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ABSTRACT: Two types of composites, high-density poly-
ethylene (HDPE)/Bentonite (BT) and high-density polyeth-
ylene grafted with acrylic acid (HDPE-g-AA)/(BT), are
prepared by melt compounding. The microstructure of the
composite has been studied by the means of positron anni-
hilation lifetime spectroscopy (PALS). It has been found
that the mean free volume size is nearly the same in com-
posites and HDPE matrices with different BT concentra-
tion. While the ortho-positronium (o-Ps) intensity decreased
for HDPE-g-AA and its lifetime distribution is narrower

than that for pure HDPE. With the increasing of BT con-
tent, the o-Ps intensity increases for HDPE-g-AA/BT com-
posites and the o-Ps intensity decreases for HDPE/BT
composites. It is found that the carboxyl group of Acrylic
acid plays a significant chemical inhibition on positronium
formation. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 108:
1557–1561, 2008
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INTRODUCTION

In the past decades, polymer/clay nanocomposites
have motivated vigorous research in the polymer
industries due to the concurrent dramatic enhance-
ments of material properties that have been achieved
by the nanodispersion of clay layers. Compared to
pure polymers, these nanocomposites demonstrate
excellent properties such as improved storage modu-
lus,1 decreased thermal expansion coefficients,2 and
reduced gas permeability,3 and enhanced ionic con-
ductivity.4 It is a challenge to fabricate polyolefins-
based nanocomposites due to their nonpolar back-
bone which can be overcomed by introducing polar
group functionalized polyolefins, such as maleic an-
hydride-grafted polyethylene (MAPE).5,6 It is known
that beside maleic anhydride, acrylic acid (AA) is
commonly used as compatibilizer for polyolefins
and particulate fillers. Moreover, HDPE-g-AA/BT
nanocomposites have been successfully prepared in
the literature.7 Although the method to prepare the
HDPE-g-AA/BT nanocomposites has been eluci-
dated to some extent, the microstructure of these

materials has not yet been clearly clarified, which
must be understood concerning their modifications
and applications. Therefore, comparative study of
microstructure of HDPE/BT and HDPE-g-AA/BT
composites not only can lead to the modification of
HDPE, but also has significant theoretical meaning.

Positron annihilation lifetime spectroscopy (PALS)
has been used as a unique technology to probe the
free volume properties of polymers and polymer-
based nanocomposites.8,9 PALS is able to give direct
information about the free volume at atomic scale in
polymers and polymer-based nanocomposites. The
positron (e1) is an antiparticle to electron, and has
properties identical to those of electron except for
the charge being positive. The positron preferentially
localizes in the sample region of minimal positive
charge density because of the repulsive interaction
between positron and the positive nucleus. By intro-
ducing positrons from a radioactive source into a
polymer sample, they diffuse at the free state or may
form a bound-state positronium (Ps)8 after the posi-
trons are thermalized. The typical lifetime of the free
positron is in the range of 0.3–0.5 ns, whereas the
lifetime of Ps atom depends on the spin state. The
para-positronium (p-Ps) with the singlet state annihi-
lation is in about 0.1 ns. The ortho-positronium (o-Ps)
with the triplet state has an intrinsic lifetime of 140
ns in vacuum. However, in polymers the o-Ps atoms
are preferentially localized in the atomic-scale holes
and their lifetime is shortened to about 1–5 ns by the
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pick-off annihilation with an electron from the sur-
rounding molecules. The o-Ps lifetime directly corre-
lates to the free volume hole size and its intensity
contains information about the free volume concen-
tration.8 The relationship between the o-Ps lifetime s3
and the radius R has been established by an empiri-
cal equation.10

s3 ¼ 1

2
1� R

R0
þ 1

2p
sin

2pR
R0

� ��1

(1)

where R0 5 R 1 DR and DR (51.656Å) is the fitted
empirical electron layer thickness. Equation 1 is
obtained under the assumption that the hole has a
spherical geometry and has an infinite potential for
the Ps localizing.

In this work, HDPE/BT and HDPE-g-AA/BT com-
posites were prepared by melt compounding. The
PALS is used to investigate the changes of the ortho-
positronium (o-Ps) lifetime and its intensity in two
types of composites with different content of BT.
The aim is to study the influence of AA grafting
modification on the microstructure of the HDPE-
based composites.

EXPERIMENTAL

Materials

The organically modified bentonite was supplied by
Zhejiang Huate Group, Hangzhou, China, which
was ion-exchanged with octadyl trimethyl ammo-
nium. High-density polyethylene (5502#, MFR 50.35
g/10 min) was from Daelim Corp., Korea. Acrylic
acid and dicumyl peroxide (DCP) were bought from
Shanghai Chemical Group. All chemicals were used
without further purification.

Sample preparation

HDPE and organic bentonite were melted compound
in a Thermo Haake Rheomix with a screw speed of
60 rpm for 20 min at a temperature of 1608C. The
mixture was press molded to get a plate of about
1.5-mm thick. The content of bentonite was set as 0,
2, 3, 4, wt% and the acquired materials were defined
as HDPE, HDPE2, HDPE3, and HDPE4, respectively.
The high-density polyethylene-grafted acrylic acid
(HDPE-g-AA) and organic bentonite were mixed in
the same procedure as above and the materials were
named as HDPEA, HDPEA2, HDPEA3, and
HDPEA4 correspondingly.

Sample characterization

A 106Bq 22Na positron source sealed in two sheets of
Ni foils (1 mg/cm2) was sandwiched between two

identical samples. A conventional ORTEC-583 fast–
fast coincident lifetime spectrometer is used for
PALS measurement at room temperature. To mini-
mize the artifact, charging of each sample is per-
formed in the same position as marked. Each spec-
trum contained � 1 million and 4 million counts for
PATFIT and MELT, respectively.11–14 The time reso-
lution is found to be a sum of two Gaussians with
FWHM1 5 280 ps (90%) and FWHM2 5 320 ps
(10%). Analysis of positron lifetime spectra were per-
formed using finite-term lifetime analysis PATFIT
program and the continuous analysis technique
(maximum entropy lifetime method) MELT program.
Moreover, to reduce artificial effects, spectra were
resolved using the same parameters.

RESULTS AND DISCUSSION

PATFIT analysis

The measured positron lifetime spectra have been
well resolved into three components using PATFIT
after the background and positron source correction
were subtracted. All the variations of the fit (v2)
were smaller than 1.2. The shortest-lived component
s1 (� 0.12–0.15 ns) is attributed to the self-annihi-
lations of para-positronium (p-Ps) and ‘‘free’’ posi-
tron annihilation. The intermediate-lived component,
t2 � 0.30–0.40 ns, is assigned to annihilation of posi-
tron trapped in various vacancies. The two short com-
ponents s1 and s2 are found to exhibit no correlation
with the free volume properties,15 but the second
component (s2 and its intensity I2) contains the struc-
ture formation of interfacial layers.16 Since the third
component (the longest-lived o-Ps lifetimes) can be
related to the properties of the pores in the samples,
the following discussions are mainly based on the
annihilation characteristics of the third component.

The variation o-Ps lifetime s3 with the filler content
in HDPE/BT and HDPE-g-AA/BT composites are
shown in Figure 1. From Figure 1, the o-Ps lifetime
s3 in composites is not different from that in HDPE
matrices. So the free volume size in composites is
nearly as same as that in HDPE matrices. The results
imply that the silicate platelet did not enter into the
free volume hole and Ps is only formed and annihi-
lated in HDPE matrices for both pure HDPE and the
composites. Furthermore, the variation of o-Ps life-
time nearly unchanged with increasing BT concen-
tration, which indicates the BT concentration does
not influence the free volume hole size of HDPE
matrices.

As shown in Figure 2, with the increasing of BT
content, the o-Ps intensity increases obviously for
HDPE-g-AA/BT composites and decreases for
HDPE/BT composites. For HDPE/BT composites,
the changes of o-Ps intensity have been found in sev-
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eral polymers.9,17,18 In this article, the o-Ps intensity
is mainly influenced by the free volume concentra-
tion and the chemical inhibition.

For the pure HDPE-based composites, HDPE
chains are confined by the interfacial layer, the
layers can be therefore regarded as impermeable
walls to restrict HDPE chain conformations, and the
HDPE chains interfacial region may be treated as
adsorbed chains with one end attached to a plane,
which is named tail chains.19,20 The conformational
number of confined chains is smaller than that in the
free chains. Wu calculated the conformational num-
ber of tail chains using the model of NRW (normal
random walk) and deduced the ratio (a) of confor-
mational number of the model tail chains to that of
the free chains for linear polymer structure,21 as the
segmental length N ! ‘, the ratio is

aðdÞðNÞ � 1ffiffiffiffiffiffiffiffi
2dp

p N�1=2 (2)

where d is the dimension of the lattice. From this
equation, the conformations reduced when the
HDPE chains were confined by fillers, i.e., there is
less room for the confined chain motion, thus the
mobility of the confined HDPE chains in the interfa-
cial region was reduced by the filler. From the free
volume theory, the free volume is related to the
chain segment mobility. As aforementioned, the size
of free volume is nearly unchanged, so the free vol-
ume concentration might decrease. Therefore, in the
HDPE/BT composites, the o-Ps intensity I3 decreased.

But for HDPE-g-AA/BT composites, the o-Ps in-
tensity is remarkably different from that observed
in HDPE/BT composites. From Figure 2, the o-Ps in-
tensity I3 in HDPE-g-AA is less than that in pure
HDPE and I3 increases with the increasing of BT
content. So there should be positronium inhibition
in this system. The results can be explained in the
following.

In terms of the spur reaction model,22 the Ps for-
mation process in polymer is taken as a reaction of
thermalized positron and one of the excess electrons
generated in the terminal positron spur when the
positron loses the last part of its energy during the
slowing down process:23

R �! Rþ þ e�; ðionizationÞ (3)

eþ þ e� ¼ Ps; ðbound stateÞ (4)

The Ps formation probability I3 will be influenced by
the positronium formation process which must be com-
peted with other process, such as electron-cation
recombination, the diffusion of positrons and electrons
out of the spur, and electron or positron scavenging:

Rþ þ e� �! R; ðrecombinationÞ (5)

Rþ e� �! R�; ðanion radical formationÞ (6)

R� þ eþ ��½R�; eþ�; ðposition scavengingÞ (7)

HDPE-g-AA has carboxyl groups and carboxyl
groups behave like electronegative molecules. The o-
Ps formation probability I3 of HDPE-g-AA is 15%
lower than that of pure HDPE. The large effect on I3
could be explained by considering that the strongly
bound electron belonging to the carboxyl groups can
not be ionized, or, even the surrounding free elec-
trons are available, the recombination process would
happen immediately, leading to the positron having
less chance to form Ps atom in the local environ-
ment. This mechanism which can significantly
reduce I3 can be described as the following equation:

I3 ¼ I03
1þ rC

; (8)

Figure 1 Content dependence of the o-Ps lifetime s3.

Figure 2 Content dependence of the o-Ps intensities I3.
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where C is the concentration of scavenger in units of
mol/L s the fitting parameter called inhibition con-
stant, and I03 the ideal o-Ps yield assuming C 5 0,
that is to say, only considering the free volume effect
on o-Ps yield. The inhibition constant characterizes
the efficiency of scavenger relative to Ps formation
probability. As shown in Figure 2, the I3 increases
with the increasing of BT content for HDPE-g-AA/
BT composites. We can infer that C decreases with
the increasing of BT content. It is probably because
that when the organically modified BT is added into
the HDPE-g-AA system, the carboxyl groups of
HDPE-g-AA chains can react with BT layers and eas-
ily enter into the BT layers. Yu et al. indicates that
the o-Ps is harder to access and annihilation in inter-
spacing of BT layer.24 Thus with the increase of BT
content, more carboxyl groups of HDPE-g-AA chains
can enter into BT layers and the inhibition of Ps for-
mation decreases. As a result, the o-Ps intensity of
HDPE-g-AA/BT composites increases with increas-
ing the BT content.

From Figure 2, the o-Ps intensity of HDPE-g-AA/
BT composites with different BT content is larger
than the HDPE/BT composites. It can be explained
in the following. In melt compound process, the deg-
radation such as chain scission would happen, espe-
cially in the grafting reaction,25 which may lead to
the increase of free volume concentration. Conse-
quently, the I03 of HDPE-g-AA is larger than HDPE.
While adding enough BT content, most of the car-
boxyl groups enter into the BT gallery, which means
there is less Ps inhibition. As a result, o-Ps intensity
is mainly related to the intrinsic free volume concen-
tration of the matrices.

Melt analysis

Shukla et al. has developed a program named the
maximum entropy method(MELT) and MELT is a
promising method for finding a reliable o-Ps distri-

bution of a positron lifetime spectrum in poly-
mers.26,27

In this article, the MELT program was used to
obtain the free volume distribution in order to dis-
cuss the effect of AA grafting modification on the
miscibility of HDPE-based composites. Figures 3
and 4 show the free volume distributions for HDPE/
BT and HDPE-g-AA/BT composites, respectively.
Parameters of the o-Ps lifetime s3 for different sam-
ples are given in Table I. It is observed that the max-
imum of the distribution has little shift with increas-
ing BT content, which is in good agreement with the
discrete analysis as shown in Figure 1. On the other
hand, it is very interesting to find the difference in
the free volume distribution between HDPE/BT
composites and HDPE-g-AA/BT composites. The
distribution of HDPE-g-AA/BT composites is quite
narrow, but extremely broad for HDPE/BT compo-
sites. It is well known that the free volume distribu-
tion should have very similar Gaussian-like distribu-
tions in the miscible system, while the distribution is
broader in the immiscible system.28–31 So the misci-
bility of HDPE-g-AA/BT composites is better than
that of HDPE/BT composites, which indicates that
the miscibility is greatly affected by AA grafting.
The AA grafting modification could enhance the dis-
persion of BT in HDPE matrix, and strength interac-
tion between the HDPE matrix and BT layers.

Figure 3 Dependence of o-Ps lifetime distribution on the
BT content of HDPE/BT composites. Figure 4 Dependence of o-Ps lifetime distribution on the

BT content of HDPE-g-AA/BT composites.

TABLE I
Parameters of the o-Ps Lifetime s3

Sample name Center positron (ps) FWHM (ps)

HDPE 2249 276
HDPE2 2204 296
HDPE3 2258 327
HDPE4 2250 398
HDPEA 2212 100
HDPEA2 2252 166
HDPEA3 2241 219
HDPEA4 2236 244

1560 WANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



CONCLUSIONS

The unique information on the microstructure in
HDPE/BT and HDPE-g-AA/BT systems is provided
by PALS. In this article, it is found that the ortho-
positronium (o-Ps) intensity decreases � 15% for
HDPE-g-AA and its lifetime distribution is narrower
than that for pure HDPE. Carboxyl groups have an
inhibition effect on Ps formation. With the increase
of BT content, the o-Ps intensity increases for HDPE-
g-AA/BT composites and the o-Ps intensity
decreases for HDPE/BT composites. It is probably
an evidence for the carboxyl groups entering into
the BT galleries. And the distribution of HDPE-g-
AA/BT composites is quite narrow, but the
extremely broad for HDPE/BT composites. It indi-
cates that the miscibility of HDPE-g-AA/BT compo-
sites is better than that of HDPE/BT composites. The
results also show that high-intensity polyethylene
composites with good dispersion can be obtained by
proper modification of HDPE.
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