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ABSTRACT: Polyethylene (PE)/fullerene C60 nanocomposites, and PE samples for comparison in the presence of 0.1 wt % and 0.3 wt

% 2, 5-dimethyl-2, 5(tert-butylperoxy) hexane peroxide (DHBP) were prepared by melt mixing. FTIR characterization showed that

reactive C60 could be grafted onto PE chains via a radical mechanism. As a result, the dispersion state of C60 was improved, and the

chain extension reaction of PE macroradicals and final topological structures were largely influenced. Linear viscoelastic response of

PE and PE/C60 nanocomposites containing the same content of peroxide showed much difference. Furthermore, the results of

dynamic time sweep tests demonstrated that the addition of C60 could accelerate chain extension reaction. The presence of C60 could

largely improve the thermal stability of PE due to the radical scavenging nature of C60. However, the crystallization behavior, melting

behavior and mechanical properties of both PE and PE/C60 samples were mainly determined by the content of peroxide. VC 2012 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 129: 371–382, 2013
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INTRODUCTION

Polyethylene (PE) is the most widely produced and used ther-

moplastic polymer in the world, with a large versatility of appli-

cation possibilities. Like polypropylene (PP), PE is easy to

undergo the abstraction of hydrogen atoms by alkoxy radicals

formed via thermal decomposition of peroxide and produce

polymer macroradicals. However, PP macroradicals tend to suf-

fer b-scission reaction and PE macroradicals are prone to

undergo radical recombination because of the differences of the

chemical structure.1,2 The formation of PE macroradicals pro-

vides us a convenient and useful way to modify PE via melt

mixing and broaden its application, such as modification of its

polarity by grafting polar monomers,3,4 adjusting the morphol-

ogy and properties of PE blending with other polymers,1,5,6 and

production of crosslinked PE in the presence of high content of

peroxide to extend its application in hot water pipes, electrical

wires and cables, and heat shrinking products.7,8 It is a question

whether PE macroradicals produced during melt mixing can be

used to improve the interfacial interaction between PE and

nanoparticles. Recently, pentadecane, as a model compound of

PE, was used to react with carbon nanotubes (CNTs) in the

presence of peroxide.9,10 The results demonstrated that PE mac-

roradicals could react with the unsaturated bonds located on

the surface of CNTs and increase the solubility of CNTs in vari-

ous solvents. The same group also synthesized the PE-grafted

CNTs via a peroxide-initiating radical coupling reaction by

using a well-defined TEMPO and thiol end-functionalized PEs

in 1, 3-dichlorobenzene.11

Fullerene C60, as a special nanoparticle of single molecule, has a

high electron affinity and is therefore capable of acting as radical

scavengers. The C60 has 30 carbon–carbon double bonds that can

trap 34 methyl radicals and 15 benzyl radicals at most, thus it is

known as a radical sponge.12 As a reactive nanoparticle, C60 has a

high addition rate with alkyl radicals with the rate constant in

the range of 106–108 M�1 s�1.13 In our former research,14 we

have demonstrated that the interfacial reaction between C60 and

PP took place in the presence of peroxide by simple melt mixing.

Not only the dispersion state of C60 nanoparticles was improved

but also the degree of b-scission of PP macroradicals was

reduced. Unlike PP macroradicals, PE macroradicals are prone to

perform chain extension reactions. In this work, we prepared PE/

C60 nanocomposites in the presence of relative low content of
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organic peroxide via melt mixing, and studied the influence of

reactive C60 on the chain structure, rheological, thermal, and me-

chanical properties of the final PE materials.

EXPERIMENTAL

Materials

A commercial additive-free linear low density polyethylene

(LLDPE) powder brand 7042 [(Petrochina Daqing Petrochemi-

cal Company, MFR ¼ 2.6 g/10 min (2.16 kg, 190�C)] was used
in this study. The C60 (purity: 99.9%) was purchased from

Yongxin Technology Co., China. The 2, 5-dimethyl-2, 5(tert-

butylperoxy) hexane peroxide (DHBP) was obtained from

Aldrich. Other reagents were used without further purification.

Furthermore, the decomposition rate constant (kd) and half-life

time (t1/2) of DHBP at different temperatures were calculated

from the following equations and listed in Table I.

kd ¼ A � e�Ea=RT (1)

t1=2 ¼ ðln 2Þ=kd (2)

With Ea ¼ 155.49 kJ/mol, A ¼ 1.68 � 1016 1/s, R ¼ 8.314 J/

mol K, which were obtained from the website of AkzoNobel.

The residue DHBP at a given time could be acquired from the

equation:

d½DHBP�=dt ¼ �kd½DHBP� (3)

Sample Preparation

All samples without special illustration were prepared via melt

mixing at 180�C for 8 min using a Brabender LH60 internal

mixer (Shanghai, China) with a rotating speed of 64 rpm. Only

6.77 � 10�3 wt % DHBP was non-decomposed after melt mixing

according to eq. (3), and which could be ignored. Torque curves

were acquired by Brabender mixing software. Before melt mixing,

about 45 g PE power with a designed composition of C60 and

DHBP was premixed by high speed pulverator for 2 min. After

melt mixing, the samples were shaped into 1 mm thick by com-

pressing molding at 170�C. The resultant samples were desig-

nated as xCyD. Here C and D denote C60 and DHBP, respectively;

and x and y denote the weight percentage of C60 (�10), and

DHBP (�100), respectively. For example, 12C010D means that

the sample contains 1.2 wt % C60 and 0.1 wt % DHBP. Sample

PEB represented pure PE mixing with 1.0 wt % Irganox B215 at

the beginning of melt mixing, and other samples were mixed

with 1.0 wt % B215 after melt mixing about 7 min.

Characterization

FTIR (Bio-RadFTS-135) was used to characterize PE and modi-

fied PE/C60 samples, which were pressed into thin films at

150�C. The molecular weight and polydispersity of different PE

and PE/C60 samples were determined at 150�C by a PL-GPC

220 type high-temperature gel permeation chromatography

equipped with differential refractive index. 1, 2, 4-trichloroben-

zene was used as solvent at a flow rate of 1.0 mL/min. The cali-

bration was made by the polystyrene standard EasiCal PS-1

(PL). For measuring the content of gel, modified PE and PE/

C60 samples were first packed with nylon fabric of 500 meshes

and extracted in boiling xylene with 0.5 wt % 2, 6-di-tert-

butyle-4-methylphenol (BHT) for 24 h. According to the mass

change, the gel content of different samples was determined.

Morphologies of PE/C60 nanocomposites were observed by a

transmission electron microscope (TEM, JEL 1011, JEOL,

Japan) on microtome sections at 100 kV accelerating voltage.

Ultrathin sections were cryogenically cut at a temperature of

�80�C using a Leica Ultracut.

Small amplitude dynamic oscillatory shear measurements were

carried out on PHYSICA MCR 300 under nitrogen atmosphere.

Round samples (25 mm in diameter � 1 mm in thickness)

were prepared for frequency scanning at 170�C, with a gap of

0.8 mm and a frequency scope from 0.01 to 100 rad/s. To

ensure that the tests were carried out in linear viscoelastic

regime, strain sweep was applied for sample PEB, 030D, and

12C30D at a frequency of 1 Hz at 170�C. As shown in Figure 1,

the critical strains for linear viscoelastic regime of the samples

PEB, 030D, and 12C030D were 40%, 15%, and 11%, respec-

tively. Dynamic time sweep tests were performed by ARES-G2

from TA instruments at different temperatures at a frequency of

1 Hz because the time to get the setting temperature for ARES-

G2 was shorter (less than 120 s) than that for PHYSIC MCR

300. The strain for frequency sweep and dynamic time sweep

Table I. Related Parameters of DHBP at Different Temperatures

T 130�C 150�C 160�C 170�C 180�C

kd (1/s) 1.20 � 10�4 1.07 � 10�3 2.98 � 10�3 7.89 � 10�3 2.00 � 10�2

t1/2 (s) 5776.2 647.8 232.6 87.9 34.7

Figure 1. Dynamic strain sweep of samples PEB, 030D, and 12C030D at

170�C.
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was fixed at 1% in order to make the materials be in the linear

viscoelastic regime.

Thermogravimetric analysis (TGA) was done by Thermal Analy-

sis Instrument (SDTQ600, TA Instruments) from 30 to 650�C
under air atmosphere with a heating rate of 10�C/min. Melting

point and crystallization temperature of the samples were deter-

mined by differential scanning calorimetry (DSC) on a Perkin-

Elmer DSC-7 instrument, using a heating rate of 10�C/min in

the temperature range 20–160�C under nitrogen. The crystallin-

ity was calculated from the ratio of the melting enthalpy of the

sample to the melting enthalpy for 100% crystalline PE, with an

enthalpy of 293 J/g.15

Tensile tests were performed by an Instron Universal Testing

Machine (Model 1121) at ambient conditions. The dumbbell

shape specimens with gauge dimensions of 20 � 4 � 1 mm3

were used for tensile test. The crosshead rate was fixed at 20

mm/min and five runs for each sample were measured.

RESULTS AND DISCUSSION

Behavior of Mixing Torque

Both the rate constants of fullerene C60 toward alkyl radicals

and radical coupling reaction are in the range of 106–108 M�1

s�1.13,16 Therefore, in principle, adding C60 could influence the

coupling reaction of PE macroradicals. It is well accepted that

the torque value is proportional to the melt viscosity of the

polymer. The chain extension reaction will result in the increase

of the torque values.17 As shown in Figure 2, the presence of

C60 strongly influenced the shape of torque curves in the cases

containing peroxide. Without peroxide, a small number of PE

macroradicals were formed by thermal initiation. For sample

12C, C60 could effectively capture PE macroradicals and form

small amounts of long chain branched structure, therefore, the

torque values of 12C were larger than those of sample PE after

complete fusion of polymer. According to Einstein’s viscosity

equation,18 the viscosity of polymer nanocomposites would also

increase with the content of nanoparticles. But based on our

former research,19 1.2 wt % C60 had barely influenced the poly-

mer viscosity if no chemical reaction happened. So higher tor-

que values of sample 12C than sample PE should be mainly due

to the change of chain structure. In the presence of peroxide,

PE underwent chain extension reaction through radical recom-

bination and the torque values increased with the content of

peroxide. Further adding C60 led to quicker increase of the tor-

que values during 60–240 s, but which showed more obvious

decrease later than PE containing the same content of peroxide,

because of the changing of the process of radical recombination

and chain structure.

Microstructure Characterization of Modified PE/C60

Nanocomposites by FTIR and TEM Measurements

FTIR spectroscopy was employed to investigate the chemical

reaction between PE chains and C60 in the presence of peroxide.

At first, sample 12C and 12C030D were purified by dissolving

0.5 g samples in 150 mL xylene at high temperature with 0.5 wt

% 2,6-di-tert-butyle-4-methylphenol (BHT) for 2 h and then

precipitating by cooling three times to eliminate unreacted C60.

Because C60 can be dissolved in xylene with the solubility about

5.2 mg/mL at room temperature,20 only the C60 linked to PE

chains will precipitate together with PE during cooling. As

shown in Figure 3,C60 showed two strong characteristic peaks at

526 cm�1 and 575 cm�1, but PE had no absorption at the given

wavelength range. After purification, the absorption peaks

belonging to C60 for sample 12C completely disappeared due to

little C60 linked to PE chains. However, there was an absorption

peak at 528 cm�1 for sample 12C030D after purification, which

demonstrated that a part of C60 was covalently grafted onto PE

chains through radical reaction. Compared with C60, the shift

of 2 cm�1 to high wavelength of purified 12C030D could be

ascribed to the influence of the bonded bulky PE chain. Addi-

tionally, the color of purified 12C030D was brown, and that of

purified 12C was almost white, which also confirmed that some

C60 was covalently grafted onto PE chains for sample 12C030D.

The introduction of chemical linking between polymer matrix

and nanoparticles during melt mixing should influence the dis-

persion state of nanoparticles. The diameter of one C60 mole-

cule is 0.71 nm, and different morphologies of crystalline

Figure 2. Behavior of the mixing torque for PE and PE/C60 samples with

or without peroxide at 180�C.

Figure 3. FTIR spectra of C60 and different PE/C60 samples. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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fullerene solids can be acquired by different precipitation meth-

ods.21,22 Figure 4(a) shows the TEM image of C60 from xylene

solution, and the size of C60 crystals ranged from 30 to 150 nm.

The dispersion states of C60 in modified PE/C60 samples were

shown in Figure 4(b–d). Adding an amount of DHBP could

improve the dispersion degree of C60 in PE matrix. Compared

with sample 12C, more small C60 clusters were observed for PE/

C60 nanocomposites containing DHBP. This was ascribed to the

improved interfacial interaction between two components and

stronger shear force during melt mixing.

Molecular Structure of Modified PE and PE/C60 Samples

The possible reactions of PE macroradicals were listed in

Scheme 1. Radical coupling reaction of PE macroradicals could

lead to chain extension and formation of long chain branched

or even crosslinked structure, and disproportion reaction had

no influence on the molecular weight. However, b-scission reac-

tion could shorten polymer chain. According to former

reports,1,2 PE macroradicals are prone to undergo radical

recombination, whereas PP macroradicals tend to occur with

b-scission reaction. The gel content of different PE/C60 samples

was measured before GPC test. As shown in Table II, gel was

only found in the samples 12C010D and 12C030D. The C60 can

react with more than two free radicals, which can change the

topological structure of PE during melt radical reaction.

GPC was used to characterize chain structure of PE/C60 sam-

ples. As shown in Figure 5(a) and Table II, in the cases without

DHBP, PE containing C60 (sample 12C) showed higher peak

molecular weight (Mp), weight-average molecular weight (Mw),

number-average molecular weight (Mn), and broader polydis-

persity (PDI) than those of sample PE, because of the presence

of more fractions of high molecular part. However, in the pres-

ence of DHBP, PE samples had different changing trends of

molecular weight distributions from PE/C60 samples. As shown

in Figure 5(b) and Table II, PE samples only containing DHBP

showed a gradual increase in the width of the curves and a

gradual shift of the Mp and Mw toward higher molecular

weights with increasing the content of DHBP. The same phe-

nomenon was also observed in previous reports.23,24 Neverthe-

less, the Mp, Mw, and Mn of the soluble part of PE/C60 samples

decreased with increasing content of DHBP. Especially for sam-

ple 12C030D, the Mp and Mw decreased to 38.1 kg/mol and

65.3 kg/mol, respectively. It is because that the probability of

forming PE macroradicals is essentially uniform between ethyl-

ene units, and polymer chains with higher molecular weight are

preferential to form macroradicals and undergo chain extension

Figure 4. TEM images of (a) C60; (b) 12C; (c) 12C010D; (d) 12C030D.
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reaction.25 For sample 12C010D and 12C030D, portions of

higher molecular weight PE chains in the pristine PE turned

into crosslinked structure after modification. Additionally, the

b-scission of PE macroradicals is inevitable. Therefore, the solu-

ble parts of 12C010D and 12C030D had much lower Mp, Mw

and Mn than sample PEB.

Linear Viscoelastic Properties of Modified PE

and PE/C60 Samples

Rheology has been proved to be a useful analytical tool to study

the molecular architecture.26–28 Linear viscoelastic properties are

very sensitive to the structural change of the materials. The

chain scission of polymer will decrease the content of entangle-

ments between polymer chains, and reduce the value of termi-

nal storage modulus (G0) and complex viscosity (g*). However,

the presence of long chain branched or crosslinked structure

will enhance the chain entanglements, and increase the value of

G0 and g* in the low frequency region. Unlike PP macroradicals,

the secondary reaction of PE macroradicals was mainly chain

extension, rather than chain scission.1 Because it is not probable

for the reactive site to be near the end of the PE chain, the

product should own the topological structure of four-arm star

if the content of PE macroradical is low, and more complicated

network structure in the presence of high content of PE macro-

radicals. Only a small amount of PE macroradicals were pro-

duced uniformly by thermal degradation during the process of

melt mixing in the cases without peroxide. However, trace long

chain branched structure could influence the relaxation behavior

of polymer melts.29,30 As shown in Figure 6(a), the terminal g*s
of sample PE and 12C were larger than those of sample PEB,

because the coupling reaction of PE macroradicals in sample

PEB was inhibited because of the presence of 1.0 wt % Irganox

B215 at the beginning of melt mixing. Owing to the high addi-

tion reaction rate between PE macroradicals and C60, the sam-

ple 12C showed a higher g* in low frequency region than the

sample PE. Figure 6(c) shows the storage modulus (G0) and loss

modulus (G00) of different PE and PE/C60 samples without

DHBP. Within the terminal zone, linear polymer melts should

be fully relaxed and follow the well-known frequency depend-

ence: G 0�x2 and G00�x1. The terminal slope of G0 and G00 in
low frequency region was listed in Table II. Compared with PE,

12C had larger values of G0 in low frequency region and lower

terminal slope of G0 due to the presence of a longer relaxation

mechanism.

Figure 6(b) shows the plots of g* of PE and PE/C60 samples in

the presence of peroxide. Under this condition, PE macroradi-

cals were mainly produced by alkoxy radicals, and the content

of macroradicals was much higher than those produced by ther-

mal degradation. The values of g* for both PE and PE/C60 sam-

ples, especially in low frequency region, increased with adding

more DHBP. Moreover, the Newtonian plateau in low frequency

region of modified PE and PE/C60 samples in the presence of

peroxide could not be reached because of the increasing content

Scheme 1. The possible reactions involved in the life time of PE macroradicals.

Table II. The Structural Parameters and Melt Properties of Different PE and PE/C60 Samples

Sample Mp
a (kg/mol) Mw (kg/mol) Mn (kg/mol) PDI Gelb (wt %) Slope of G’ Slope of G’’ xgel

c (rad/s)

PEB 50.5 87.9 22.9 3.84 0 1.42 0.96 –

PE 52.2 90.3 23.5 3.84 0 1.25 0.86 –

12C 56.2 96.3 24.5 3.92 0 1.10 0.78 –

010D 63.5 115.9 26.4 4.39 0 0.52 0.41 –

030D 65.5 155.8 26.4 5.90 0 0.31 0.28 –

12C010D 49.6d 95.7d 20.4 4.70 6.6 0.48 0.48 2.81

12C030D 38.1d 65.3d 15.6 4.17 25.0 0.20 0.22 22.23

aThe peak molecular weight.
bThe content of gel.
cThe angular frequency corresponding to the critical gel point.
dSoluble component of sample 12C010D and 12C030D.
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of chain entanglements. It was noticeable that sample 12C010D

had much lower g*s than 010D in the given frequency region,

but 12C030D had even larger g*s and more obvious shear thin-

ning phenomenon than 030D in the low frequency region. The

similar changing trend was also observed for G0 and G00 of dif-
ferent PE and PE/C60 samples in the presence of DHBP. As

shown in Figure 6(d), the G0s and G00s of 12C010D were lower

than those of 010D in the testing frequency region; however,

12C030D had even larger terminal G0s than 030D in the low

frequency region. More importantly, the terminal slope of G0

and G00 for both PE and PE/C60 in the presence of 0.1 wt %

decreased to about 0.5 to perform a gel-like behavior.31 When

Figure 5. Molecular weight distributions of different PE and PE/C60 samples: (a) without DHBP and (b) with DHBP.

Figure 6. Rheological results of different PE and PE/C60 samples: (a) complex viscosity of PE and PE/C60 samples without DHBP; (b) complex viscosity

of PE and PE/C60 samples with DHBP; (c) storage modulus and loss modulus of PE and PE/C60 samples without DHBP; and (d) storage modulus and

loss modulus of PE and PE/C60 samples with DHBP.
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adding 0.3 wt % DHBP, the value of G0 for 12C030D and 030D

was larger than G00 in the given frequency region due to the

presence of solid-like behavior.

The tan d defined by the ratio of G00/G0 provides another sensi-
tive way to represent rheological data, especially in the gel-con-

taining system.32,33 Owing to the connectivity induced by the

crosslinked points, the rheological behavior should change from

melt-like to solid-like. The so-called ‘‘gel point’’ separates the

melt-like behavior from solid-like behavior. According to Fu

et al.,33 at the critical gel point, tan d is frequency independent,

so the critical gel point manifests itself by the appearance of

zero-slope ‘‘plateau’’ in the tan d curve. As shown in Figure 7,

compared with sample PEB, all the modified PE and PE/C60

samples had much lower tan d in low frequency region, because

of the presence of a longer relaxation mechanism.34 More

importantly, the viscoelastic behavior changing from melt-like

to solid-like was only observed for PE samples containing both

C60 and DHBP due to the formation of crosslinked structure.

The angular frequency corresponding to the critical gel point

(xgel, listed in Table II) appeared at a higher frequency for sam-

ple 12C030D due to the densification of crosslinked network. It

should be noticed that in high frequency region, PE samples

had lower tan d than PE/C60 samples containing the same con-

tent of DHBP. However, in low frequency region, the reverse

phenomenon was found resulting from the influence of C60 on

the topological structures of PE during melt radical mixing.

The C60 is reactive toward free radicals and it can trap more

than two PE macroradicals. Comparing with sample 010D, there

was about 6.6 wt % gel in sample 12C010D. This portion of gel

can be considered as highly branched PE and less entanglements

with other polymer chains. Therefore, 12C010D had much

lower g*s and G0s than 010D. However, adding 0.3 wt % DHBP,

more gel was found in sample 12C030D. Partially continuous

networks, rather than separate microgel domains in sample

12C010D, could largely increase the relaxation time of sample

12C030D. As a result, the g*s and G0s of sample 12C030D in

low frequency region was even larger than those of 030D.

Thermal Properties of Modified PE and PE/C60 Samples

It has been found by Fang’s group that C60 could enhance ther-

mal properties of PP,35 HDPE,36 and HDPE/EVA37 by a free

radical-trapping mechanism. Because polymer materials are usu-

ally used under air environment, from a practical application

view, it is much more important to evaluate thermal stability of

materials under air than under nitrogen. Figure 8 presents the

TGA and DTG curves of different PE and PE/C60 samples under

air environment. The detailed data is listed in Table III. For

sample PEB, two-step decomposition processes were observed at

around 393�C and 429�C. The same phenomenon was also

observed in a previous report.36 The first step decomposition is

the oxidation of PE and the second step may be the decomposi-

tion of oxidation products. For PE samples only containing

DHBP, the temperature at which 5 wt % mass loss occurred

(T5 wt %) decreased with increasing content of DHBP, possibly

due to the presence of some shorter PE chains, which was

produced by b-scission reaction during melt radical mixing.

However, the temperature at which 50 wt % mass loss occurred

(T50 wt %) increased with the increasing content of DHBP. This

is because chain extension reaction enlarges PE chains.

Figure 7. Tan d versus angular frequency for different PE and PE/C60

samples.

Figure 8. TGA (a) and DTG (b) of different PE and PE/C60 samples under air atmosphere.
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Compared with sample PE, 12C showed noticeably increased T5

wt %, T50 wt %, and Tmax due to the radical capture nature of

C60. Only one Tmax was observed for all the PE/C60 samples,

meaning that the presence of C60 delayed the oxidation degra-

dation of PE and the first-step Tmax disappeared. Nevertheless,

T5 wt %, T50 wt %, and Tmax of PE/C60 nanocomposites decreased

with increasing the content of DHBP, because some C60 were

consumed by the reaction with PE macroradicals during melt

mixing.

The changes in the molecular structure affect the crystallization

process, and finally determine the physical and mechanical

properties of the semicrystalline materials. The crystallization

and melting behavior of different PE and PE/C60 samples was

compared by means of DSC (Figure 9). The values of initial

crystallization temperature (Ti), crystallization peak temperature

(Tc), melting temperature (Tm), and crystallinity (vc) were sum-

marized in Table III. The Ti, Tc, and vc showed almost the same

values for sample PEB, PE, and 12C, and we could get a conclu-

sion that very low content of long chain branched PE or the

presence of C60 did not influence the crystallization of PE. The

crystallization process from melt state during DSC measure-

ments was a phase transition process without shear field.

According to the rheological results, the g*s for PE and PE/C60

samples in the presence of DHBP in the low frequency region

were much higher than those without DHBP due to the

increased chain entanglements, implying that zero-shear-rate

viscosity was also much higher. The entangled state of polymer

chains influences the crystallization process as the rearrange-

ment of chains is necessary to chain folding and perfection. So

the presence of long chain branched or crosslinked PE is unfav-

orable to disentanglement of the chains in polymer melt during

crystallization. This was verified by the presence of a new lower

crystallization peak in sample 030D, 12C010D, and 030D, and

the intensity of lower crystallization peak was even stronger

than that of higher crystallization peak for sample 030D and

12C030D [Figure 9(a)]. Though only one Tc was found in sam-

ple 010D, the crystallization peak was broader than the samples

without peroxide, because of the tougher reorganization of

polymer chains. Traditionally, polymer materials crystallize in

two steps: nucleation and crystal growth. It is worth to note

that the samples 030D, 12C010D, and 12C030D had a much

quicker nucleation process than other samples, possibly due to

the presence of some shorter PE chains produced by inevitable

b-scission reaction. According to the previous reports,38–40 the

nucleation rate increased with decreasing molar mass of PE.

The melting temperature and total crystallinity are related to

the crystal size and amount of crystals. Almost all the samples,

except 010D, had two obvious Tms [Figure 9(b)]. The

Table III. Detailed Data of Different PE and PE/C60 Samples Obtained from TGA and DSC

Samples T5 wt %
a (�C) T50 wt %

a (�C) Tmax
b (�C) Ti (�C) Tc (�C) Tm (�C) vc (%)

PEB 323 405 393, 429 109.5 106.1 110.2, 123.2 35.4

PE 321 393 395, 450 (wc) 110.3 107.0 112.2, 123.5 34.2

010D 308 398 405 109.3 106.5 122.2 34.1

030D 286 411 397 (wc), 423 114.0 101.5, 110.1 115.9, 122.0 33.4

12C 430 449 450 109.0 106.0 109.4, 122.2 36.1

12C010D 425 447 448 113.4 100.8, 110.2 114.6, 123.5 34.4

12C030D 407 440 447 113.9 100.5, 111.0 113.6, 123.5 34.4

aT5 wt % and T50 wt % are the temperatures at which 5 and 50 wt % weight loss occurred, respectively.
bTmax is the temperature at which the maximum weight loss rate occurred.
c‘‘w’’ means that the peak intensity is weak.

Figure 9. DSC cooling curves (a) and heating curves (b) of different PE and PE/C60 samples.
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bimodality observed in the melting process is indicative of the

presence of more than one crystalline structure. PE or PE/C60

without DHBP had very small endothermic peak at the lower

Tm. This phenomenon was widely found in LLDPE.41–43 The

higher Tm corresponds to the molecules with a higher molecular

weight, which proportionally possesses a lower number of

branching, whereas the valley observed at lower Tm is a result of

the crystallization of molecules with a lower molecular weight

and a higher content of branching.43 For samples 030D,

12C010D, and 12C030D, the values of the lower Tm increased

compared with those of PE and PE/C60 without DHBP, due to

different crystalline structures in the presence of highly

branched or crosslinked structure. It is worth to note that for

the samples 030D and 12C030D, the crystalline enthalpy at

lower Tm is even larger than that at higher Tm, implying the ex-

istence of the higher content of imperfect crystallite with smaller

size.

Mechanical Properties of Modified PE and PE/C60 Samples

Many factors can influence the mechanical properties of poly-

mer material, especially in polymer nanocomposites, such as

chain structure of polymer, crystallinity, crystal morphology,

dispersion state of nanoparticles, interfacial interaction between

polymer matrix and nanoparticles. Under stretching at room

temperature, PE is ductile and usually yields with necking and

drawing followed by strain hardening effect and finally ruptures

at relatively long elongation. Comparison of the stress–strain

behavior of PE and PE/C60 samples with or without peroxide at

room temperature is shown in Figure 10 and Table IV. Tradi-

tionally, better dispersion of nanoparticles and stronger interfa-

cial interaction between nanoparticles and polymer matrix can

maximize the advantage of nanoparticles as effective reinforcing

filler in polymer nanocomposites.44,45 Although the dispersion

state of C60 and interfacial interaction between PE and C60 was

improved by in situ radical reaction, the tensile properties were

mainly influenced by the chain structure and crystal morphol-

ogy. Tensile strength at yield or 500% increased, but elongation

at break decreased with increasing content of DHBP for both

PE samples and PE/C60 samples, because of the increased

branching junctions and chain entanglements, which presented

more obvious strain hardening and restriction of chain slippage.

Values of Young’s modulus are dominated by the amount of

hard crystalline regions, unit cells of which are held together by

relatively strong forces.8 However, according to the DSC results,

this crystalline structure is being weakened due to the presence

of imperfect and smaller size crystal after introducing long

chain branched or crosslinked structure. Therefore, Young’s

modulus of both PE and PE/C60 samples decreased with

increasing the content of peroxide.

Dynamic Time Sweep Tests of PE and PE/C60 Samples

Containing DHBP

Traditionally, peroxide crosslinking of PE is performed in two

steps. First, a polymer and a certain content of peroxide are

mixed at relatively lower temperature, and the premixture is

subsequently treated at higher temperature to perform chain

extension reactions.46 Here, we used dynamic time sweep tests

to study the in situ chain extension reactions of PE and PE/C60

in the presence of 0.3 wt % DHBP at different temperatures.

The premixtures were processed at 130�C for 200 s and com-

pressed into 1 mm round discs with the diameter of 25 mm at

130�C. The PE and PE/C60 containing 0.3 wt % DHBP mixed

at 130�C were nominated as L030D and L12C030D, respectively,

distinguishing from the samples mixed at 180�C. As shown in

Table I, the half-life time of DHBP at 130�C is long, and the

decomposition of DHBP during premixing at this temperature

can be neglected. This was also confirmed by torque curves at

130�C (Figure 11). The torque values of both L030D and

Figure 10. Stress–strain curves of different PE and PE/C60 samples at

room temperature. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table IV. Mechanical Properties of Different PE and PE/C60 Samples

Sample
Tensile strength
at yield (MPa)

Tensile strength
at 500% (MPa)

Tensile strength
at break (MPa)

Young’s
modulus (MPa)

Elongation
at break (%)

PEB 9.2 6 0.1 10.8 6 0.1 21.3 6 0.2 189 6 9 1342 6 10

PE 9.1 6 0.1 10.6 6 0.1 21.4 6 0.1 184 6 14 1356 6 31

010D 9.5 6 0.1 12.4 6 0.1 24.6 6 0.2 183 6 10 1199 6 34

030D 10.1 6 0.1 17.2 6 0.1 20.2 6 0.5 149 6 5 647 6 25

12C 9.3 6 0.1 10.9 6 0.1 21.8 6 0.2 188 6 12 1325 6 30

12C010D 9.5 6 0.1 13.1 6 0.1 19.8 6 0.1 170 6 14 918 6 30

12C030D 9.9 6 0.1 16.8 6 0.1 19.2 6 0.2 134 6 4 587 6 25
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L12C030D almost kept constant after complete fusion of

PE and were much different with the samples mixed at 180�C
(Figure 2).

The results of dynamic time sweep tests at different tempera-

tures are shown in Figure 12. Molecular chain mobility is

strongly affected when chain extension reactions occur. Both G0

and G00 increased with time at first and approached equilibrium

at a longer time, but G00 was not as sensitive as G0 to the pres-

ence of branched structures. At a particular point, G0 and G00

intersected with each other, except sample L12C030D at 170�C.
The crossover of G0 and G00 denotes the transition from viscous

dominant behavior (G00 > G0) to elastic dominant behavior

(G0 > G00), which is caused by the sufficient entanglements of

polymer chains.47 The time and G0 at crossover (tcrossover and

G0
crossover), and G0 and G00 at equilibrium (G0

eq and G00
eq) were

summarized in Table V. As expected, tcrossover for both L030D

and L12C030D decreased with increasing temperature as perox-

ide decomposed faster at higher temperatures. The tcrossover of

sample L12C030D was much shorter than that of sample L030D

at the same temperature, because of much quicker chain exten-

sion reaction in the presence of C60. It was worth to note that

G0
crossover for both L030D and L12C030D were close to 4.4 �

104 Pa at 150�C and 160�C, which might imply that the content

of entanglements between PE chains was nearly the same at the

intersection of G0 and G00. However, the value of G0
crossover at

170�C showed much difference, possibly due to the consump-

tion of some DHBP before starting dynamic time sweep tests, if

we considered the t1/2 of DHBP at 170�C only 87.9 s. The

decomposed weight percentage of DHBP at tcrossover (DDHBP)

was calculated according to eq. (3) and listed in Table V. The

DDHBP for L030D at 150�C and 160�C was the same, meaning

that apparent efficiency of free radical to create an entangled

network did not depend on the decomposition temperature of

DHBP but only of the decomposed DHBP. However, DDHBP for

L12C030D at 160�C was much lower than that at 150�C,
because of the change of the process of chain extension reaction

by C60.

Both G0
eq and G00

eq for L030D and L12C030D at 160�C were

higher than those at 150�C or 170�C, implying that moderate

decomposition rate of DHBP was better to increase elastic

behavior of PE. This effect was more obvious for L12C030D.

G0
eq at 160�C for L12C030D was almost 1.35 times higher

than that at 150�C and 1.61 times higher than that at 170�C,
whereas G0

eq at 160�C for L030D was only 1.12 and 1.30 times

higher than those at 150 and 170�C, respectively. It was worth

to note that though G0
eq for L12C030D was higher than that

of L030D at a given temperature, G00
eq for L12C030D was

lower than that of L030D. The G0 is taken as a measure of the

energy stored in the materials and recovered from it per cycle,

and is dependent on what rearrangements can take place

within the period of oscillation, which is used to estimate the

elastic behaviors of the materials. In contrast, G00 measures the

energy dissipated or lost per cycle of sinusoidal deformation,

and it is characteristic of the viscous behaviors.48 We could get

the conclusion that the chain structures of PE samples contain-

ing both C60 and DHBP was not as uniform as PE samples

only containing DHBP. Because higher content of large PE net-

work in L12C030D was formed after high temperature treat-

ment, which could store more energy, whereas higher content

of small PE chains also existed in L12C030D that could dissi-

pate more energy.

Figure 11. Torque curves of PE and PE/C60 in the presence of 0.3 wt %

DHBP at 130�C.

Figure 12. Dynamic time sweep tests of (a) L030D and (b) L12C030D at different temperatures.
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CONCLUSIONS

In situ interfacial reaction between reactive C60 and PE in the

presence of organic peroxide occurred via a free radical mecha-

nism during melt mixing. The dispersion state of C60 was

improved because of the chemical linking between two compo-

nents and increased shear force. The C60 strongly influenced the

process of chain extension reactions of PE macroradicals and

changed the chain structure of PE. The PE/C60 nanocomposites

had a certain content of gel even at 0.1 wt % DHBP, this was

different from PE samples only containing peroxide. It is worth

to note that PE/C60 nanocomposites containing peroxide had

much quicker chain extension reactions and larger values of G0

at equilibrium at different temperatures than PE samples con-

taining the same content of peroxide. Owing to the radical scav-

enging nature of C60, PE/C60 nanocomposites had largely

improved thermal stability comparing to PE samples. Although

the interfacial interaction between PE and C60 and the disper-

sion state of C60 were improved in the presence of peroxide, the

mechanical properties of PE/C60 nanocomposites were more

strongly influenced by the changing of chain structures and

crystalline morphology, if we comparatively studied these of the

PE samples.
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