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bber nanoparticles with different
polarities on thermal properties and foaming
performance of polypropylene blends

Bo Tian, ab Zhigang Li,b Jinfeng Li,b Gang Yao,b Wei Dong,*c Yuguang Liu*b

and Mingwei Di*a

Polypropylene blends with both polybutadiene rubber (PB) and polycarboxylbuturonile rubber (xNBR) and

the required amount of acrylamide (AM) was prepared by blending with water, and the crystallinity,

rheological behaviour and thermal performance were analysed and compared. The results of DSC and

XRD characterization showed an obvious enhancement in the crystallization of the PP matrix in PP/

xNBR/AM blends compared to PP/PB/AM blends, due to the strong incompatibility between xNBR

nanoparticles and the PP polymer matrix leading to the inhibition of segmental mobility and induced

formation of heterogeneous nuclei. Rheological analysis showed that the dynamical mobility of polymer

chains was retarded while the AM monomer was incorporated, due to strengthening interfacial

interactions by grafts through hydrogen bonding. The foaming performance was clearly improved, as

reflected in the uniform cell morphology and higher cell density, and the expansion ratio achieved was

13-fold. In addition, the decomposition temperature increased from 403 �C to 465 �C by nearly 62 �C as

compared with neat PP, which is ascribed to the inhibition of segmental mobility due to the cyclization

reaction of nitriles. The increase in the surface energy was about 2.2-fold, which resulted in a decrease

of the water contact angle from 105.3� to 83.7�, attributed due to AM addition to the composition.
Introduction

The mechanical properties and ease of processability are
important for the commercial plastic like linear isotactic poly-
propylene, which has attracted much attention of researchers
worldwide.1–6 The incorporation of rubber is a common tech-
nique used to endow blends with toughening properties, but it
also has obvious disadvantages either in poor processing or in
lower modulus due to the enhanced viscosity of blends.7–11

Inhibiting the chain movement can enhance the melt strength
and is achieved via long chain entanglement or strong polar
interaction between groups by co-polymerization (known as the
in-reactor method) or modication (known as the past-reactor
method). This can greatly improve thermoformability,12,13 but
balancing the isotacticity and selectivity in the conned
geometric catalyst technique limits its wide application; the b-
degradation of the linear PP in the modication of melt-
blending leads to serious deterioration of mechanical proper-
ties. Therefore, incorporating rubber latex nanoparticles into PP
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using unique methods can restrict rubber particle aggregation
and improve the dispersion of the rubber particles in the PP
matrix, which might improve its mechanical performance and
thermoformability simultaneously; thus, this approach has
great signicance both in academia and industry.5,14–18

The invention of fully vulcanized nanoparticle rubber has
opened a new era for the post-reactor modication of plastic
materials.11,19,20 However, there are signicant challenges to be
addressed for their wide practical application, such as the
aggregation and uniform nanoparticle rubber powder disper-
sion in polymer matrices. For instance, it is difficult to both
inhibit the aggregation of the nanoparticle rubber powder and
realize an even dispersion in the polyolen matrix aer spray-
drying from their latex form, which greatly limits the applica-
tion of the nanoparticle rubber powders to modify plastic
materials.21–23 A feasible strategy is proposed to address this
problem: (I) the rubber latex is pre-irradiated to enhance the
cross-linking density and inhibit the fusion of latex particles, so
as to x the native size of latex particles effectively; (II)
blending24 assisted by water is used to ensure that latex particles
are premixed in their emulsion state (primary entity particle
size), which can effectively restrict the aggregation of nano-
particles during demulsication and dehydration process; (III)
the graing reaction in situ during blending imparts gras both
on nanoparticles and the PP matrix while incorporating water-
soluble monomers, which can inhibit the aggregation of
RSC Adv., 2020, 10, 31355–31362 | 31355

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04486e&domain=pdf&date_stamp=2020-08-24
http://orcid.org/0000-0001-8160-6896
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04486e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010052


Scheme 1 Schematic diagram of the melting reaction of the blend.

Fig. 1 Crystallization of PP blends (A and B); melting curves (C and D).
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nanoparticles and strengthen interfacial interactions between
the rubber powder and PP matrix, promoting more uniform
dispersion in the melt.

Both PP/(xNBR)/AM and PP/PB/AM blends were prepared via
water-assisted reactive blending, and more uniform nano-
particle dispersions in the PP matrix were achieved. The effect
of rubber nanoparticles with different polarities on the crys-
talline behaviour, rheological response, foaming performance
and thermal properties was compared and analysed in this work
(Scheme 1).

Materials and methods
Materials

PP T30S with a melt ow rate of 2.8 g/10 min and a melting
temperature of 162 �C was obtained from PetroChina Daqing
Renery and Chemical Plant (Daqing, China). Polybutadiene
latex (PBL), 42 wt% solids, was obtained from China Daqing
Petrochemical Plant (Daqing, China). Carboxyl butyronitrile
latex (xNBRL), brand FM301, solid content 41 wt%, nitrile
content $30, was obtained from Feima Chemical Co., Ltd.
(Xinxiang, China). AM, content (C3H5NO)$98 wt%, pH 5.5–7.5,
was obtained from Kermel Chemical Reagent Co., Ltd. (Tianjin,
China). Antioxidant Irganox 1076 was obtained from Milan
Chemical Co., Ltd. (Nanjing, China). Carbon dioxide with
a purity of 99.95% was used as the blowing agent.

Pre-irradiation
60Co g source with a capacity of 3.7� 1015 Bq was applied as the
radiation source. PP powder was packed into a polyethylene bag
and irradiated with a dose of 0.2 kGy and a dose rate of 50 Gy
h�1, which was labeled as rPP. PBL was packed into a PET bottle
and irradiated with a dose of 250 kGy and a dose rate of 20 kGy
h�1, labeled as rPBL. xNBRL was packed into a PET bottle and
irradiated with a dose of 250 kGy, labeled as rxNBRL.

Preparation of PP and its blends

PP powder was added to the torque rheometer (RM200C, Har-
bin, China), the temperature was set at 30 �C, the speed was set
at 60 rad min�1, 5 wt% rPBL (or rxNBRL), 5 wt% AM, and the
mixture was blended in a rheometer for about 10 min. At
31356 | RSC Adv., 2020, 10, 31355–31362
a heating rate of 15 �C min�1, from 30 to 180 �C, 1 wt% anti-
oxidant 1076 and rPP were added until a constant torque was
achieved. The schematic reaction is shown in Fig. 1. All samples
were pressed by a plate vulcanizer (KY-3201A-30T, Dongguan,
China); the pressure was 10 MPa, and the samples were pressed
to 150 � 150 � 1 mm. The experimental formulations are listed
in Table 1.

Foaming test

About 1.6 g of sample was put into the tube, which was placed in
the lab-scale foaming equipment (homemade), and supercrit-
ical CO2 was used as the foaming gas. The purge time was
10 min. As mentioned above, the PP, PP/PB5, PP/xNBR5, PP/PB5/
AM5, and PP/xNBR5/AM5 were foamed at temperatures of
155 �C, 158 �C, 157 �C, 160 �C, and 162 �C, respectively, at
a pressure of 15–20 MPa, for 2–4 h. The autoclave was decom-
pressed within 2 s, and the tube with sample was placed into ice
water to cool down to room temperature. The expansion ratio
(ER) was determined according to Archimedes' principle
(drainage method) ASTM a792-00, and the formula for the
foaming test is as follows:

ER ¼ Vfoam

Vpolymer

z
rpolymer

rfoam
(1)

where Vfoam and Vpolymer are denoted as the volume of sample
aer foaming and unfoamed, respectively, and rpolymer and
rfoam are denoted as the densities of sample before and aer
foaming.

The percentage of bubbles in sample aer foaming is
denoted as Pf:

Pf ¼
rpolymer � rfoam

rpolymer

(2)

Image Pro Plus soware was used to analyse the SEM images
of the foaming materials. The average diameter D of bubble
hole is shown in the following formula:

D ¼
P

diniP
ni

(3)
This journal is © The Royal Society of Chemistry 2020
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Table 1 PP blends component mass percentage

Sample PP (wt%) PBL (wt%) xNBRL (wt%) AM (wt%) rPP (wt%) Antioxidant 1076 (wt%)

PP 99 0 0 0 0 1
PP/PB5 89 5 0 0 5 1
PP/xNBR5 89 0 5 0 5 1
PP/PB5/AM5 84 5 0 5 5 1
PP/xNBR5/AM5 84 0 5 5 5 1

Table 2 Surface energy parameters of liquid

Liquid rl rPl rDl

Water 72.8 51.0 21.8
Ethylene glycol 48.0 19.0 29.0
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where, n is the number of bubble holes, d is the perimeter-
equivalent diameter of bubble holes, and i is greater than 200.

Bubble density (N) is the number of bubble holes per unit
volume, as shown in formula (4):

N ¼
�
nM2

A

�3=2

(4)

where, n is the number of bubbles in the photomicrograph,M is
the magnication factor of the photomicrograph, and A is the
area of the photomicrograph (cm2).
Table 3 Thermal properties of PP and various PP blends

Sample Tc (�C) Tm (�C) DHm (J) Ti (�C) Xc (%)

PP 114.58 163.15 56.47 118.44 0.27
PP/PB5 113.26 165.60 80.36 119.26 0.40
PP/xNBR5 115.34 163.25 89.82 120.27 0.45
PP/PB5/AM5 121.12 165.77 77.84 125.41 0.41
PP/xNBR5/AM5 126.54 165.96 94.29 130.85 0.50
Characterization

The crystalline behaviour and crystallinity of PP/PB/AM and PP/
xNBR/AM blends were studied using a differential scanning
calorimeter (DSC), DSC2500 (US waters). The samples were
scanned at a heating rate of 10 �C min�1 under nitrogen
protection. The melting enthalpy was calculated according to
the area of the melting peak, and the crystallinity (Xc) was
calculated according to the following formula:

Xc ¼ DHm

fDH0
m

� 100% (5)

where DH0
m is the melting enthalpy of 100% crystalline PP, while

for isotactic PP, DH0
m is 209 J g�1;25 DHm is the melting enthalpy

of blends and f is the volume fraction of PP in the blend. The
samples were melted at 190 �C for 5 min, then quenched to
135 �C under 10MPa for 2 h, and observed by a polarized optical
microscope (PLM), DM2500P (Germany Leica). The rheological
performance was analysed by using a rotary rheometer, Physica
MCR102 (Austria antongpa co. LTD), in dynamically scanning
mode, frequency (u) 100–0.05 rad s�1, strain (g) of 1%, at
a temperature of 200 �C, to ensure all the samples were in the
linear viscoelastic region. The foaming sample was dipped into
liquid nitrogen for 5 min and then quenched. The morphology
of the foaming sample was observed with a scanning electron
microscope (SEM), JSM-IT300LV (JEOL corporation of Japan).
The thermal properties of the samples were measured by using
a thermogravimetric analyser (TGA), TGA5500 (USA, Waters), at
a temperature of 25–800 �C under nitrogen protection.26 The
surface energy was tested by using a Data physics OCA 15EC
Goniometer (Filderstadt, Germany), and pure water and
ethylene glycol were used as the liquid. The contact angle was
measured at the same time interval (30 s), and each sample was
measured at different positions at least 5 times. The surface
energy was calculated from the contact angle of water and
This journal is © The Royal Society of Chemistry 2020
ethylene glycol using the Owens two-night method; the formula
is as follows:27

rl(1 + cos q) ¼ 2(rPl � rPs )
1/2 + (rDl � rDs )

1/2 (6)

rl ¼ rPl + rDl (7)

rs ¼ rPs + rDs (8)

In eqn (6)–(8), rl is the surface energy of the liquid; rPl and
rDl are the polar component and the dispersive component of
the liquid surface energy, respectively; rs is the surface energy of
a solid; rPs and rDs are the polar component and the dispersion
component of the solid surface energy, respectively. The surface
energies and components of pure water and ethylene glycol are
shown in Table 2.
Results and discussion
Crystallization behaviour

The two kinds of rubber have different effects on the crystalline
behaviour of the PP matrix, especially with incorporation of the
AM monomer. The results are shown in Fig. 1 and Table 3. As
shown in Fig. 1A and C, there were distinct changes in the peak
area and peak width in both PP/xNBR5 and PP/PB5 blends
compared to that of the neat PP, which is related to the crys-
tallinity and crystalline integrity. The most obvious inuence on
the crystallization of the PP matrix was observed in the PP/
xNBR5 blend compared to that of the PP/PB5 blend, which was
RSC Adv., 2020, 10, 31355–31362 | 31357
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Fig. 2 PLM of the neat PP and various blends: (A) neat PP; (B) PP/PB5;
(C) PP/xNBR5; (D) PP/PB5/AM5; and (E) PP/xNBR5/AM5.

Fig. 3 Relationship between PP blends: (A) (h*)–u and (B) (G0)–u.
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ascribed to the heterogeneous nucleation of the xNBR
nanoparticles.

The differences in the polarity resulted in signicant
incompatibility with the PP matrix, which was probably heavily
impacted by the chains folding in an orderly and segmental
alignment in the vicinity, leading to increase of both the initial
crystallization temperature (Ti) and peak crystallization
temperature (Tc), and enhanced crystallinity (cc); however, the
reduced crystalline integrity was ascribed to inadequate relax-
ation due to the hindrance of nanoparticles, resulted in the
corresponding widening of the peaks. The deviation of the
melting temperature (Tm) is related to the reduced crystalline
integrity, and the PP/xNBR blend demonstrated much more
inuence on the crystallization compared to the PP/PB blend.
The crystalline morphology observed also certied the reduc-
tion of the spherulite size with increasing crystallinity when
nanoparticles were incorporated, and the PP/xNBR blend
exhibited much less crystallinity compared to the neat PP, as
shown in Fig. 2A–C. Moreover, the signicantly heterogeneous
nucleation was found in the PP/xNBR/AM blends compared to
the PP/PB/AM blends. The enhanced interfacial interaction
between the xNBR and PP matrix restricted aggregation and
enabled a more uniform dispersion of nanoparticles that
provided more sites for nucleation. The Ti increased to
130.85 �C and 125.41 �C, Tc increased to 126.64 �C and
121.12 �C, and Tm increased to 165.96 �C and 165.77 �C for the
PP/xNBR/AM and PP/PB/AM blends, respectively. Both increases
in the crystallinity and viscosity due to increasing polarity
resulted in larger melting peak areas, as shown in Fig. 1B and D.
The POM morphology showed that the spherulite size
decreased signicantly both in the PP/xNBR and PP/PB blends
aer incorporation of the AM, which was ascribed to the more
heterogeneous nucleation, as shown in Fig. 2C and D.

Generally speaking, the PP spherulites were large and the
grains grew and developed completely, as shown in Fig. 2A–C.
However, in the PP/xNBR/AM and PP/PB/AM blends, the PP
matrix crystallization mode changed, showing that the size of
spherulites becamemuch smaller, the grains increased, and the
integrity decreased, which is attributed to the changes in the
crystallization process. As can be seen from Fig. 2D and E, the
size of spherulites obviously shrank but increased in number,
which indicates that the development of the PP spherulite was
31358 | RSC Adv., 2020, 10, 31355–31362
hindered, but the nucleation rate and crystallinity were
promoted due to more heterogeneous nucleation. The obser-
vation is consistent with the results given in Fig. 1 and Table 3.

Rheological analysis

The complex viscosity (h*) vs. frequency (u) for the neat PP and
PP blends with different compositions are shown in Fig. 4A. In
Fig. 4A, PP shows typical Newtonian uid rheological behav-
iour. A Newtonian plateau appears in the low frequency region,
and h* decreases as u increases, which is attributed to the
disentanglement and alignment of the polymer chains and
segments under shearing, which resulted in decreased viscosity.
However, for the PP/PB5 and PP/xNBR5 blends, with inclusion of
the PB and xNBR latex to the composition, they exhibited
pseudoplastic rheological characteristics like on-Newtonian
uids, showing increases of h* in the low-frequency region.
The hydrodynamic effect is considerably stronger in PP/xNBR5

compared to the PP/PB5 blend, due to higher aggregation and
segregation of the xNBR nanoparticles. The much larger sizes of
aggregates blocked and restricted the dynamics of the PPmatrix
heavily, resulting in the h* of PP/xNBR5 that was slightly higher
than that of PP/PB5. Increases in the viscosity and storage
modulus aer incorporating rubber particles in the blend also
occurred, as shown in Fig. 3A and B. The interaction between
gras both on the particles and PP matrix endowed the melt
with the characteristics of a heterogeneous structure, exhibiting
a shearing thinning of h* and decreasing slope of G0 at low u

aer inclusion of AM in the blend. In addition, this phenom-
enon was more obvious in PP/xNBR5/AM5 compared to the PP/
PB5/AM5 blend, which was attributed to xNBR-g-PAM and PP-g-
PAM that formed in situ during blending to rst serve as
Fig. 4 Loss angle tangent–u relation curve of PP blends.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM of PP blends: (A) PP; (B) PP/PB5; (C) PP/xNBR5; (D) PP/PB5/AM5; (E) PP/xNBR5/AM5.
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a compatibilizer to promote the uniform dispersion of nano-
particles in the PP matrix, then, act as a physical crosslinking
site between gras to inhibit the chain mobility and increase
the viscosity. Moreover, the nitrile groups of xNBR were also
involved in interactions, which additionally contributed to PP/
xNBR5/AM5 to enhance the viscosity and storage modulus when
compared to the PP/PB5/AM5 blend, as shown in Fig. 3.

The sensitivity of the structural change to the relaxation time
can be expressed by the storage modulus (G0) at low frequen-
cies.22–25 Fig. 3B shows the changes of G0 vs. u for the neat PP
and PP blends. Compared with that of the neat PP, the G0 of PP/
xNBR5 increased and the slope decreased at the low frequency,
which indicated that the aggregation of xNBR nanoparticles
restricted the segmental mobility of the PP matrix and retarded
the relaxation of polymer chains, resulting a prolonged relaxa-
tion time and enhanced G0. Moreover, the restriction become
even stronger aer inclusion of AM in the blend, G0 further
increased and the terminal slope became much smaller, espe-
cially in the PP/xNBR5/AM5 blend compared to the PP/PB5/AM5

blend, indicating that the interaction between PAM gras on
both particle and PP matrix inhibited the aggregation of xNBR5

particles and promoted the uniform dispersion in the PP
matrix, leading to increases in G0 and a smaller slope at low u.

The plot of loss tangent (tan d) vs. u of the neat PP and PP
blends28–33 is shown in Fig. 4. Compared with the neat PP, there
were decreases in tan d for both the PP/xNBR5 and PP/PB5

blends, showing that the elasticity increased due to the hydro-
dynamic effect by incorporation of nanoparticles in the blend.
In addition, the contribution is slightly less for PP/xNBR5 than
the PP/PB5 blend, probably because of the poor dispersion of
xNBR in the PP matrix. However, the elastic contribution is
much larger for PP/xNBR5/AM5 than PP/PB5/AM5, due to the
enhanced interfacial interactions that greatly improved its
dispersion.
This journal is © The Royal Society of Chemistry 2020
SEM analysis

The morphology of samples foamed by supercritical CO2 was
analysed by SEM; the results are shown in Fig. 5. The uneven
cells with thick walls were observed in the neat PP (see Fig. 5A)
since it is easy for the cell to collapse and coalescence due to the
inability to withstand the stretch during foaming. This is
a consequence of the lower melt strength and lower elasticity in
the linear PP. In addition, as shown in Fig. 5B and C, the
increased viscosity due to the hydrodynamic effect did not
improve the melt strength. Increased cell sizes and decreased
cell density in both PP/PB and PP/xNBR blends deteriorated the
melt continuity, as caused by incompatibility between the
particles and PP matrix. However, the cell morphologies were
obviously improved aer incorporating AM, as shown in both
PP/xNBR5/AM5 and PP/PB5/AM5. The dispersion of particles in
the PP matrix was greatly ameliorated by in situ compatibiliza-
tion, which also served as physical cross-linking sites to restrict
the mobility of polymer chains, leading to a simultaneous
enhancement of the melt elasticity. Compared with PP/PB5/
AM5, PP/xNBR5/AM5 exhibited more uniform cell sizes and
higher cell density. The nitrile group serving as the nucleation
site of foaming might be a reason for the improvement in cell
morphology. Furthermore, the polygonal cell morphology
observed in the PP/xNBR5/AM5 blend, as shown in Fig. 5E, was
ascribed to the uneven distribution of stress caused by the
heterogeneous structure of the melt, which could endow the
sample with better mechanical properties compared to the
circular cell morphology.34

The results of the cell morphology analysis are shown in
Table 4, and as mentioned above, the slight increase of cell size
in the binary blend of PP/PB and PP/xNBR is attributed to the
collapse and coalescence of cells that were incompatible in the
blends, which resulted in decreased cell density compared to
the neat PP. Meanwhile, the higher bubble and expansion ratio
RSC Adv., 2020, 10, 31355–31362 | 31359
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Fig. 6 TGA (A) and DTG (B) of PP blends.

Fig. 7 Storage modulus of PP blends with different radiation doses G0:
(a) PP; (b) PP/PB5; (c) PP/xNBR5; (d) PP/PB5/AM5; (e) PP/xNBR5/AM5. All
samples are measured at 200 �C.

Table 4 Density, bubble ratio, and expansion ratio of PP blends before
and after foaming

Sample

Density
(cells per cm3)
� 109

Diameter
of cell
(mm)

Bubble
ratio
(%)

Expansion
ratio

PP 81 � 3 17 � 2 77.68 4.48
PP/PB5 63 � 2 18 � 1 88.38 8.70
PP/xNBR5 52 � 1 20 � 3 85.98 7.13
PP/PB5/AM5 89 � 1 16 � 2 91.66 11.99
PP/xNBR5/AM5 100 � 2 14 � 1 92.38 13.12

Table 5 Contact angle and surface energy parameters of neat PP and
PP blend measured with water and glycol

Sample

Contact angle/�
Surface free
energy/mJ m�2Water Ethyl glycol

PP 105.20 � 0.52 88.44 � 0.89 13.32
PP/PB5 92.02 � 5.11 69.38 � 3.20 23.17
PP/xNBR5 90.88 � 5.00 69.00 � 0.78 23.20
PP/PB5/AM5 86.28 � 4.53 65.08 � 1.21 24.46
PP/xNBR5/AM5 83.70 � 2.27 64.60 � 0.66 29.59
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also resulted from the less continuous melt. However, the
decreased cell size in the ternary blend of PP/xNBR5/AM5 and
PP/PB5/AM5 is attributed to the enhanced elasticity of the melt,
which suppresses the collapse and coalescence of cells, leading
to increased cell density. So, only in this situation, the increased
bubble ratio and expansion ratio have practical signicance.
TGA analysis

The thermal analysis of the neat PP and PP blends is shown in
Fig. 6A and B. Compared with the neat PP, the initial decom-
position temperature and peak temperature at the maximum
degradation rate for the binary and ternary blends increased
signicantly, and that of the ternary blend was even more than
the binary blend. In addition, PP/xNBR was superior to PP/PB as
presented in the TGA and DTA analysis shown in Fig. 6A and B.
The mechanism of thermal degradation of the PP matrix is
induced by radicals. First, the increased thermal stability for the
binary blends is attributed to the presence of –C]C– in both PB
and xNBR rubber particles, which can capture and stabilize the
radicals. Besides, the cyclization reaction of the nitrile groups in
xNBR improved the thermal stability considerably compared to
PB.35–37 Second, the thermal resistance of the ternary blends
improved even further, which was attributed to the enhanced
interfacial interaction between the particles and PP matrix that
inhibited the mobility of PP chains heavily, leading to an
increase in the peak temperature at the maximum degradation
rate of nearly 62 �C higher than that of the neat PP.

g-Ray irradiation provides an extreme environment to test
the aging performance of the PP blends.38 The neat PP and PP
blends were irradiated at doses of 2 kGy and 5 kGy, respectively,
and the acceleration of aging performance of the blends were
compared based on the terminal storage module of the samples
31360 | RSC Adv., 2020, 10, 31355–31362
before and aer irradiation. The results are shown in Fig. 7. As
can be seen in Fig. 7, for the neat PP, the storage modulus
decreases gradually with an increasing irradiation dose from 2
kGy to 5 kGy. The dramatic degradation induced by irradiation
resulted in loss of the mechanical properties even at the lower
dose of 2 kGy. However, the storage modulus increased for the
binary blend of PP/PB and PP/xNBR compared to the neat PP,
and the residual storage modulus under a dose of 2 kGy was
almost identical to the un-irradiated PP, probably because the
function of radical capture and stabilization by –C]C– groups
inhibited the degradation efficiently. In particular, the PP/PB
blend had a much higher residual modulus even at a dose of
5 kGy, as shown in Fig. 6. Furthermore, like the binary blend,
the ternary blend showed a much higher modulus at rst, and
the residual modulus under a dose of 2 kGy almost achieved
that of the non-irradiated binary blend, which is attributed to
improved dispersion of the nanoparticles in the PP matrix,
especially in the PP/xNBR/AM blend, so the resistance of aging
is improved at the lower dose of irradiation.
Surface energy analysis

The contact angle and surface energy of the neat PP and PP
blends were measured with water and glycol, and the results are
shown in Table 5. Compared with the neat PP, the contact
angles of the two liquids for both the binary and ternary blends
decreased while the surface energy respectively increased. For
the binary blends, the rough surface as a consequence of
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04486e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 3

:2
0:

17
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
incompatibility between the particles and PP matrix might lead
to decreased contact angles, besides, the increased polarity in
the PP/xNBR blend resulted in a decreased contact angle.
However, for the ternary blends, the deceased contact angle is
attributed to the enhanced polarity, which also endowed the
blends with uniform nanoparticle dispersions.
Conclusions

The polypropylene blends incorporated with two kinds of
nanoparticle rubber with different polarities were prepared
through water-assisted reactive blending. The aggregation of
the nanoparticles was inhibited by the enhanced interfacial
interactions between the nanoparticles and PP matrix through
in situ compatibilization aer incorporation of AM monomer.
The crystalline behaviour showed increases in the initial crys-
tallization and peak temperature due to the heterogeneous
nucleation effect of the nanoparticles in the binary blend, which
was enhanced further in the ternary blends due to the
strengthened interfacial interactions and amelioration of the
dispersion of the nanoparticles in the PP matrix. The foaming
performance was also improved for the uniform dispersion and
continuity of the melt, and the foaming ratio increased 13-fold
in the PP/xNBR/AM blend. In addition, the enhanced thermal
properties and aging performance are attributed to the radical
capture and stabilization of the –C]C– groups in the compo-
nent, which inhibited the degradation efficiently, and exhibited
an increase in the peak decomposition temperature by nearly
62 �C. The surface properties were especially improved in the
ternary blends, such as a lower contact angle and higher surface
energy, which is mainly ascribed to the enhancement of the
polarity. This work might provide a method for preparing
polyolen blends modied with other rubber nanoparticles.
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