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properties of long chain branched
high-density polyethylene based on nano-SiO2

grafted glycidyl methacrylate
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and Zhu Luo *

A compounded nanoparticle with multiple double bonds (C]C) was prepared by grafting glycidyl

methacrylate (GMA) onto the surface of nano-SiO2. Then gel-free long chain branched polyethylene

(LCBPE) was prepared by melt branching reaction in a Haake torque rheometer in the presence of

initiator peroxide and GMA grafted nano-SiO2 (SiO2-g-GMA). The sampling time corresponded to the

summit of the reaction peak in the torque curve. Fourier transform infrared results indicated that SiO2-g-

GMA had been grafted onto the HDPE backbone via radical reaction. The reaction mechanism and the

topological structure of the PE products are also discussed. Rheological results showed that the

relaxation time and molecular weight distribution of modified PE were increased owing to the

introduction of LCB structure, and the more SiO2-g-GMA was added, the more apparent variation could

be observed. Compared with linear HDPE, both the melt strength and mechanical properties of LCBPE

were improved obviously. From the differential scanning calorimetry and polarized optical microscopy

results, smaller crystal size and lower growth rate were observed compared with linear HDPE, which are

ascribed to the nucleation and restriction of long branching chains in the system. Well distributed nano-

SiO2 without any agglomeration in the PE matrix was observed in the scanning electron microscope

images when the SiO2-g-GMA content was less than 3 phr.
1. Introduction

High-density polyethylene (HDPE) is one of the most widely
used semi-crystalline polymers in our daily life owing to its
many desirable and benecial physical properties, such as good
chemical resistance and mechanical strength.1,2 Compared with
low-density polyethylene (LDPE) and linear low-density poly-
ethylene (LLDPE),3 HDPE has excellent mechanical properties.
However, HDPE is almost entirely composed of linear macro-
molecules, without any long branching chains, which makes it
exhibit low melt strength in the melt state.4 Therefore, it is
difficult to use ordinary commercial polyethylene in processes
such as thermoforming and extrusion foaming, where entan-
glement properties and melt strength are dominant, owing to
its linear structure and poor melt strength.5

Introduction of long chain branched (LCB)6 structure into
HDPE is the most efficient means to improve its melt proper-
ties. Previously, several methods have been devised to produce
long chain branched polyethylene (LCBPE), mainly including in
situ polymerization in a reactor,7–9 high energy irradiation10,11

and melt radical graing.12–14 Usually, LCBPE is produced by
free radical reaction with multifunctional monomers initiated
u University, Guiyang 550025, People's
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hemistry 2019
by high energy rays or peroxide initiator.15 Owing to the high
reactivity of the polyfunctional monomers, cross-linking of the
PE is easily caused, which is not favorable for the subsequent
processing. Monofunctional monomers do not produce gels,
but they are unable to act as a branching center to produce
branching PE, just graed with PE. While the timing of
branching reaction initiated by peroxide is very important for
obtaining long chain branched polyethylene with low gel
content, in previous studies the reaction time was arbitrarily set
in the modication of HDPE to prepare LCBPE through melt-
graing, and so it was hard to obtain a sample with moderate
LCB and no gel.16–18

The LCB topological structure can affect not only the rheo-
logical properties but also the crystallization properties of
a crystalline polymer.19 There have been many studies on the
crystallization of long chain branched polypropylene
(LCBPP).20,21 However, there have been few publications con-
cerning the crystallization behavior of LCBPE.

The production and application of HDPE materials have
continuously expanded via compounding with nano-sized
inorganic particles. Nano-SiO2, with a size range of 1 to
100 nm, possesses many unique properties. It has wide appli-
cation prospects in the new material eld and shows no
harmful effects on the environment.22 The research of Masao
Sumita et al. showed that extremely small particles, comparable
RSC Adv., 2019, 9, 1123–1133 | 1123

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra08061e&domain=pdf&date_stamp=2019-01-08
http://orcid.org/0000-0001-8848-9354
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08061e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009002


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 8

:4
0:

00
 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
in the size to the LDPE crystalline region, had a prominent
reinforcing effect on the oriented polymer matrix.23 This ller
size effect may be applied to other composites of any crystalline
polymers. Meanwhile, Rui-Juan Zhou and others suggested that
the fracture toughness of polyolen material was improved by
the addition of surface-treated SiO2 nanoparticles with different
alkyl chain length, owing to the plasticization of alkyl chains in
the particle–matrix interphase reducing the stiffness of
boundary layers.24–26 So far, nano-SiO2 has mainly been applied
to improve the crystallization behavior and mechanical prop-
erties of polyethylene. However, reports cannot be found about
application of nano-SiO2 changing the topological structure of
polyethylene molecular chains.

In this work, the hydroxyl groups on the surface of nano-SiO2

particles are able to react with the epoxy groups in glycidyl
methacrylate (GMA) in the presence of SnCl2 as catalyst; thus
the double bonds (C]C) in GMA could be graed onto nano-
silica and complex nanoparticles obtained.27 The complex
nanoparticles with C]C can react with HDPE in the presence of
DCP, which can change the topological structure of HDPE to
produce long branching chains and improve the mechanical
properties and enhance the melt strength. In addition, the
optimum reaction time was determined corresponding to the
summit of reaction peak in the torque curve, so the best
condition of the product was obtained and gel formation was
avoided. This work may provide a new method for the appli-
cation of inorganic nanoparticles to improve the processing
performance of HDPE in specic applications such as thermo-
forming and extrusion foaming.
2. Experimental section
2.1 Materials

Nano-silicon dioxide (SiO2) with 20 nm average particle size was
supplied by Hangzhou Wanjing New Material Corporation,
Hangzhou, China. HDPE pellets (5000 S) were obtained from
Lanzhou Petrochemical Corporation, Lanzhou, China. Glycidyl
methacrylate (GMA) was supplied by Guangzhou Liga Trading
Co., Guangzhou, China. Stannous chloride (SnCl2) was
purchased from Chengdu Jinshan Chemical Reagent Co.,
Sichuan, China. Xylene, acetone and absolute ethyl alcohol
(analytically pure) were all obtained from Chongqing Chuan-
dong Chemical Group Co., Chongqing, China. Dicumyl
peroxide (DCP) was purchased from Aladdin Reagent
(Shanghai) Co. Ltd.
Fig. 1 Schematic diagram of GMA grafted modified nano-SiO2.
2.2 Surface graing modication of Nano-SiO2

2.2.1 Activation of nano-SiO2 surface. Owing to the abun-
dant silicon hydroxyls on its surface, nano-SiO2 can react with
lots of polar groups, such as the epoxy group. Because of the
adsorption of some impurities which will reduce the number of
hydroxyl groups on the surface, it is necessary to activate the
nano-SiO2 surface to obtain more silicon hydroxyl groups so as
to improve the graing ratio. A certain quantity of nano-SiO2

was weighed in a beaker, and then an appropriate amount of
distilled water was added to obtain the nano-SiO2 suspension
1124 | RSC Adv., 2019, 9, 1123–1133
liquid. A small amount of hydrochloric acid was added drop-
wise to the suspension liquid, and then the mixed system was
ultrasonically treated for 2 hours. Finally, the activated nano-
SiO2 was acquired by centrifugal separation at a speed of
10 000 rpm, washed with deionized water and dried at 100 �C
for 24 hours in a vacuum drying oven.

2.2.2 Surface graing of nano-SiO2. A certain amount of
activated nano-SiO2 was added into enough xylene and ultra-
sonically dispersed for 2 hours. Aer that, glycidyl methacrylate
(GMA), with the mass ratio between nano-SiO2 and GMA being
1 : 1, was added along with 1000 ppm SnCl2 as catalyst. The
graing reaction was performed under mechanical stirring at
80 �C for 8 hours. The epoxy group in GMA can chemically react
with the activated hydroxyl groups on the surface of nano-SiO2,
as shown in Fig. 1, and a composite monomer with multiple
double bonds (C]C) focusing on nano-SiO2 can be obtained to
prepare LCBPE via radical reaction. The graed nano-SiO2 was
nally acquired successively by centrifugal separation, washing
and desiccation.

2.3 Preparation of LCBPE based on graed Nano-SiO2

Modication of HDPE took place in a torque rheometer. Before
melt reaction, HDPE pellets, nano-SiO2 and peroxide initiator
DCP were mixed evenly by stirring for 5 minutes. Aer that, the
mixture was put in the torque rheometer (XSM-500, Kechuang
Co., Ltd. Shanghai, China) at 170 �C and 80 rpm for a certain
time to obtain modied PE. Finally, the samples were smashed
to granules in a pulverizer. The contents of all formulations
studied are listed in Table 1. Samples were taken at the top of
the reactive peak in the torque curves if a second torque peak
could be observed, but otherwise sampled at the time of equi-
librium torque.

2.4 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed
with a Nexus 670 (Nicolet, Inc., WI, USA). Before testing, the
modied samples were dissolved in hot xylene at 140 �C and
then the solution was poured into 200 mL acetone at room
temperature. The sediments were separated by ltration, and
then were dried under vacuum for at least 24 hours at 80 �C.
Finally, the puried sample was pressed into a thin layer with
This journal is © The Royal Society of Chemistry 2019
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Table 1 Formulae of HDPE and modified samples

Sample HDPE [g] DCP [g] Irganox 1010 [g] SiO2 [g] SiO2-g-GMA [g]

HDPE 100 — 0.2 — —
1-SiO2/PE 100 0.1 0.2 1 —
1-SiO2-g-GMA/PE 100 0.1 0.2 — 1
2-SiO2-g-GMA/PE 100 0.1 0.2 — 2
3-SiO2-g-GMA/PE 100 0.1 0.2 — 3
5-SiO2-g-GMA/PE 100 0.1 0.2 — 5

Fig. 2 Normalized FTIR spectra of unmodified nano-SiO2 and SiO2-g-
GMA after purification.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 8

:4
0:

00
 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
spectroscopically pure potassium bromide (KBr, SP) at room
temperature and 14 MPa for FTIR measurements.

2.5 Water contact angles

The contact angle on the surface was determined by using an
OCA20 machine (Data-Physics, Germany) at room temperature.
Three measurements at different positions on the same sample
were used to obtain the average value.

2.6 Melt index measurement

The melt index (MFI) of HDPE and modied samples was
measured by using an SRZ-400E tester (Changchun Intelligent
Instrument and Equipment Co., Ltd) at 190 �C and 5.0 kg.

2.7 Rheological characterization

Rheological measurements were performed by an advanced
rheometer expansion system (ARES-G2, TA instruments, USA)
with a parallel-plate (25 mm in diameter) and a gap of 1 mm.
The small amplitude oscillatory shear was performed in the
frequency range of 0.05 to 100 rad s�1 at 190 �C with an accuracy
of� 0.5 �C. The applied strain was kept at 2% in order to ensure
all samples were maintained in the linear viscoelastic region.

2.8 Melt strength testing

Themelt extension of PE samples prepared using SiO2-GMAwas
performed using a capillary rheometer (Rosand RH7, Malvern
Co., UK) for haul-off test at 170 �C, equipped with a at entrance
angle (180�) of diameter 2.0 mm and an aspect ratio L/D ¼ 20.

2.9 Differential scanning calorimetry

The samples were characterized by differential scanning calo-
rimetry (DSC) on a TA instrument. The samples were rst
heated from room temperature to 200 �C and held for 5 minutes
to eliminate the thermal history, and then cooled back to 40 �C
at a rate of 10 �C min�1. The second heating was performed
from 40 �C to 200 �C at a speed of 10 �C min�1. For the whole
process, all samples were kept under nitrogen at a ow rate of
40 mL min�1.

2.10 Polarizing microscopy

Crystalline morphology was investigated by polarizing optical
microscopy (Axio Scoppe A1, ZEISS Co., Germany) with an
automatic heating stage. Samples were rst melted on a glass
This journal is © The Royal Society of Chemistry 2019
slide at 200 �C for 5 minutes to eliminate thermal histories and
then cooled to 25 �C at a speed of 20 �C min�1.

2.11 Mechanical property testing

The tensile tests and bending property measurements were
performed by using a universal tensile testing machine
(CMT6104, MTS Sensors, China) according to GB/T 1040.2-2006
and GB/T 9341-2008 with a tensile speed of 50 mm min�1 and
crosshead speed of 2 mm min�1. The notched Izod impact test
was carried out on an impact testing machine (ZBC1400-B) at
room temperature, using a 2.75 J pendulum. Five specimens for
each sample were tested and the average values were calculated
as the nal result.

2.12 Morphological characterization

Scanning electron microscopy (SEM), JEOL-7500F (JEOL, Japan)
was used to analyse the tensile failure section structure and
morphology of PE samples. Before observation, the notched PE
specimen was immersed in liquid nitrogen for 2 hours and then
broken by an impact pendulum. Fracture surfaces were sput-
tered with gold to provide enhanced conductivity.

2.13 Gel content testing

The gel content was determined by an extraction experiment.
The modied samples were cut into small pieces and packed in
RSC Adv., 2019, 9, 1123–1133 | 1125
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Fig. 3 Transient torque curve of HDPE and modified PE samples.
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ne copper nets of 400 mesh, and then were extracted in boiling
xylene (Jinshan Chemical Reagent Ltd, Chengdu, China) for 24
hours. Aer removal from the boiling solvent, the samples were
dried at 80 �C under vacuum to remove residual xylene, and
weighed to determine the percentage gel content. As a matter of
fact, no gel was observed for all modied PE samples.
3. Results and discussion
3.1 FTIR spectra

In order to characterize the change of the groups during gra-
ing modication of nano-SiO2, the unmodied nano-SiO2 and
GMA-g-nano-SiO2 were examined by FTIR. The results are
shown in Fig. 2.

For all nano-SiO2s, bands at about 799 cm�1 and 1103 cm�1

can be observed which correspond to the Si–O asymmetric and
symmetric contraction vibration, the peak at 1638 cm�1 is the
bending vibration of O–H, and the 3441 cm�1 peak is due to the
telescopic vibration of Si–O–H and O–H. In the spectrum for
GMA, bands at about 2930 cm�1 can be found, which corre-
spond to the telescopic vibration of C–H, and the contraction
vibration of C]C is located at about 1650 cm�1. Compared with
the nano-SiO2, GMA graed modied SiO2 shows a new char-
acteristic peak near 1650 cm�1, which is due to the contraction
vibration of –C]O in GMA and may cover the C]C telescopic
vibration characteristic peak, indicating that GMA was
successfully graed onto the nano-SiO2 surface. In addition, the
peak intensity of modied nano-SiO2 in the vicinity of
Table 2 Corresponding parameters of HDPE and modified samples

Sample
Second peak
torque [N m]

Balance
[N m]

HDPE — 111.8
1-SiO2/PE — 110.9
1-SiO2-g-GMA/PE 166.1 122.6
2-SiO2-g-GMA/PE 174.1 126.2
3-SiO2-g-GMA/PE 179.7 128.7
5-SiO2-g-GMA/PE 196.6 138.2

1126 | RSC Adv., 2019, 9, 1123–1133
3441 cm�1 is obviously reduced, which further illustrates that
some of the –OH groups on the SiO2 surface have participated in
the chemical reaction.

3.2 Torque curves of the branching reaction

The mixing torque curves of pristine HDPE and modied HDPE
samples are shown in Fig. 3. For pristine HDPE, the torque
curve keeps nearly horizontal aer complete melting. However,
for the torque curves of modied HDPE samples with nano-
SiO2-g-GMA and DCP, the second peak (reactive peak) can be
obviously observed at about 1.7–2.0 minutes on the right-hand
side of the melting peak, which indicates that long chain
branching or cross-linking takes place in the SiO2-g-GMA/HDPE
systems. As a matter of fact, no gel can be found in any of the
modied HDPE samples, suggesting that the appearance of the
second torque peak is basically due to the introduction of long
branching chains in this system. In addition, there is no
obvious reactive peak for the modied sample with unmodied
SiO2 (1-SiO2/PE), and so it can be considered that LCB structure
cannot be formed without graing modication of nano-SiO2.
Moreover, with the increasing dosage of SiO2-g-GMA, the torque
value of the second peak and the balance torque (listed in Table
2) are correspondingly increased, which can be attributed to the
generation of LCBPE with the increasing contents of SiO2-g-
GMA as well as an enhancement in molecular chain entangle-
ment. The increase of balance torque is mainly caused by the
different dosage of SiO2-g-GMA. Thus, the branching reaction of
the modied sample can be indirectly characterized by the
difference between the second torque peak value and the
balance torque, which is dened as the “relative torque”. As
shown in Table 2, the relative torque gradually increases with
the increasing content of SiO2-g-GMA, indicating the improve-
ment in branching degree. As regards the melt ow index (MFI)
of the sample which is taken at the summit of the reaction peak,
it is found that the MFI of 1-SiO2/PE is slightly higher than that
of pristine HDPE, indicating moderate degradation of PE.
However, lower and lower MFI values can be observed with the
increasing dosage of SiO2-g-GMA, which is ascribed to the
formation of long branching structures and augmented chain
entanglement.

3.3 FTIR analysis and modication mechanism of SiO2-g-
GMA modied HDPE

FTIR spectra of the puried HDPE samples are shown in Fig. 4.
For all modied PEs, new absorption bands at 799 cm�1 and
torque Relative torque
[N m] MFI [g/10 min]

— 3.24
— 3.92
43.5 2.05
47.9 1.47
51 0.8
58.4 0.65

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Normalized FTIR spectra of SiO2-g-GMA, pristine HDPE and
modified samples after purification. Water contact angles of modified
samples are also shown.
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1630 cm�1 can be observed, which are respectively due to the
asymmetrical Si–O stretching vibration and the bending vibra-
tion peak of –OH in SiO2. The peak at 1725 cm�1 is due to the
stretching vibration of –C]O in GMA, indicating that SiO2-g-
GMA has been graed onto the HDPE main chain.

A possible mechanism for formation of LCBPE by modied
nano-SiO2 is shown in Fig. 5. By reaction between the epoxy
group at the end of the GMA molecule and the activated silicon
hydroxy group on the surface of nano-SiO2 at 80 �C in the
presence of the catalyst SnCl2, GMA is graed onto the surface
of the nano-SiO2, and the double bond is provided for the
preparation of LCBPE. At a high temperature, PE
Fig. 5 Schematic of possible mechanism of the formation of LCBPE pre

This journal is © The Royal Society of Chemistry 2019
macromolecular chain radicals can be induced by the initiator
DCP and, meanwhile, small molecular radicals can also be
formed by the opening of vinyl double bonds on the surface of
GMA-g-SiO2. The PE macromolecular radicals can react with the
small molecular radicals; thus GMA-g-SiO2 is graed onto the
PE backbone. On the surface of a SiO2-g-GMA particle,
a plurality of PE molecular chains can be graed to form
a branching structure. Since the molecular chain of the PE
macromolecular free radical is long enough, LCBPE can be
prepared with the SiO2-g-GMA particles as branching centers.

Moreover, the water contact angle decreases gradually with
the increasing content of SiO2-g-GMA, which means that the
polarity of the PE gradually increases.
3.4 Rheological characterization

Linear viscoelastic properties are very sensitive to the topolog-
ical structure of macromolecules.28 Fig. 6(a) and (b) respectively
show the energy storagemodulus G0 and the loss modulus G00 vs.
frequency (u) for pristine HDPE and the modied samples. It
can be observed that G0 and G00 of modied samples with SiO2-g-
GMA are obviously higher than those of pristine HDPE at low
frequency, while the values for 1-SiO2/PE are lower than those of
pristine HDPE over the entire frequency range. The G0 and G00

plots of pristine HDPE and 1-SiO2/PE exhibit typical terminal
behavior of a linear polymer, while for the modied samples
with SiO2-g-GMA, different terminal behaviors can be observed
owing to the introduction of long chain branching structures,
which results in the extension of end relaxation time.

The intersection point Gc between the curves of G0 and G00 is
usually used to characterize the transformation of elasticity and
viscosity, and the corresponding frequency (u) is related to the
pared from SiO2-g-GMA and DCP.

RSC Adv., 2019, 9, 1123–1133 | 1127
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Fig. 6 Storage modulus (a) and loss modulus (b) vs. frequency of HDPE and modified samples at 190 �C.
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relaxation characteristics of the PE chain.29 The characteristic
relaxation time s ¼ 1/u, the intersections of the curves and the
relaxation times of the features are listed in Table 3. Viscous
behavior (where G00 > G0) is exhibited in the low-frequency
region, and elastic behavior (where G00 < G0) is exhibited in the
high-frequency region. This transition shis to a low frequency
with the increasing content of SiO2-g-GMA, and the uidity of
the system is reduced, with the prolongation of relaxation
time.30 In addition, the molecular weight distribution can be
characterized by the rheological polydispersity index, PI ¼ 106/
Gc. The smaller the PI, the narrower the molecular weight
distribution. The PI calculation results are listed in Table 3. It
can be found that the addition of SiO2-g-GMA broadens the
molecular weight distribution of the system, and the more the
SiO2-g-GMA content, the broader the molecular weight
distribution.
3.5 Melt strength

Most typical LCB polymers have high melt strength and prom-
inent strain-hardening behavior. In the haul-off test curve,
“melt strength” (Ms) is dened as the maximum force before
melt strand breaking. As is shown in Fig. 7 and Table 3, the melt
strength of 1-SiO2/PE is basically similar to that of pristine
HDPE. However, for the other modied PEs, higher melt
strength values and more obvious strain hardening can be
observed compared with that of pristine PE, manifesting the
introduction of LCBs improving the melt properties. With the
increase of SiO2-g-GMA content, melt strength values of the
modied PEs increase at rst and then decrease. When the
content of SiO2-g-GMA is 2 phr, the melt strength of the samples
Table 3 Rheology parameters of pristine HDPE and modified samples

Sample u [rad s�1] s [s] Gc [Pa] PI Ms [N]

HDPE 143.62 0.007 1.253 � 105 7.98 0.07
1-SiO2/PE 120.16 0.008 5.042 � 104 19.83 0.09
1-SiO2-g-GMA/PE 39.36 0.025 6.703 � 104 14.92 0.164
2-SiO2-g-GMA/PE 38.41 0.026 7.484 � 104 13.36 0.32
3-SiO2-g-GMA/PE 30.45 0.033 7.247 � 104 13.80 0.29
5-SiO2-g-GMA/PE 27.75 0.036 6.269 � 104 15.95 0.26

1128 | RSC Adv., 2019, 9, 1123–1133
reaches a maximum of 0.32 N, which is much higher than that
of pristine HDPE and 1-SiO2/PE.31

A schematic of formation and entanglement of this LCBPE
system is shown in Fig. 8. The entanglement among PE
macromolecular chains, which provides physical crossing
points, is enhanced owing to the LCBPE prepared by SiO2-g-
GMA, resulting in the improvement in the chain relaxation time
and melt strength. However, with the increasing dosage of SiO2-
g-GMA, the number of effective entanglement points is reduced
owing to the agglomeration of the nanoparticles, which causes
a decline in the melt strength to a certain degree.
3.6 Crystallization behavior

The cooling and heating traces of pristine HDPE and modied
PE samples are shown in Fig. 9(a) and (b), and the corre-
sponding crystallization and melting parameters are listed in
Table 4. At a certain cooling rate, the crystallization peak
temperature (Tp) moves towards high temperature, which
indicates that the degree of supercooling of the system
decreases, and stable crystal nuclei can be formed at a higher
temperature.32 The total rate for the crystallization process can
Fig. 7 Haul-off force vs. haul-off speed of pristine HDPE andmodified
samples.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Schematic of LCBPE system.
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be expressed as (Tc � Tp), where Tc is the initial crystallization
temperature, and the smaller the value of (Tc � Tp), the faster
the crystallization rate.33 From Fig. 9(a) and Table 4, it can be
seen that the Tc and (Tc � Tp) of the samples modied with
nano-SiO2 and SiO2-g-GMA are both higher than those of pris-
tine HDPE, with the samples modied by SiO2-g-GMA having
the uttermost values. Nano-SiO2 in this system plays a role in
heterogeneous nucleation, so that PE can start nucleation at
a higher temperature with nano-SiO2 as the core. As a result, the
nucleation density and the value of Tc are improved in 1-SiO2/
PE. The crystallization temperature of SiO2-g-GMA/PE is obvi-
ously higher than those of 1-SiO2/PE and pristine HDPE, which
can be attributed to the nucleating role of LCB structure in the
SiO2-g-GMA/PE system and the blocked thermal movement of
the molecular chains by the branching entanglement, and
stable crystal nuclei are easily formed at high temperature,
which is consistent with the characteristics of LCB polymers
reported by literature.34
Fig. 9 DSC cooling (a) and melting (b) traces for pristine HDPE and mo

This journal is © The Royal Society of Chemistry 2019
However, in the subsequent crystal growth process, the
addition of nano-SiO2 decreases the free volume of the
polymer molecular chains, which restricts the movement and
diffusion of molecular chains, as well as the growth of crys-
tals; thus the overall rate of crystallization is reduced, which
is manifested by the augmentation in the value of Tc � Tp. In
addition, LCB structure in the SiO2-g-GMA/PE system can
also play a nucleating role in the crystallization process,
while the presence of the LCB structure increases the
entanglement among molecular chains, which drastically
hinders the motion of the molecular chains of PE during the
crystallization, so that the crystals grow more slowly. There-
fore, the order of Tc and (Tc � Tp) is SiO2-g-GMA/PE > SiO2/PE
> HDPE.

Moreover, for the SiO2-g-GMA/PE system, it is found that Tc
remains basically unchanged, while (Tc � Tp) gradually
increases, that is, the total crystallization rate gradually
decreases with the increase of SiO2-g-GMA content.
dified samples at a speed of 10 �C min�1.

RSC Adv., 2019, 9, 1123–1133 | 1129
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Table 4 DSC parameters of pristine HDPE and modified samples

Sample Tc [�C] Tp [�C] Tc � Tp [�C] Tm [�C] DHm [kJ mol�1] Xc [%]

HDPE 118.81 115.53 3.28 133.63 188.2 65.12
1-SiO2/PE 118.94 113.43 5.51 133.95 187.6 64.91
1-SiO2-g-GMA/PE 120.54 113.37 7.17 136.10 181.8 62.91
2-SiO2-g-GMA/PE 120.13 112.02 8.11 136.12 189.9 65.71
3-SiO2-g-GMA/PE 120.46 112.37 8.09 135.54 162.0 56.06
5-SiO2-g-GMA/PE 120.31 111.81 8.5 133.66 151.4 52.39
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Fig. 9(b) shows the second heating thermogram of all
samples. The crystallinity (Xc) of pristine HDPE and modied
samples can be determined from heating scans using the
following eqn (1):

Xc ¼ DHm

DH0
m

� 100% (1)

where DHm is the enthalpy of melting of the samples and
DH0

m is the melt enthalpy of the hypothetically 100% crystalline
HDPE (DH0

m ¼ 293 J g�1).35 As listed in Table 4, the melt
temperature (Tm) and Xc of 1-SiO2/PE are similar to those of
pristine HDPE, while higher Tm and lower Xc can be found in 1-
SiO2-g-GMA/PE with the same content of SiO2-g-GMA because of
the stronger interaction force of molecular chains of the LCBPE
with the SiO2-g-GMA, and the introduction of LCB structure
destroys the regularity of the PE molecular chains. For the SiO2-
g-GMA/PE system, both Tm and Xc display a trend of rising rst
then falling upon an increase in the SiO2-g-GMA content. When
the SiO2-g-GMA content is 2 phr, Tm and Xc reach amaximum.

The crystal morphology of pristine HDPE and modied
samples was observed by polarizing optical microscopy (POM).
The polarized micrographs of all samples that crystallized from
Fig. 10 POM micrographs taken at 200� magnification for (a) HDPE, (b)
GMA/PE and (f) 5-SiO2-g-GMA/PE.

1130 | RSC Adv., 2019, 9, 1123–1133
200 to 25 �C at a cooling rate of 20 �C min�1 are shown in
Fig. 10(a)–(f). It can be obviously observed that the modied
sample crystals are signicantly rened compared with pristine
HDPE. Compared with 1-SiO2/PE, the crystal grains of 1-SiO2-g-
GMA/PE are smaller and the number of spherulites is bigger,
which suggests that the nano-SiO2 and LCB structures can both
function as nucleating agents to promote the crystal nucleation.
As a result, the crystals are signicantly rened, which is
consistent with the previous DSC results. In addition, as the
SiO2-g-GMA content increases, lots of smaller and smaller
spherocrystals can be found and the boundary of each spher-
ocrystal becomes indistinct, which can be attributed to the
mutual diffusion and entanglement among the PE chains on
the nano-SiO2 surface and in the matrix.
3.7 Mechanical properties

Table 5 shows the mechanical performances of pristine HDPE
and modied samples. As a whole, the mechanical strength of
PE samples increases at rst and then decreases as the SiO2-g-
GMA content rises, and the elongation at break is gradually
decreased. First of all, the double bonds on the surface of the
1-SiO2/PE, (c) 1-SiO2-g-GMA/PE, (d) 2-SiO2-g-GMA/PE, (e) 3-SiO2-g-

This journal is © The Royal Society of Chemistry 2019
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Table 5 Tensile strength and nominal strain fracture and impact strength and flexural strength and modulus of pristine HDPE and modified
samples

Sample
Tensile strength
[MPa]

Elongation at
break [%]

Impact strength
[kJ m�2]

Flexural strength
[MPa]

Flexural modulus
[MPa]

HDPE 21.35 164.75 16.36 13.32 594.00
1-SiO2/PE 22.55 94.25 17.77 16.84 695.00
1-SiO2-g-GMA/PE 25.55 100.25 19.25 17.31 721.00
2-SiO2-g-GMA/PE 26.06 64.75 20.29 17.77 730.20
3-SiO2-g-GMA/PE 25.78 55.25 18.65 15.38 660.00
5-SiO2-g-GMA/PE 24.58 52.5 15.59 14.33 553.60
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nano-SiO2 react with HDPE molecular chains initiated by the
initiator DCP to generate LCB structure, which enhances the
interfacial bonding force between nano-SiO2 and the matrix
resin, thus increasing the compatibility and the dispersibility of
the nanoparticles. When the specimen is stretched, this tangled
complex of nanoparticles can orientate with the PEmatrix along
Fig. 11 Scanning electronmicroscopy images of impact fracture section
(e) 3-SiO2-g-GMA/PE and (f) 5-SiO2-g-GMA/PE.

This journal is © The Royal Society of Chemistry 2019
the tensile direction, with an increase in tensile strength.36

Aerwards, the crystals are signicantly rened by nano-SiO2,
and the smaller spherulites produce lower stress concentration.
In the end, nano-SiO2 graed with PE chains in this system
enhances the chain entanglement; thus more energy can be
dissipated. As a result, the tensile strength, impact strength,
of (a) HDPE, (b) 1-SiO2/PE, (c) 1-SiO2-g-GMA/PE, (d) 2-SiO2-g-GMA/PE,

RSC Adv., 2019, 9, 1123–1133 | 1131
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exural strength and exural modulus are all improved. When
the dosage of SiO2-g-GMA is 2 phr, the tensile strength displays
the maximum value of 26.06 MPa, and the highest impact
strength of 20.21 kJ m�2 is 24.1% higher than that of pristine
HDPE. Similarly, the highest exural strength and exural
modulus are respectively increased by 31.9% and 23.7%
compared with pristine HDPE.

However, excessive SiO2-g-GMA easily agglomerates, which
goes against its dispersibility in the matrix. Under the action of
external forces, the matrix resin is not uniformly stressed, and
regions of stress concentration are easily formed, which
decrease the mechanical strength. The elongation at break is
gradually decreased, which is due to the movement of the
molecular chains of PE being subjected to restriction by
entanglement and the presence of nano-SiO2 particles.
3.8 Morphological characterization

Good dispersibility is critical to the preparation of polymer-
based nanocomposite materials. The impact fracture surfaces
of pristine HDPE and modied samples are shown in Fig. 11.
Fig. 11(a) shows the fracture surface of pristine HDPE; its
morphology is relatively smooth, and a certain degree of
deformation can be seen. Fig. 11(b) and (c)–(f) are the SEM
images of the fracture section of 1-SiO2/PE and the PE samples
modied with different contents of SiO2-g-GMA, respectively. A
higher degree of deformation can be seen on the fracture
surfaces of the SiO2-g-GMA modied PE, and the impact
strength of the samples is improved. The dispersion of nano-
SiO2 within 1-SiO2-g-GMA/PE is more uniform than that within
1-SiO2/PE because the compatibility is improved for the surface-
modied nano-SiO2. When the SiO2-g-GMA content is relatively
low (less than 3 phr), serious agglomeration of nano-SiO2 is not
found; thus the mechanical properties of modied samples are
improved. When the dosage of SiO2-g-GMA is more than 3 phr,
the modied samples exhibit obvious agglomeration. With the
increase of SiO2-g-GMA content, the size of agglomerated
particles is obviously increased, and the largest agglomerate
particle size is nearly 400 nm, which easily results in excessive
stress concentration and downgrades the mechanical proper-
ties of the material.
4. Conclusions

Glycidyl methacrylate (GMA) was graed onto the surface of
nano-SiO2, and multiple double bonds (C]C) were introduced.
LCBPE without gel was prepared by melt-graing reaction in
a Haake torque rheometer in the presence of peroxide and the
nano-SiO2 graed GMA (SiO2-g-GMA), when the samples were
obtained at the top of the reactive peak in the torque curves. The
addition of the graed nanoparticles played an important role
in the formation of long branched HDPE molecular chains by
radical reaction. Rheological characterization indicated the
formation of LCB structures. The prepared LCBPE had a longer
relaxation time and broader molecular weight distribution, and
the sample with 2 phr SiO2-g-GMA/PE possessed the highest
melt strength of 0.32 N, which is much higher than that of
1132 | RSC Adv., 2019, 9, 1123–1133
pristine HDPE (0.07 N). The spherulites of LCBPE were much
smaller and the initial crystallization temperature was higher
than that of pristine HDPE, indicating that the LCB structure
acted as nucleating agent. However, the total rate of crystalli-
zation was slowed down, and the degree of crystallinity was
reduced, indicating that the LCB structure increases the degree
of chain entanglement and restrains the movement of molec-
ular chains at the same time. Comparing the mechanical
properties of SiO2-g-GMA modied PE with pristine HDPE, the
sample with 2 phr SiO2-g-GMA/PE possessed the best mechan-
ical properties. The tensile strength increased by 24.1%,
bending strength increased by 31.9% and exural modulus
increased by 23.7%, respectively. When the SiO2-g-GMA content
was more than 3 phr, the inorganic nanoparticles tended to
agglomerate, and the mechanical properties of the material
deteriorated.
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Polymer, 2002, 43, 6383–6390.

9 R. A. Bubeck, Mater. Sci. Eng., R, 2002, 39, 1–28.
10 S. Cheng, F. Dehaye, C. Bailly, J. J. Biebuyck, R. Legras and

L. Parks, Nucl. Instrum. Methods Phys. Res., Sect. B, 2005,
236, 130–136.

11 S. Cheng, E. Phillips and L. Parks, Radiat. Phys. Chem., 2009,
78, 563–566.

12 P. D. Iedema, K. Remerie, M. V. D. Ham and E. Biemond,
Polymer, 2013, 54, 4093–4104.
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