure boundary between two phases could be clearly found,
and a more deformed polymer structure could be observed at
the interfaces with increasing the content of POE. This suggests

that the interfacial adhesion was enhanced significantly,
resulting in the high impact strength and elongation at break
for the PP/nEG20/POE composites with a high content of POE.

To further investigate the phase morphology and dispersion
analysis of PP/nEG20/POE with different contents of POE, the
samples were freeze-fractured in liquid nitrogen for 30 min and
then selectively etched in n-heptane for 3 h to remove the POE
phase, and the results are shown in Fig. 10. It can be found from
Fig. 10a that the surface of PP/nEG20 was not changed, and the
interface compatibility between nEG and PP was good. With the
addition of POE, graphite-sized holes appeared on the freeze-
fractured surface due to the removal of POE domains. It is
known that POE was also scattered on the interface between

Fig. 8 SEM images of the impact-fractured surface morphologies of PP/nEG20/POE composites with 15 wt% POE.
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Fig. 9 SEM images of the impact-fractured surface morphologies of PP/nEG20/POE composites with 20 wt% POE.

nEG and PP, as shown in Fig. 10b-e. Also, an obvious “sea-
island” structure can be clearly observed. With increasing the
content of POE, more and more spherical voids were formed,
which were generated after the n-heptane etching of POE.
However, the particle size of the void did not change. The SEM
images showed a clear two-phase morphology for all the
composites with different contents of POE, and the droplets of
POE particles were uniformly dispersed in the polymer matrix.
This is responsible for the improved toughness of the
composites.

3.6. Mechanical property of pure PP and its composites

Fig. 11 shows the typical tensile stress-strain curves of the PP-
based flame-retardant composites with different contents of
POE, and the corresponding results and impact strength are
listed in Table 3. It can be concluded from Table 3 that the

100.0pm

notched impact strength of pure PP was only 6.6 k] m >, The
impact strength of PP/nEG20 composites with 20 wt% nEG
increased to 9.3 k] m™~2, which is attributed to the improved
interfacial adhesion and compatibility caused by the nano-
hybrid. On the other hand, when POE was incorporated into the
composites, the impact strength of the PP/nEG20/POE
composites increased rapidly with increasing the content of
POE. For example, the impact strength of the composites was
10.4 k] m~? at a POE content of 5 wt%; however, the impact
strength of the PP/nEG20/POE20 composites with 20 wt% POE
was increased to 22.5 k] m™ 2 These results imply that the
toughening effect of POE on the PP-based composites was
highly outstanding.

It can be found from Fig. 11 and Table 3 that the elongation
at break of the PP/nEG20 composites decreased dramatically
when 20wt% nEG was added into the PP matrix. However, for

Fig. 10 Dispersion of POE in the PP/nEG20/POE composites with different contents of POE: (a) O wt%; (b) 5 wt%,; (c) 10 wt%; (d) 15 wt%; and (e)

20 wt%.
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Fig. 11 Tensile stress versus strain curves of PP/nEG20/POE
composites with different contents of POE: (a) 0 wt%; (b) 5 wt%; (c)
10 wt%; (d) 15 wt%; and (e) 20 wt%.

Table 3 Mechanical properties of PP/nEG20 and PP/nEG20/POE
composites with different contents of POE

Tensile strength  Elongation at Impact strength

Samples (MPa) break (%) (k] m™?)

Pure PP 33.1+£0.5 706.7 £ 10 6.6 = 0.2
PP/nEG20 32.7 £ 0.4 16.1 £ 2 9.3 £ 0.2
PP/nEG20/POE5 30.0 £ 0.3 3523 10.4 £ 0.3
PP/nEG20/POE10 25.7 £ 0.3 166.5 + 5 13.8 £ 0.2
PP/nEG20/POE15 24.5 £ 0.3 212.2 £8 17.2 £ 0.3
PP/nEG20/POE20 19.7 £ 0.2 521.6 £9 22.9 + 0.3

the PP/nEG20/POE composites with different contents of POE,
the elongation at break increased sharply with increasing the
content of POE. The toughness expressed as the work to fracture

Entangi d strongly® :

o
°
3

(b) PP/nEG/POE composites
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(the area under the stress-strain curve) was consistent with the
result of the elongation at break. However, it seems that the
tensile strength tended to decrease with increasing the content
of POE. These results reveal that the interaction and interfacial
adhesion between the polymer and inorganic particles were
enhanced due to the incorporation of POE. The elongation at
break and impact strength for the PP-based composites with
different contents of POE were excellent. Therefore, the
improvement of the mechanical properties can be ascribed to
the incorporation of the third component. It seems that POE
had a synergistic toughening effect with nanohybrid EG on the
PP matrix. Accordingly, the proposed mechanism of the
enhanced compatibility for POE-toughened PP/nEG composites
is illustrated in Fig. 12. Therefore, the combination of POE and
nEG is regarded as a good way to enhance the tensile strength
and toughness of PP composites.

4. Conclusions

In this work, octene-ethylene (POE) was used as a toughening
agent to toughen PP/nEG20 composites to fabricate high-
impact PP-based flame-retardant composites. The structure,
rheological and crystallization behaviors, phase morphology,
flame retardancy, and mechanical property of the PP/nEG/POE
composites with different contents of POE were assessed. It
was found that POE had little effect on the structure of the
composites. In addition, the crystallization behavior and
crystal morphology of the PP composites were greatly affected
by nEG and POE. The addition of POE improved the elasticity
of the composites, making the composites exhibit a longer
relaxation time and stress-yielding behaviors. The PP-based
composites with different contents of POE retained good
flame retardancy. Finally, it is concluded that the combination

Brittle fracture

Toughness fracture

Large deformation

PP “#&nEG POE @Intermolecular force

Fig. 12 Schematic diagram for the compatibility enhancement of graphite layers with the PP matrix.
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of nanohybrid EG and POE exhibited outstanding mechanical
performances, especially an excellent elongation at break and
notched impact strength. This can be attributed to the syner-
gistic toughening effect of nanohybrid and POE on the PP-
based composites. This work proposes an efficient way to
toughen PP-based flame-retardant composites by using the
synergistic effect of nanohybrid particles and POE, which can
be widely applied in many fields.
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