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ABSTRACT: The properties of the polymer nanocomposites (PNCs), consisting low density polyethylene (LDPE) and magnesium oxide

nanoparticles (MgO-NPs), were systematically discussed in this paper. The shear mixing time and MgO concentration were consid-

ered as the two factors affecting the dispersion state, which was found to be effective to change the crystallinity and the mechanical

performance of MgO/LDPE PNCs. A reduction in the dynamic shear viscosity was observed when the concentration of MgO-NPs at

a relative low level, which was also dominant by the dispersion states of MgO-NPs. Evident enhancement of the static yield stress was

revealed only by introducing a minute amount of MgO-NPs (0.25 wt %). Meanwhile, the elastic and loss modulus were also found

to be dependent on the dispersion state of MgO-NPs. A positive increase in dielectric permittivity was identified by uniaxial stretch-

ing the MgO/LDPE PNCs strips owing to the orientation enhancement of internal microstructure. VC 2015 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2016, 133, 43038.
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INTRODUCTION

Nanoparticles (NPs), usually inorganic, are favorably used as

additives for improving mechanical,1–3 thermal,3,4 dielectric,5,6

and other properties7,8 of polymer matrix. Hypothetical net-

work4 and layer-by-layer9,10 inner structures between the addi-

tive NPs and molecular chains are the most attractive

mechanisms for explaining the reinforcement. The composites

consisting magnesium oxide nanoparticles (MgO-NPs) and low

density polyethylene (LDPE) has been found in various proper-

ties for electrical insulation of power cables. It was well docu-

mented that the introduction of nm-sized MgO particles can

hinder the accumulation of space charge in the insulation,

widely used in the high voltage DC cable.11,12 However, the

effects of MgO-NPs itself as well as its distribution state and

concentration on the flow properties and the mechanical per-

formance of LDPE matrix still lack a further insight.13

Scale effect,14,15 dispersion efficiency,16,17 and orientation

degree18 of the NPs are considered as the most important fac-

tors. Although introducing NPs can effectively improve the

matrix’s properties, on the other hand it generally leads to high

viscosity and makes the processability disappointed. Viscous

and elastic behaviors of PNCs were widely documented in many

publications.19–24 The particle–matrix interaction, melt surface

tension, and complex entanglement were thought to be the

dominant attributions to the viscosity increase. Viscosity reduc-

tion, however, was also reported in Jain’s work25 when a very

small amount of silica-NPs were introduced into polypropylene

matrix. NPs with higher aspect ratio and larger surface area as

well as good compatibility with matrix resulted in higher inter-

facial strength and better mechanical performance, but higher

melt viscosity was also revealed.26–33

The importance of interface layer was emphasized for the

mechanical performance3 and thermal stability of polymer com-

posites,4 which was largely determined by the distribution state.

Thus, how to obtain a fine dispersion of NPs and how to func-

tionalize the interfacial structure between NPs and matrix

becomes very critical.34,35 With a high interfacial interaction,

significant solid-like behavior is exhibited for those PNCs with

modified NPs than those with virgin NPs, even though the dis-

persion state of the modified NPs is poor.36 For crystallized or

semicrystallized polymers, the NPs are also found to be helpful
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to enhance the molecular chains orientation along the flow

direction during extrusion, leading to an enhancement of

mechanical performance.37–40

The present work is part of a larger project on developing

MgO/LDPE nanocomposites for the application of high voltage

DC power cables. Individually prepared MgO-NPs were

employed for trapping the free ions or/and electrons and hin-

dering the accumulation of space charge. The effects of concen-

tration and distribution of MgO-NPs, shear mixing time, and

orientation degree of molecular chains were taken into account

as the factors affecting the intrinsic properties such as viscosity,

kinetic crystallization, mechanical, and dielectric performances.

EXPERIMENTAL

Materials

Near spherical MgO-NPs with an average size of ca. 50 nm, a

density of ca. 3.58 g/cm3, and a dielectric permittivity of ca.

9.70 were adopted as the nanofiller. A series of weight contents

as 0.25, 0.5, 1.0, 2.5, 5.0, 10, and 20 wt % were selected for pre-

paring the MgO/LDPE PNCs. A LDPE (Sinopec) with a weight-

average molecular weight ca. Mw 5 150–160 kg mol21 for the

special application of high voltage DC power cable was used as

the matrix.

Apparatus

Scanning Electron Microscopy (SEM). Surface morphological

observations were conducted with Zeiss Supra 55 SEM at 20 kV.

Conductive coating (using Pt) was done for the investigated

surface and samples were prepared by breaking within liquid

nitrogen (N2). The detected surface should be fractured in liq-

uid N2 for protecting the natural morphology.

Rotational Rheometer. Rheological properties of the neat LDPE

and the MgO/LDPE PNCs were measured by an advanced rhe-

ometer (Malvern Kinexus Ultra) under the oscillatory mode.

Circular samples with a 2.0 mm thickness and a 25 mm diame-

ter were hot molded under 1208C and 20 MPa. According to

the “Cox–Merz equation”, empirical relation between the

dynamic viscosity g*(x), and the steady-shear viscosity gð _cÞ,
usually is satisfactory, i.e., gð_cÞ5g�ðxÞ.

Dynamic Mechanical Thermal Analyzer (DMTA). Dynamic

mechanical analyses were performed on a DMTA (TA Instru-

ment Q800). Several rectangular strips with a thickness of

1.25 mm, a width of 3.0 mm, and a length of 30.0 mm were

adopted for each measurement at the frequency of 1 Hz.

The average data was taken as the final result for considering

the G0/G00.

Differential Scanning Calorimeter (DSC). Calorimetric meas-

urements were performed with SHIMADZU DSC-60 under a

flowing nitrogen atmosphere. All the measurements were per-

formed with a heating/cooling rate of 108C min21 from the

room temperature to 1508C or vice versa. The crystallinity can

be simply estimated by the DSC measurement based on eq. (1).

Xc5
DH

DH0ð12xÞ3100%; (1)

where Xc is crystallinity, DH is the measured enthalpy, and the

DH0 is the enthalpy with a 100% crystallization morphology, x
is the weight content of the MgO nanofillers.

Tensile apparatus. Measurements of tensile properties were car-

ried out using a tensile device (JJ-Test) with a constant cross-

head speed of 20 mm min21 at room temperature. Five selected

samples were employed and on the estimation of yield stress

and elongation the averaged value was used.

Impedance Analyzer (IA). Dielectric properties of MgO/LDPE

PNCs were measured using an IA system (Agilent 4294A). Sam-

ples, onto which silver electrodes had been painted, were tested

under room temperature. Typical AC applied voltage was 1 V

and the frequency ranges from 102 to 107 Hz. By means of this

impedance analyzer, the dielectric constant can be calculated by

e5
Cpd

e0s
; (2)

where e is the permittivity of adopted sample, Cp is the meas-

ured capacitance, d is sample thickness, s is surface area of

coated electrode, and e0 is the permittivity of free space with a

constant ca. 8.854 3 10212 F m21.

X-ray Diffractometer (XRD). The crystallization morphology

was detected with an XRD (Rigaku DMAX-RB 12 kW) using a

Figure 1. Dynamic shear viscosity (a) and viscosity ratio (b) of MgO/

LDPE PNCs at 1708C.
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Cu-Ka radiation source (k 5 1.5406 Å). The measured angle

ranged from 58 to 508 with a step width of 0.028.

Preparation of Specimens

Although a better NPs dispersion state was obtained by solution

mixing at low concentration than melt compounding, reversed

result was reported when additive concentration was up to 5.0

wt %.41 Standing on the mass producing perspectives, however,

the solution mixing is low productive. Here, therefore, MgO/

LDPE PNCs were prepared by melt blending through a batch

mixer (Haake Polylab QC). For studying the effect of shear mix-

ing time on the dispersion state of NPs, rotor speed was chosen

at 60 rpm for duration times of 4 and 10 min, respectively.

Specimens for all the measurements were hot compressed at

1208C.

RESULTS AND DISCUSSIONS

3.1Viscosity Dependence on the MgO-NPs Concentration

Viscosity, representing the flow ability of a viscous liquid, was

emphasized for the rheological study of MgO/LDPE PNCs

melts. In common sense, the immiscibility between the matrix

and the nano-inclusions usually causes the so-called rheological

degradation, i.e., dramatically increasing the viscosity.11,16,24,26

For seeking the viscosity percolation threshold, special attention

was given to those MgO/LDPE PNCs with low amount of

MgO-NPs. All the measurements were conducted with a shear

strain amplitude of 1% and a constant temperature of 1708C, as

shown in Figure 1(a). In order to exclude the influence of

molecular degradation, the neat LDPE was also applied the

same shear history, i.e., melting and “mixing” under the same

process conditions.

The complex shear viscosity of the MgO/LDPE PNCs divided

by the one of neat LDPE measured at the same frequency is

defined as the viscosity ratio d, as given in Figure 1(b). Apart

from the typical shear thinning which is shown from the plots

of viscosity g versus frequency x, a viscosity reduction is further

observed for those MgO/LDPE PNCs melts with a low amount

of MgO-NPs. For instance, viscosity reduction of the samples

mixed for 4 min can be observed up to the MgO-NPs loading

of 0.5 wt %, while for the samples mixed for 12 min this reduc-

tion can be still found up to 1.0 wt %.

The decrease of the viscosity at low MgO-NPs concentration

could be attributed to the increase of free volume between the

LDPE chains and the MgO-NPs, i.e., the interface effect. Jain

et al.25 had emphasized the importance of free volume and

interaction bridges between nanofiller and molecular chains,

based on which the viscosity varies significantly. The increase of

free volume decreases dramatically the internal friction resist-

ance among the molecular chains during the PNCs melts flow-

ing, leading to apparent decrease of viscosity. Similar

mechanism was also mentioned by Merkel et al.42 However,

Merkel pointed out that this was largely dependent on the size

and the aggregation degree of NPs. Part of the polymer chains

and/or segments could selectively adsorb to the NPs surface

owing to the Van der Waals’ force, developing a similar “cross-

link” structure. When the NPs concentration exceeds the perco-

lation threshold, it is supposed that the dispersed inclusions

acted the role of knitting points and could promote the local

entanglement degree of molecular chains, which is dependent

on the specific area of the dispersed particles and clusters. It

can be imagined that if the nanoadditives were dispersed indi-

vidually well enough within the viscoelastic matrix, the nano-

composite melt could be show the dilatants fluid behavior but

not pseudoplastic anymore. Therefore, for the immiscible com-

pounding system, the different mixing time could lead to differ-

ent dispersion states of the NPs, causing a different variation of

the free volume.

Kinetics of Crystallization Behavior

A better understanding of the effect of mixing time on crystalli-

zation kinetics can be obtained by DSC measurement, as shown

in Figure 2(a). The MgO/LDPE PNCs with 5.0 wt % MgO-NPs

was selected as an example for discussion. The first melting pro-

cess aims to explore the shear mixing time effect and the second

melting is going to further study the effects of concentration

and dispersion state. The onset and the endset temperatures for

analyzing DH were selected at 101–103 and 112–1148C,

respectively.

It can be found that during the second melting process the

melting temperatures Tm of all the MgO/LDPE PNCs as well as

the neat LDPE were almost equally appeared at 109.6 6 0.38C.

Figure 2. Running process of the DSC testing (a) and comparison of the

melting enthalpy DH (b).
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This indicates that the kinetic crystallization behavior of the

MgO/LDPE PNCs is mainly determined by the intrinsic proper-

ties of LDPE matrix. Figure 2(b) further reveals that the MgO-

NPs concentration plays a noneffective role on the melting

enthalpy DH, i.e., the crystallinity of LDPE cannot be signifi-

cantly changed just by incorporating with MgO. However, an

effective dispersion of NPs is confirmed to be helpful to

enhance crystallinity. Benefited from the shear mixing, enhanced

enthalpy is revealed from the DH1 > DH2. The applied shear is

helpful to increase the local orientation degree of molecular

chains and to improve the crystallinity, but this is not absolute

in case of degradation of molecular chains.

Mechanical Properties

The relationship between the mechanical performance and the

NPs concentration was discussed by tensile performance, as

shown in Figure 3(a). Specimens for this measurements were

Figure 3. Effect of weight content of MgO on the yield strength (a) and

elongation (b).

Figure 4. Effect of the mixing time on the dispersion state of MgO-NPs within matrix. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 5. Dependence of G0 (a) and G00 (b) of MgO/LDPE PNCs on the

loading of MgO-NPs.
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prepared with a geometrical dimension of 10 3 97 3 1.25 mm. It

is found that a positive enhancement of yield strength can be

obtained by introducing MgO-NPs. The measured yield stress

increases with the content of introduced MgO-NPs. When the

MgO content is above ca. 13 wt %, yield stress of the samples pre-

pared under 4 min is higher than that prepared under 12 min.

Comparing with the neat sample, a sharp increase of yield stress is

achieved even at a low amount of MgO-NPs. The yield strength at

0.25 wt % increases by ca. 14.5% (4 min) and ca. 20.2% (12 min),

respectively. It is identified that this increase is largely induced by

the strengthening effect of NPs, which confines the mobility of

molecular chains or segments. Yang et al.43 also suggested that the

mechanical enhancement of rigid NPs was significantly dependent

on the volume of constraint polymer chains surrounding the NPs.

In common sense, agglomerated particles passed by a long shear

mixing time are much more probably dispersed in the highly vis-

cous polymer melt than that with a short shear mixing time.

When the mixing time comes to 12 min, however, high NPs con-

tent is negative to improve the yield strength any more. A better

NPs dispersion state can be achieved at a lower concentration and

a longer mixing time. The agglomeration at higher NPs concentra-

tion becomes more serious.

Tensile breakage is supposed to be dependent on either breakage

of the molecular chains or desorption between chains and

particles. Almost all the samples present a yield elongation value

ca. 20 6 5%, as shown in Figure 3(b). The break elongation fur-

ther indicates a definite percolation behavior at ca. 2.5–5.0 wt

% MgO-NPs, where there is a sharp decrease of elongation. The

yield behavior is just a viscoelastic deformation which is related

to the extendable stretch and unrecoverable slip of segments

and main chains. With the increase of MgO-NPs, therefore, the

possibility of internal defect, such as dispersion as well as

Figure 6. Effects of MgO-NPs concentration and shear time on G0 (a)

and G00 (b) of MgO/LDPE PNCs.

Figure 7. Comparison of the dispersion state of MgO/LDPE PNCs with 10 wt % and 20 wt % MgO-NPs under 12 min. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Dielectric properties: (a) dielectric constant; (b) dielectric loss.

Samples adopted for this measurement were prepared under the mixing

time of 4 min.
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interaction, will largely increase, leading to that above ca. 2.5 wt

% MgO-NPs the elongation at break greatly decreases.

Generally, the breakage of NPs aggregation is helpful to increase

the yield strength which can be estimated by static mechanical

analysis. Uneven dispersion usually causes internal defects dur-

ing continuous melt mixing, but this does not mean that the

dispersion state is absolutely dependent on the mixing time.44

The immiscibility between the matrix and nanoparticles could

strongly promote the particles aggregation under a long mixing

time. Constant shear mixing increases the possibility of one par-

ticle coming into contacting with another. With the help of the

stronger interaction among particles, one particle adhering to

the melt could be peeled off and then aggregation happens.

When it comes to a nanocomposite with good compatibility,

however, this situation could be inversed. In this work, a better

dispersion state is obtained under 4 min when 20 wt % MgO-

NPs were included, as shown in Figure 4.

Storage modulus G0, representing the stiffness of an elastic iso-

tropic material, and loss modulus G00, representing the dissipa-

tive property of a viscous isotropic material during the

transformation between deformation and heat, were considered

by dynamic mechanical analysis, as shown in Figure 5. Both G0

and G00 are found to decrease slightly with the elevated tempera-

tures. Under a certain temperature, a maximum G0 and G00 is

revealed for the samples with an additive amount of 5.0 wt %.

Here, the dispersion state of MgO-NPs is positively affecting the

modulus. Above 5.0 wt %, the tensile performance could

be partly destroyed by particle aggregation clusters and then the

viscoelastic property decreases. Below 5.0 wt %, however, the

particles can be relatively dispersed well and then part of NPs

play the role of temporary entangled knots, increasing the

entanglement degree and restricting the segmental mobility of

LDPE chains.45,46 A comparison of the effect of mixing time on

the dynamic properties is further shown in Figure 6. It is found

that modulus (G0 and G00) of MgO/LDPE PNCs with 10 wt %

MgO-NPs is higher than those containing 20 wt %. This is also

caused by the more significant aggregations of MgO-NPs under

12 min (comparing with 4 min) and the more interfacial defects

under 20 wt % MgO-NPs (comparing with 10 wt %), which

can be confirmed from the SEM observations, as shown in

Figure 7.

Dielectric Property: The Orientation Effect

For a two-phase composite, its effective dielectric permittivity

can be simply estimated by the rules of the mixture:47

ec5vf ef 1vmem; (3)

where ec, ef, and em are the permittivity of the composite, fillers,

and the matrix, respectively. And vf and vm are the volume frac-

tions of the fillers and the matrix, respectively. The higher the

permittivity and/or volume fraction of fillers, the higher permit-

tivity of composite will be obtained. It should be noted that the

principle given in eq. (3) only can be used when the vf is below

the percolation threshold (vc).

Figure 9. XRD patterns of MgO/LDPE PNCs corresponding to the sam-

ples in Figure 8.

Figure 10. DSC melting peaks of the oral and the stretched MgO/LDPE

PNCs samples.
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The effects of the MgO concentration and the orientation

degree of molecular chains on dielectric permittivity were stud-

ied in this work, as shown in Figure 8. Stretched samples were

prepared with a stretching ratio ca. 600% at room temperature.

Compared with the neat LDPE (e 5 2.75), permittivity of the

stretched neat LDPE reveals a slight increase (ca. 18%). For the

stretched MgO/LDPE PNCs, a more significant enhancement is

obtained, especially for the composite with 2.50 wt % MgO.

The applied extension force is positive to reduce the aggregation

clusters of MgO-NPs, subsequently achieving a better dispersion

state after stretching. The dielectric loss shows almost no

dependence on the MgO-NPs concentration or extensional

effect, as shown in Figure 8(b). This provides a good potential

for the energy storage application.

X-ray diffraction measurement was conducted for understand-

ing the crystal microstructure. Three crystalline peaks for the

stretched samples are presented in the XRD patterns, including

the most general one at 2h 5 20.98–21.58 (110), the second one

at 23.08–23.68 (200), and the unique one at 368 (040), as shown

in Figure 9. The increase in the intensity of the peaks of

stretched samples indicates an increase in the crystalline nature.

The DSC measurements were further performed on the

stretched samples, as shown in Figure 10. An obvious increase

of the crystallinity (ca. 15–28%) and a decrease of the melting

temperature are revealed, as seen in Table I. Melting tempera-

ture of unstretched samples increases slightly with the filler con-

tent; however, this phenomenon disappears after stretching the

specimens and their melting temperatures hold at ca.

107.3 6 0.38C. This is because some well dispersed MgO-NPs

substantially act as the role of crystal nucleus and induce the

formation of spherical morphology. When the stretched defor-

mation up to 600%, the regular arranged lamellae could be

damaged, changing to similar fibrous morphology which

presents a relatively low melting temperature. In addition, per-

centage increase of melting enthalpy d is found to decrease with

increasing the content of MgO-NPs up to 1.0 wt % while

increasing again at 2.0 wt %, for which the aggregation of

MgO-NPs should be responsible. A better distribution state of

MgO-NPs could be achieved under a lower concentration. The

big clusters will act the role of steric hindrance in the molecular

thermal motion. Comparing with the pure LDPE, the crystal

cells with a solid particle nuclei show a good resistance to the

extension deformation, keeping the original crystallization

morphology, hindering the growing of new crystal and finally

decreasing the crystallinity of the stretched samples.

It is sure that the uniaxial extension is helpful to enhance the

orientation of macromolecules and crystallites along the force

direction, causing an increase of the interplanar crystal spacing.

Some a-crystal cells are highly orientated, transforming to

ellipsoid-shape crystal and inducing b crystallization phase

(040) which presents higher dielectric permittivity than that of

a phase. The unique peak revealed at the angular of ca. 30.258–

30.758 from the XRD patterns indicates this new phase. In addi-

tion, mechanical energy is continually converted to the internal

energy of molecules during the stretching process, partially

inducing the amorphous microcrystal morphology into the

monoclinic phase and then directly increases the crystallinity.

CONCLUSIONS

Viscosity, kinetic crystallization, mechanical performance and

dielectricity of MgO/LDPE PNCs were mainly studied in this

paper. Owing to the increase of free volume, conspicuous perco-

lation behavior was observed in the viscosity measurements just

by introducing a low amount of MgO-NPs. Analysis of static

mechanical properties showed that increasing the content of

MgO-NPs and lengthening the mixing time were helpful to

enhance the static yield strength. The dispersion state of MgO-

NPs in the LDPE matrix was emphasized for this enhancement.

For dynamic mechanical properties, similarly, a critical value of

MgO-NPs concentration about 5.0 wt % was also observed. The

storage modulus G0 and loss modulus G00 increased with the

increase of weight content below 5.0 wt %, but decreased with

the increase of weight content above 5.0 wt %. As to the dielec-

tric property, effective enhancement was considered at low con-

centration up to 2.5%. A new crystallization phase (040) was

presented in the stretched samples suggested that an effective

way to increase the dielectricity by drawing the MgO/LDPE

PNCs at room temperature, which was largely attributed to the

enhancement of orientation.
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