
Nanotechnology, nanostructured polymers, nano-
particles and nanocomposites have been a hot
research topic of high promise for years. A lot has
been done, highly interesting scientific findings and
even significant technical applications, yet there are
still unfulfilled promises and visions to be made
true.
Carbon nanotubes, nanofibrous cellulose and TiO2-
nanoparticles, just to mention a few, have numer-
ous interesting properties that might upgrade poly-
mer properties to a new level in composites, that at
least is the high flying vision for the future.
However, some of the visions and promises seem to
have been heavily hyped up. Often individual nano-
fibre’s or particle’s properties are extrapolated
straight forward to the bulk material’s technical
properties – and the hype is ready. By using e.g.
tiny amounts of CNF’s on polymer matrix we are
promised extraordinary mechanical stiffness and
toughness, superior electrical conductivity, high
heat conductivity, light weight and excellent
processability. Often said prerequisites are nano-
scale dispersion in a polymer matrix and good
interfacial adhesion i.e. compatibility. Is this all
that is needed? No, also a rather high nanoparticle
concentration is often needed, to ensure percolation
for electrical conductivity or entanglements for
mechanical reinforcing.
In addition, the state of the art in technical compos-
ites is still far away from the fantastic visions. Car-
bon nanofibre concentrations of 2–3% are needed
to exceed the percolation limit for electrical con-
ductivity. The mechanical toughness increment is

around 30% by using the CNF’s, a level easily
achievable with conventional reinforcements. High
heat conductivities by using small amounts of
NFC’s in composites is just a dream, at least based
on our experiments.
Too often in nanocomposite articles only one
mechanical parameter, modulus, is reported. This
does not give a comprehensive picture of the essen-
tial properties of the materials. Actually, it is rather
obvious to achieve high modulus values in blends
and composites whilst effects on elongation and
breaking energy are neglected. So there seems to be
lacking in information and contradiction between
phenomena and wishes in the field.
In spite of this criticism it is good to keep in mind
that nature is a master in optimising nanostructures
in materials. Also, nature has shown that significant
improvements in materials properties can be
reached, and tailored properties achieved. Can we,
as polymer scientists, achieve something that even
remotely resembles the level of control that can be
found in nature’s materials.
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1. Introduction
Polymers and polymer composites have been used
increasingly as engineering materials for technical
applications in which tribological properties are of
considerable importance. Recent investigations on
inorganic nanoparticles filled polymers demon-
strate their significant potential in producing com-
posites with low friction and high wear resistance
[1–5]. Compared with the composites incorporated
with micro-particles, which are characterized by
severe wear resulting from abrasion and particles
pull-out, nanocomposites exhibit rather mild wear
with fine individual debris acting as lubricant and
contributing to material removal by polishing. Evi-
dently, a uniform dispersion of nanoparticles and
strong filler/matrix interfacial interaction in the
composites are the prerequisites for the aforesaid
performance improvement.

It is worth noting that nanoparticles are very diffi-
cult to be uniformly dispersed in polymers because
of the strong attraction between the particles and
the limited shear force during compounding. Con-
sequently, nano-particle filled polymers used to
contain a number of loose clusters of nanoparticles,
which would lead to extensive material loss in
terms of disintegration and crumbling of the parti-
cle agglomerates under tribological conditions. To
avoid these drawbacks, a series of methods have
been attempted in two aspects: development of new
compounding (dispersion) techniques and surface
pretreatment approaches for nanoparticles. Com-
paratively, surface modification of nano-fillers is
more effective and easier to be applied. Similar to
the case of micro-size particles, surface treatment
of inorganic nanoparticles can be conducted by
either physical or chemical method. The former
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deals with surfactant treatment [6] and polymer
encapsulation [7], while the later is related to cou-
pling agent treatment [8–9] and graft polymeriza-
tion [10–14]. Comparatively, the effect of surface
modification based on chemical interaction is more
significant, as it provides stronger interaction
between modifiers and nanoparticles.
In our previous works, graft polymerization onto
nanoparticles proved to be feasible in improving
tribological behavior of polymer nanocomposites
[15–19]. The grafted polymers changed the
hydrophilic surface feature of the particles to
hydrophobic and broke apart the nanoparticle
agglomerates during polymerization process.
Besides, filler/matrix interfacial interaction in the
composites was enhanced mainly due to chain
entanglement of grafted polymer with matrix poly-
mer. Actually, the interfacial adhesion can be fur-
ther increased if a chemical reaction between the
filler and matrix could take place. This concept is
similar to the reactive compatibilization employed
in making polymer blends.
In this work, nano-Si3N4 particles grafted by polyg-
lycidyl methacrylate (PGMA) were mixed with
epoxy. The grafted polymer PGMA was selected
because the epoxide groups on PGMA would take
part in curing reaction of epoxy resin, so that the
nano-Si3N4 particles could be covalently connected
to the matrix. The technical route is believed to be
beneficial to the tribological performance of the
composites.

2. Materials and methods
2.1. Materials
The nano-size Si3N4 particles supplied by the Hua-
Tai, China, have a specific surface area of 52 m2/g
and an averaged diameter of 17 nm, respectively.
Prior to use, the particles were dried in an oven at
110°C vacuum for 24 h to get rid of the physically
absorbed and weakly chemically absorbed species.
Bisphenol-A epoxy resin (type E-51) was provided
by Guangzhou Dongfeng Chemical Co., China.
The curing agent 4,4′-diaminodiphenysulfone
(DDS) was supplied by Shanghai Medical Agents
Co., China. A silane coupling agent (γ-methacry-
loxypropyl trimethoxy silane, provided by Liao
Ning Gaizhou Chemical Industry Co., China) was
employed to introduce the reactive double bonds on
the surface of the nanoparticles prior to graft poly-

merization. The grafting monomer glycidyl
methacrylate (GMA, Shanghai Yuanji Chemical
Engineering Co., China) was distilled under low
pressure before use.

2.2. Graft polymerization onto Si3N4

nanoparticles

The nanoparticles were grafted with PGMA by sur-
factant-free emulsion graft polymerization. The
details of the surfactant-free emulsion graft poly-
merization have been described in Reference [20].
After the graft polymerization, the resultant suspen-
sion was filtered, washed, and extracted with
methanol for 8 h to remove the residual monomer.
The dried mixture was extracted with acetone for
50 h to isolate the polymer-grafted Si3N4 (Si3N4-g-
PGMA) from the absorbed homopolymers. Then
the grafted nanoparticles were dried under vacuum
at 50°C. Some of them were transferred to Shi-
madzu TA-50 thermogravimeter to determine the
percent grafting, γg. In the subsequent procedures of
composites manufacturing, the Si3N4-g-PGMA with
a percent grafting of 7.25 wt% was used as the
treated fillers. Besides, Fourier transform infrared
(FTIR) spectroscopy was used to evaluate the reac-
tivity of Si3N4-g-PGMA with the curing agent DDS.

2.3. Manufacturing of epoxy based
nanocomposites

The composite materials were fabricated by mixing
the (untreated or treated) Si3N4 nanoparticles and
epoxy (EP) together with a fast stirring for 3 h
under vacuum, and then ultrasonic agitation for 1h.
After that, the mixture was heated to 130°C and the
curing agent (DDS) was added under continuous
stirring. Then the composite system was poured
into a preheated mold and the curing procedure
began after extraction of possible air bubbles for
45 min. The curing proceeded step by step as fol-
lows: 3 h at 100°C, 2 h at 140°C, 2 h at 180°C, and
2 h at 200°C.

2.4. Characterization

Unlubricated sliding wear tests were carried out on
a pin-on-ring configuration at a constant velocity of
0.42 m/s and pressure of 3 MPa to obtain specific
wear rate, ws, and friction coefficient, µ. The con-
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tact schematic diagram of the frictional couple is
shown in Figure 1. The carbon steel ring (0.42–
0.45 wt% C, 0.17–0.37 wt% Si and 0.5–0.8 wt%
Mn, HRC 50) had a diameter of 40 mm and an ini-
tial surface roughness of 0.1 µm. The specimens for
wear tests were machined with a geometry of
5 mm×10 mm×15 mm, resulting in an apparent
contact area of about 5 mm×10 mm. Prior to wear
testing, all the samples were pre-worn to average
surface conditions and to reduce the running-in
period. The actual steady-state test was conducted
for 3 h using the same steel ring as that used for the
pre-worn procedure. After that, a weight measure
of the specimens was conducted.
The worn surfaces of the specimens were observed
by a Philips XL-30FEG scanning electron micro-
scope (SEM). Transmission electron microscopic
(TEM) observation was performed with a Philips
EM400 on the sample prepared from acetone dis-
persion of the particles (0.1 g in 50 ml), which were
sonicated for 45 min and then deposited on copper
grids covered by carbon film. The roughness of the
worn surface was measured by SPM-9500J3
atomic force microscope (AFM). X-ray energy dis-
tribution spectra (EDS) of the counterpart steel
rings were collected with a LINK-ISIS 300 appara-
tus at an accelerating voltage of 20 kV. X-ray pho-
toelectron spectra (XPS) of the composites’ surface
were recorded by means of a Vacuum Generators
Escalab MK II X-ray photoelectron spectrometer
with a resolution of 0.8 eV at 240 W (Mg Kα

12 kV). Three-point bending tests of the compos-

ites specimens were carried out in a Hounsfield uni-
versal tester in accordance with GB/T1039-92 stan-
dard at a deformation rate of 5 mm/min.

3. Results and discussion
3.1. Surfactant-free emulsion graft

polymerization of GMA and its
characterization

When nanoparticles are mixed with epoxy, whether
a stationary suspension state can be kept is of the
first importance for producing homogeneous com-
posites. To check the effect of surface treatment
qualitatively, the dispersibility of PGMA grafted
Si3N4 in acetone was compared with that of the
untreated nano-Si3N4 (Figure 2). The results clearly
show that a remarkable improvement of dispersibil-
ity of the former particles originating from the sur-
face grafting. Untreated nano-Si3N4 completely
precipitates after a few hours. On the contrary,
Si3N4-g-PGMA gives a stable colloidal dispersion
in the solvent. In addition, the grafted nano-Si3N4

particles with higher percent grafting (48%) tend to
be less stable than that with lower percent grafting
(7%) within 25 h, indicating that excessive graft
polymer chains interfere with the dispersion of
nano-Si3N4 particles due to molecular entangle-
ment.
Figure 3 shows the TEM morphologies of the nano-
Si3N4 particles before and after the grafting treat-
ment in acetone. Due to the serious aggregation
resulting from the high specific surface area, the
untreated nano-Si3N4 particles get together forming
clusters larger than 500 nm. When the particles are
grafted by PGMA, they can be well dispersed in the
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Figure 1. Contact schematic diagram for the friction cou-
ple

Figure 2. Dispersibility of nano-Si3N4 particles and
Si3N4-g-PGMA particles with different grafting
percent in acetone at room temperature



solvent and most of them have sizes smaller than
100 nm. A comparison between Figures 3a and 3b
obviously demonstrates that the graft treatment is
rather effective in separating the agglomerated
nanoparticles, which would benefit the subsequent
composites manufacturing.
Since the surface treatment of the particles aims at
increasing the reactive compatibilization in the
nanocomposites by grafting polymers with reactive
groups onto the nanoparticles, the reactivity of the
grafted polymer should be of interests. Firstly, it is
needed to confirm whether the epoxide groups of
PGMA grafted on the nano-Si3N4 particles will
react with the amine groups of DDS. To prove the
reaction, a model system consisting of stoichimetri-
cal Si3N4-g-PGMA and the curing agent 4,4′-
diamino-diphenysulfone (DDS) was thermally
treated following the same curing sequence as that
applied for epoxy/DDS compound, and then evalu-
ated by FTIR. It is seen from Figure 4 that the dou-
ble bands at 3332 and 3369 cm–1 corresponding to
the primary amine groups (–NH2) disappear after
curing. Instead, a single band at 3365 cm–1 repre-
senting the secondary amine groups (–NH) is per-
ceived, evidencing the above deduction. Therefore,
it is known that PGMA is able to take part in the
curing reaction of epoxy. Such a chemical bonding
between the PGMA chains grafted onto nano-Si3N4

particles and the surrounding epoxy networks
would certainly enhance the filler/matrix adhesion
in the composites.

3.2. Friction and wear performance of
Si3N4/EP nanocomposites

To illuminate the effect of the grafting polymer on
the tribological performance of the epoxy compos-
ites, Figure 5 presents the specific wear rate, ws,
and frictional coefficient, μ, as a function of the
amount of the grafting polymers attached to nano-
Si3N4 particles. It is found that the particles with a
medium grafting percentage (γg = 7.25%) give the
lowest ws and μ. It can thus be estimated that the
molecular chains of the grafted PGMA with a
medium grafting percentage might present them-
selves in an extended conformation, which is bene-
ficial to the dispersion of the grafted particles and
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Figure 3. TEM photos of (a) nano-Si3N4 particles and (b) Si3N4-g-PGMA particles (γg: 7.25%)

Figure 4. FTIR spectra of the mixture of Si3N4-g-PGMA/
DDS before and after curing



the establishment of chemical bonding between the
particles and the matrix.
The typical steady-state friction coefficients and
specific wear rates of the unfilled and filled epoxy
composites under 3 MPa and at 0.42 m/s are shown
in Table 1. It can be seen that Si3N4 and Si3N4-g-
PGMA can reduce the friction coefficient and spe-
cific wear rate of the epoxy composites signifi-
cantly. Comparatively, 0.52 vol% Si3N4-g-PGMA
is more effective than untreated Si3N4 in improving
the tribological performance of the composites.
Furthermore, when the composites are mixed with
the help of acetone solvent (wet mixed), it holds the
lowest friction coefficient and specific wear rate
under a pressure of 3 MPa.
Effect of the content of Si3N4 and Si3N4-g-PGMA
on the friction coefficient and specific wear rate of

the epoxy composite sliding against the steel ring is
revealed in Figure 6 under dry sliding. It is seen
that within the entire range of filler content of inter-
ests, both frictional coefficient and specific wear
rate of the composites incorporated with nano-
Si3N4 particles show a drastical decrease as com-
pared with the values of unfilled epoxy. For
example, the wear rate of epoxy is decreased from
~200·10–6 to ~2.6·10–6 and 0.96·10–6 mm3/Nm by
the addition of 0.8 vol% of untreated nano-Si3N4

and treated nano-Si3N4, respectively. Compara-
tively, Si3N4-g-PGMA is more effective than
untreated Si3N4 in improving the tribological per-
formance of the composites. The difference in
improving the wear resistance of epoxy between
the composites with untreated and treated nano-
Si3N4 particles should mainly result from the filler/
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Figure 5. (a) Specific wear rate, ws, and (b) friction coeffi-
cient, μ, of epoxy composites filled with
Si3N4-g-PGMA (0.79 vol%) with different graft-
ing percentage

Figure 6. (a) Specific wear rate and (b) friction coefficient
of Si3N4/EP and Si3N4-g-PGMA/EP (γg: 7.25%)
composites as a function of filler content

Table 1. Typical friction coefficient and specific wear rate of epoxy composites under dry sliding (3 MPa, 0.42 m/s)
Composites Friction coefficient Specific wear rate [·10–6 mm3/Nm]

Epoxy+DDS 0.598 248.75
Epoxy+DDS+0.52 vol% Si3N4 0.441 002.95
Epoxy+DDS+0.52 vol% Si3N4-g-PGMA (dry mixed) 0.433 002.33
Epoxy+DDS+0.52 vol% Si3N4-g-PGMA (wet mixed) 0.428 001.55



matrix adhesion strength. As stated before, the
grafted PGMA employed in the present work can
build up chemical bonding between the nanoparti-
cles and epoxy resin, which should be responsible
for the higher resistance to periodic frictional
stress. With a rise in the nanoparticles concentra-
tion, both the wear rate and the friction coefficient
increase slightly. It might be due to the fact that the
increased amount of the nanoparticles is unfavor-
able to filler dispersion [21]. Meanwhile, the
grafted nanoparticles also lead to more significant

reduction on specific wear rate of epoxy as com-
pared with the friction coefficient.
Figure 7 compares the worn surface of unfilled
epoxy with those of the composites. Clearly, the
severe wear associated with the detachment of bulk
materials for unfilled epoxy (Figure 7a, 7b) is
replaced by the mild wear for untreated Si3N4 filled
composites (Figure 7c, 7d). In comparison with the
flake-like wear failures on the surface of Si3N4/EP,
the wear scars on the surface of Si3N4-g-PGMA/EP
composites (Figure 7e, 7f) are characterized by tiny
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Figure 7. SEM micrographs of the worn surface of (a, b) epoxy, (c, d) Si3N4/epoxy composites (0.79 vol%), and (e, f)
‘dry mixed’ Si3N4-g-PGMA/epoxy composites (0.79 vol%, γg: 7.25%) (arrows indicate the sliding direction)



scratches without any detached flakes. It can be
attributed to the fact that the treatment via graft
polymerization onto the nanoparticles further
improves the miscibility between the grafted poly-
mer and matrix epoxy. It should be beneficial to the
dispersion of nano-Si3N4 particles, and improve the
composites’ integrity. As a result, the composites’
wear resistance was raised accordingly. On the
other hand, it suggests that polishing effect pre-
dominates the wear process of the latter compos-
ites, evidencing the change in wear mode.

3.3. Effect of the reaction between grafted
polymer and epoxy matrix on the
composites’ surface feature

The aforementioned results have demonstrated the
efficiency of surface grafting treatment of Si3N4

nanoparticles in improving sliding wear properties
of epoxy composites. Nevertheless, some details of
the role of the chemical bonding on the composites’
surface characteristics should be further investi-
gated. Figure 8 shows the surface feature of epoxy
and its composites characterized by load-unload
curves recorded during the micro-hardness meas-
urements. In the case of unfilled epoxy, the worn
surface exhibits greater portion of plastic deforma-
tion as compared with the unworn one. This reflects
destruction of the epoxy network due to the high
frictional temperature. However, the addition of
nano-Si3N4 particles exerts restraining effect on the
plastic deformation, and even results in a rise in the
elastic deformation after the wear test, proving that
the interaction between nano-Si3N4 particles and
epoxy is rather strong. When the Si3N4 had been
grafted with PGMA, the elastic deformation of the
composites is further improved due to the chemical
bonding at the interface.
Quantitative description of the worn pin surface
profile by AFM presents information about the
improvement of the composites’ resistance to sur-
face shearing due to the incorporation of nano-
Si3N4 particles from another angle (Figure 9).
Clearly, the wear process in the Si3N4 filled
nanocomposites are dominated by polishing and
the worn pin surface appears rather smooth. When
the particles were grafted with PGMA, the average
roughness of the composites is further reduced by
three to four times. The results agree with the afore-

said enhanced integrity and higher wear resistance
of the composites.
To illuminate the influence of the chemical bond-
ing on the materials transfer from the specimens to
the steel counterpart during wear test, elements on
the steel ring surface were examined in Table 2. It
is seen that having rubbed against either the
unfilled epoxy or the epoxy composites, element Si
was detected on the steel counter face. Besides, the
amount of Si on the steel ring surface rubbing
against the composites is higher than that on the
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Figure 8. Load-unload test results of (a) epoxy, (b) Si3N4/
EP (0.26 vol%) and (c) Si3N4-g-PGMA/EP
(0.26 vol%, γg: 7.25%) composites before and
after the wear test



steel ring rubbing against neat epoxy. These data
prove that the grafted polymer facilitates the adhe-
sion of Si3N4 particles on the steel ring, and
strengthens the transferred film. Besides, the low
resolution XPS spectra of the pin surfaces of epoxy
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Figure 10. Low resolution XPS spectra of pin surface of
(a) epoxy, (b) Si3N4/EP (0.79 vol%) and
(c) Si3N4-g-PGMA/EP (0.79 vol%, γg: 7.25%)

Figure 9. AFM 3D height trace images of worn surface of
(a) epoxy, (b) Si3N4/EP (0.26 vol%) and
(c) Si3N4-g-PGMA/EP (0.26 vol%, γg: 7.25%)
composites

Table 2. EDS analysis of the surface of the steel counter-
part before and after the wear test

Samples
Elements and contents

[wt%]
Fe Si S

Steel ring before wearing 98.76 0.48 0.00
Steel ring worn against EP 98.55 0.42 0.21
Steel ring worn against
nano-Si3N4/EP (0.52 vol%)

96.77 2.46 0.42

Steel ring worn against
Si3N4-g-PGMA/EP (0.52 vol%,
γg: 7.25%)

98.73 0.51 0.54



and nano-Si3N4/epoxy composites before and after
the wear tests reveal that the atomic ratios of C/O
have changed (Figure 10). The decrease of C/O
ratios is indicative of oxidation of epoxy surface
during wearing process. Incorporation of nano-
Si3N4 and Si3N4-g-PGMA particles increases the
resistance of epoxy against oxidation.
The addition of either untreated nano-Si3N4 or
grafted nano-Si3N4 could enhance the flexural
strength and modulus of epoxy (Figure 11), which
can be easily explained by the high hardness of the
particles. The composites with Si3N4-g-PGMA par-
ticles possess high flexural performance, especially
at low filler content. The graft treatment of the
nano-Si3N4 particles by PGMA ensures good filler-
matrix bonding and favors stress transfer across
interface.

4. Conclusions

1. Grafting of GMA onto nano-Si3N4 increased the
interfacial interaction between the particles and

the epoxy matrix through chemical bonding. It
proved to be an effective way to further enhance
the nano-effect of the nanoparticles on the
improvements of the tribological performance.
However, excessive GMA groups are detrimen-
tal to the enhancement of wear resistance of the
composites due to molecule entanglement.

2. Compared with the unfilled and nano-Si3N4

filled epoxy, the epoxy filled with low content
Si3N4-g-PGMA exhibited lower friction coeffi-
cient and higher wear rate. However, the friction
and wear of the filled epoxy composites deterio-
rated with further increasing content of nano-
Si3N4 and Si3N4-g-PGMA particles.

3. The technical route proposed by the authors is
not limited to the system made of Si3N4 nano-
particles and epoxy resin. In fact, the surface
treatment method presented in this paper is also
feasible for various inorganic/polymer compos-
ites aiming at improving particle dispersion and
interface interaction.
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1. Introduction
Ethylene-vinyl acetate copolymer (EVA) has good
transparency, flexibility and good oxygen barrier
properties [1]. Blending EVA with low density
polyethylene (LDPE) could increase the elasticity
of material, and optimize its combination with inor-
ganic materials [2]. It is an economical and effi-
cient alternative to the development of new poly-
mer materials [3–5]. The crystallizable units in both
EVA and LDPE are ethylene chain segments [6].
To EVA, polar vinyl-acetate units (VAc) are intro-
duced randomly into the backbone of copolymer,
acting as intervals of ethylene chain segments with

various lengths. As for LDPE, the short branches
could also hinder its crystallization behavior while
chains arranging into lattices. This could lead to
multiple crystallization stages based on complex
thermal history. Regarding their binary blends, the
partial miscibility has been studied in our previous
works via isothermal crystallization [7]. However,
their crystallization under non-isothermal condi-
tions would be more complicated than the ideal
isothermal situation. This is of importance both in
theoretical research and industrial manufacturing
fields. Influences from cooling rate, heat transmis-
sion lags and thermal gradients within samples
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must be taken into account, which are all vital fac-
tors referring to the overall crystallization proper-
ties of polymer.
Non-isothermal crystallization study via differen-
tial scanning calorimetry (DSC) provides not only a
good controlled and reproducible procedure, but
also an access to the quantitative analysis of crys-
tallization kinetics. Many widely used kinetic mod-
els such as Jeziorny theory [8], Ziabicki theory [9],
Ozawa model [10] and Mo’s method [11, 12],
which were mostly derived from the classical
Avrami equation in isothermal condition, have
been successfully performed in many single poly-
mers, polymer blends and composites. For instance,
Shi studied the influence of VAc content on the
crystallization rate of single EVA [13]; non-
isothermal crystallization kinetics of PP/EVA
blends were reported by Goodarzi et al. [14]; Li et
al. [15] also researched the nucleation effect of inor-
ganic fillers in EVA/carbon nanotube composites.
However, the non-isothermal crystallization kinet-
ics studies in EVA/LDPE binary mixtures were
rarely reported. Their partial miscibility resulted in
apparent overlaps of exotherms during cooling
process. Their asymmetric figures also restricted
the fitting accuracy of peak separation. It was inap-
propriate to obtain the separate enthalpy integration
of each component for further calculation. A model
with a parameter of crystallization rate coefficient
(CRC) proposed by Khanna [16] could be utilized.
In this work, the non-isothermal crystallization
kinetics and the subsequent melting of neat EVA,
LDPE, and their binary blends with various ratios
were studied via Jeziorny theory and Mo’s method.
Influences from their partial miscibility on the crys-
tallization behavior and mechanism of each compo-
nent in blends were investigated by Kissinger’s
activation energy and Khanna’s CRC model,
respectively.

2. Experimental
2.1. Materials
Ethylene-vinyl acetate copolymer with 14 wt% VAc
(EVA 14-2) was supplied by Beijing Organic Chem-
istry Plant, Beijing, China; the melting flow rate
(MFR) is 2.0 g/10 min, the density is 0.94 g/cm3.
Low density polyethylene (LDPE 2426H) was
obtained from BASF-YPC Co. Ltd., Nanjing,

China. Its MFR is 2.0 g/10 min, the density is about
0.92~0.93 g/cm3.

2.2. Preparation of blends

Blends of EVA/LPDE with various ratios were pre-
pared in a 60 ml Rheomix internal mixer (Shanghai
Kechuang XSS-300, China); the melt compound-
ing was performed at 135°C for 10 min; the rotor
speed is 30 rpm and the total mixing weight was
about 50 g per batch. Samples were designated as
EVA, EVA/LDPE = 7/3, EVA/LDPE = 5/5, EVA/
LDPE = 3/7 and LDPE for various EVA mass
ratios in blend, respectively.

2.3. Differential scanning calorimetry

The non-isothermal crystallization and the subse-
quent melting behaviors were carried out by a dif-
ferential scanning calorimeter (TA Q200, USA).
Samples weighing about 10 mg were cut off for
characterization. Nitrogen purge gas with a flux of
50 ml/min was used to prevent thermal degradation
of samples during scanning. In order to eliminate
residual volatile impurities and the small crystals,
all samples were first quickly heated (at 40°C/min)
up to 150°C and held isothermally for 3 minutes.
Then they were cooled down from melt to 0°C at
five different cooling rates: 2.5, 5, 10, 15 and
20°C/min, respectively. The subsequent melting
process after each step of non-isothermal cooling
was executed by heating run from 0 to 150°C at a
constant rate of 10°C/min.

3. Results and discussion
3.1. Non-isothermal crystallization
Figure 1 illustrates the non-isothermal cooling
traces of all samples. Molecular chain segments
crystallized slower than the continuous temperature
dropping. And their movability degenerated at a
lower ambient temperature. Such lag between them
was magnified under a higher cooling rate [17].
Exothermic peaks exhibited broader figure and
shifted gradually to a lower temperature. Multiple
exothermic characteristics were observed both in
neat EVA and LDPE: a sharp major exothermic
peak followed by a following broad peak/shoulder
with apparent lagging tail. For EVA, the randomly
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introduced VAc units acted as the interval in the
backbone of copolymer, which fractionated ethyl-
ene chain segments by various crystallizable
lengths [18]. The major exothermic peak repre-
sented the fusion of lamellae arranged by a portion
of chain segments of the highest crystallizablity,
indicating the primary crystallization stage. While
those defective chain segments were repelled to the
surface of the existing crystal. They were forced to
crystallize under a lower temperature later with
more deficiency during arrangement, thus formed
the secondary crystallization region [7]. It has been
widely accepted that the short ethylene branches in
LDPE could inhibit its overall crystallization
behavior [19]. Similar molecular fractionation and
secondary crystallization stage during non-isother-
mal crystallization were even more remarkable in

neat LDPE. In traces of blends, the peak of EVA
component overlapped partially with LDPE com-
ponent. The secondary crystallization shoulder in
EVA component became imperceptible in all
blends; the secondary crystallization peak of LDPE
component was also affected. As the LDPE ratio
increased in blends, its exotherms grew to a larger
and sharper figure.

3.1.1. Non-isothermal crystallization of neat
materials

The non-isothermal crystallization kinetics of neat
EVA and LDPE were first studied. Data in Table 1
show that the onset crystallization temperature
(Tc

on) of LDPE was about 20°C higher than that of
EVA. The secondary crystallization peak tempera-

143

Jin et al. – eXPRESS Polymer Letters Vol.4, No.3 (2010) 141–152

Figure 1. Non-isothermal crystallization exotherms of blends at different cooling rate (A-EVA, B-EVA/LDPE = 7/3,
C-EVA/LDPE = 5/5, D-EVA/LDPE = 3/7, E-LDPE)
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ture (Tc
p3) of LDPE was about 17°C higher than the

corresponding parameter of EVA (Tc
p4). The crys-

tallization enthalpy (ΔHc) of EVA decreased
slightly along with the increase in cooling rate.

A-Jeziorny theory

The classical Avrami equation [20–22] relates to
the amount or fraction of un-crystallized material
that remains after time t, which has been commonly
utilized in describing isothermal crystallization
kinetics of polymer. It is given by Equation (1):

(1)

where Zt is the crystallization rate constant, which
involves the contribution from both nucleation and
crystal growth. n represents the Avrami exponent,
representing the mechanism and dimensional geom-
etry of crystal growth. Xt stands for the relative
crystallinity, which is set as a function of time t
according to Equation (2):

(2)

where t0 and t∞ mean the onset and completion time
of the specific crystallization stage, respectively.
dHc is the enthalpy of the crystallization released
during an infinitesimal time range dt. In this exper-
iment, for a chosen cooling rate, the heat flow inte-
gration of relative crystallinity calculation can be
firstly recorded as a function of temperature T [23],
see Equation (3):
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Table 1. Non-isothermal crystallization data of neat EVA and LDPE

D: cooling rate; Tc
on: onset crystallization temperature; Tc

p1: peak crystallization temperature of the primary crystallization in LDPE;
Tc

p2: peak crystallization temperature of primary crystallization in EVA; Tc
p3: peak crystallization temperature of secondary crystallization

in LDPE; Tc
p4: peak crystallization temperature of secondary crystallization in EVA; Tc

f: final crystallization temperature; ΔTc = Tc
on–Tc

f;
ΔHc: crystallization enthalpy of polymer

Sample D [°C/min] Tc
f [°C] Tc

p4 [°C] Tc
p3 [°C] Tc

p2 [°C] Tc
p1 [°C] Tc

on [°C] ΔΔTc [°C] ΔΔHc [J/g]

EVA

02.5 30.7 44.0 – 75.6 – 081.1 50.4 079.2
05.0 28.7 43.2 – 74.1 – 078.8 50.1 077.3
10.0 28.5 42.1 – 71.9 – 076.4 48.0 075.2
15.0 26.7 41.8 – 70.3 – 074.9 48.2 073.8
20.0 25.4 39.5 – 68.7 – 073.7 48.3 072.6

LDPE

02.5 50.9 – 61.3 – 100.1 102.8 51.9 123.7
05.0 49.2 – 60.3 – 098.5 101.3 52.1 124.2
10.0 46.0 – 59.0 – 096.5 099.7 53.7 129.3
15.0 44.4 – 58.2 – 095.0 098.5 54.1 118.4
20.0 41.3 – 57.2 – 093.6 097.6 56.3 125.7

Figure 2. Plots of Xt versus T for neat EVA and LDPE during non-isothermal crystallization stage (A-EVA, B-LDPE)



T0 and T∞ in Equation (3) are the onset and comple-
tion temperature of the crystallization stage, respec-
tively. Figure 2 illustrates the development of the
relative crystallinity to T of two neat materials at
varying cooling rate.
The T-axis can be transformed into the t-axis as
shown in Figure 3. Crystallization time can be cal-
culated from the following Equation (4), in which
the D stands for the cooling rate (2.5, 5, 10, 15 and
20°C/min, respectively):

(4)

In the primary crystallization, relative crystallinity
increases acutely along with t. The half crystalliza-
tion time t1/2, representing the time needed to
achieve 50% of the entire crystallization progress,
keeps lower than 5 min in all cases. However, after
Xt overreached about 40%, the secondary crystal-

lization stage of EVA and LDPE began. It took
much longer time to complete the overall crystal-
lization stage. Such characteristic was also reported
in crystallization kinetics of metallocene polyethyl-
ene [24].
The double-logarithmic form of the Equation (1) is
given by Equation (5):

(5)

Plotting log[–ln(1–Xt)] against log(t) for each D,
the primary linear section obtained from Equa-
tion (5) enables one to obtain the Avrami exponent
n and the crystallization rate constant Zt from the
slope and the intercept, respectively. Considering
the influence from continuously changing tempera-
ture in the non-isothermal crystallization, parame-
ters do not have the same physical meaning as in
the iso-thermal situation. Zt should be corrected for
the non-isothermal situation by Equation (6):
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Figure 3. Plots of Xt versus t for neat EVA and LDPE during non-isothermal crystallization stage (A-EVA, B-LDPE)

Figure 4. Plots of log[–ln(1–Xt)] versus log(t) for EVA and LDPE as received at various cooling rate (A-EVA, B-LDPE)



(6)

Zc was modified by Jeziorny [8] in Equation (6),
which stands for the non-isothermal crystallization
rate constant. And n is designated as the apparent
Avrami exponent.
Figure 4 exhibites plots of log[–ln(1–Xt)] against
log(t) of neat EVA and LDPE, respectively. Plots
above could be separated into three stages along
with log(t): the nucleation process, the primary
crystallization stage and the secondary crystalliza-
tion stage. The primary crystallization showed
approximately linear shape. In the secondary crys-
tallization stage, all plots deviated from the former
direction, and exhibited another approximately lin-
ear shape with gentley slopes.
The values of Zc, n and t1/2 in EVA and LDPE were
listed in Table 2. Good linear fitting results of both
the primary and secondary crystallization are
obtained (Adj. R2 > 0.99). In the 2.5°C/min cooling
case, the Zc of the primary crystallization stage in
LDPE (0.16 min–1) was much higher than that in
EVA (0.06 min–1). Increase in cooling rate limited
the further spherulites’ growth, which narrowed the
rate difference between EVA and LDPE. Similar
shrinking tendency was also observed in t1/2. When
beeing cooled at a rate of 20°C/min, t1/2 of EVA
was even lower than LDPE. It has been accepted
that, a high ambient temperature would inhibit the
nucleation but facilitate the crystal growth of poly-
mer molecules. While a low temperature environ-
ment could have contrary influences on crystalliza-
tion behaviors [7, 25, 26]. Intense cooling rate has
limited the time needed for a sufficient primary
crystallization growth. More crystallizable chain

segments were forced to form the secondary crys-
tallization at the end of a rapid cooling.
Values of n implied both EVA and LDPE had
homogenous random nucleation followed by three-
dimensional spherulitic growth in a spherical form.
n at various cooling rates arranged between 2.98~
4.52 in EVA and 4.80~5.99 in LDPE, respectively.
LDPE had a higher dimensionality of crystal
growth than EVA. Non-integral n value >4 was
considered as a result of nucleation rate increasing
during interface controlled growth [27]. Crystal-
lization mechanism in the secondary stage is also
analyzed. Corresponding apparent n’ of EVA var-
ied from 0.93~0.96, and the value of LDPE slightly
fluctuates within 0.67~0.77. This referred to a
thickening of long cylinders or large lamellae after
the spherulites’ impingement [27]. The secondary
crystallization stage took place in a more restricted
surrounding, which needed much longer time than
the primary stage. The slow secondary crystalliza-
tion is positive to the perfecting of the overall crys-
tallization behavior. That is why the annealing
treatment during practical manufacturing has posi-
tive influence on the final properties of products.

B-Mo’s method

Mo’s method [11, 12, 28–30] is another efficient
approach derived from the combination of both
Avrami equation and Ozawa model [10], which
have been successfully utilized in various cases
[29, 31, 32]. Dividing the Avrami equation by the
Ozawa’s equation, functions are given in Equa-
tions (7) and (8):

(7))log()(log)log(log DmTKtnZt −=+

D

Z
Z t

c
ln

ln =
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Table 2. Data from Jeziorny theory in non-isothermal crystallization kinetic analysis

D: cooling rate; Zc: non-isothermal crystallization rate constant modified by Jeziorny; n: Avrami index in the primary crystallization
stage; n’: Avrami index in the secondary crystallization stage; t1/2: half crystallization time; Adj. R2: adjust R2 of plots fitting

Sample
D

[°C/min]
Primary crystallization Secondary crystallization t1/2

[min]Zc [min–1] n Adj. R2 n’ Adj. R2

EVA

02.5 0.06 4.52 0.9960 0.93 0.9996 6.10
05.0 0.64 3.01 0.9998 0.79 0.9997 2.34
10.0 0.96 3.40 0.9986 0.87 0.9995 1.21
15.0 1.05 3.40 0.9928 0.94 0.9994 0.85
20.0 1.07 2.98 0.9907 0.96 0.9993 0.66

LDPE

02.5 0.16 4.80 0.9989 0.67 0.9997 3.67
05.0 0.66 5.79 0.9983 0.69 0.9998 2.00
10.0 1.08 6.57 0.9978 0.75 0.9974 1.29
15.0 1.20 4.79 0.9919 0.76 0.9994 0.85
20.0 1.25 5.99 0.9918 0.77 0.9994 0.73



(8)

Parameter F(T) is assumed as F(T) = [K(T)·Zt–1]1/m.
It is denoted as the value of a cooling rate which
has to be chosen at a unit crystallization time when
the measured sample amounts to a certain degree of
crystallinity. a refers to the ratio of Avrami expo-
nent n to the Ozawa exponent m. The final form of
Mo’s method is obtained as Equation (9):

(9)

A good linear fitting was obtained by plotting
log(D) against log(t) as shown in Figure 5. The
intercept and slope represent F(T) and a, respec-
tively, which were listed in Table 3. The value of
F(T) increased monotonically with the increasing
relative crystallinity, implying that under the same
time unit, a larger cooling rate was needed in order

to obtain a higher Xt. F(T) accorded well with
results from Jeziorny theory. It was suggested that
only the primary crystallization stage accounted for
the first 20% crystallization behavior. However,
LDPE needed a more intense undercooling condi-
tion than EVA to reach the higher Xt = 80%. It was
the accumulation of both the primary and second-
ary crystallization stages to obtain a higher Xt. This
suggested that the secondary crystallization in
LDPE accounted for comparatively larger contribu-
tion to the entirety, or it was slower than in EVA.

3.1.2. Non-isothermal crystallization of blends

It is accepted that, like LDPE, crystallizable chain
segments in EVA are also continuous ethylene
chain segments with different lengths [18, 33]. As
shown in Figure 1, overlapping of exotherms
widely existed in blending situation, which was
mostly due to the partial miscibility [7] between
EVA and LDPE. Both widely used Jeziorny theory
and Mo’s method suitable for neat polymers, are
based on the exothermic enthalpy integration of
single exothermic peak. Peak separation, enthalpy
integration and fitting would bring inevitable errors
in analysis crystallization kinetics. However, varia-
tion in the major peak position of each component
at EVA/LDPE blends with different ratios indi-
cated their changes in crystallization behaviors
under a given crystallization condition. Kinetics
information can be investigated via other appropri-
ate approaches, which can avoid the influences
from peak overlapping in exotherms.
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Figure 5. Plots of log(D) versus log(t) for neat EVA and LDPE during the non-isothermal crystallization (A-EVA,
B-LDPE)

Table 3. Data from Mo’s method in non-isothermal crys-
tallization kinetic analysis

Xt:given relative crystallinity; F(T): non-isothermal crystallization
rate parameter from Mo’s method; a: slop of plots in Figure 5
(the ratio of Avrami exponent n to the Ozawa exponent m)
*standard error

Sample Xt [%] F(T) a

EVA

20 00007.51(0.03)* 0.95(0.08)
40 10.29(0.02) 0.98(0.07)
60 16.09(0.02) 0.90(0.03)
80 27.73(0.01) 0.91(0.01)

LDPE

20 06.24(0.02) 1.30(0.09)
40 09.54(0.02) 1.28(0.09)
60 16.94(0.03) 1.03(0.07)
80 35.19(0.05) 0.98(0.07)



A-Apparent activation energy

The apparent activation energy of each component
of blends in non-isothermal crystallization was
evaluated via Kisinger’s method [34]. Considering
influences from cooling rate, the apparent activa-
tion energy ΔE could be determined by Equa-
tion (10):

(10)

where R is the universal gas constant,
(8.314 J/(mol·K), Tc

p is the crystallization peak
temperature of each polymer component in blends.
D represents the cooling rate. It is suitable to kinet-
ics studying situations even with exothermic peak
overlapping. The good linear relation plot of
ln(D/Tc

p2) versus 1/Tc
p for EVA and LDPE compo-

nent in blends were shown in Figure 6. As data
listed in Table 4, after blending, the ΔE of both
polymer components increased, which indicated
the inter-molecular interaction at melt between
EVA and LDPE would hinder the nucleation at the
beginning of cooling process.

B-Crystallization rate coefficient

Another similar approach with a crystallization rate
coefficient (CRC) parameter, proposed by Khanna
[16], and Di Lorenzo and Silvestre [26] was also
utilized in this work. As the polymer cooled from
melt state (Tm), structures which have symmetrical
and short repeating chain segments crystallize
sooner than those with longer, unsymmetrical or
branched repeating units. Khanna considered the
cooling rate D dependence against the exothermic
peak temperature Tc

p. It was proposed that, once the
crystallization began, it could be hindered by a
higher cooling rate. But the amount of hindrance
would be the least for the fastest crystallizing poly-
mer. By plotting the dependence of D [°C/min]
against Tc

p [°C], the slope should have a larger
value (absolute value) for one crystallized compar-
atively faster. CRC was finally defined as the
ΔD/ΔTc

p [h–1], representing the variation in cooling
rate required for a 1°C-change in the under cooling
of the polymer melt [26, 35].
As shown in Figure 7 and Table 5, CRC ranked the
materials on a scale of crystallization rate. Blending
affected the crystallization of EVA more signifi-
cantly than LDPE. CRC of LDPE increased after
blending since being blended with EVA, and
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Figure 6. Plots of ln(D/Tc
p2) versus 1/Tc

p for EVA and LDPE component in blends (A-EVA component, B-LDPE compo-
nent)

Table 4. Apparent activation energy of EVA and LDPE components in blends

*adjust R2of plots fitting

Component
ΔΔE [kJ/mol]

EVA EVA/LDPE = 7/3 EVA/LDPE = 5/5 EVA/LDPE = 3/7 LDPE
EVA 302.2(0.9665)* 326.0(0.9769) 315.0(0.9852) 338.1(0.9895) –
LDPE – 389.6(0.9491) 381.4(0.9693) 379.7(0.9694) 370.7(0.9770)
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Figure 7. Plots of D versus Tc
p for EVA and LDPE component before and after blending (A-EVA component, B-LDPE

component)

Figure 8. Subsequent melting endotherms of blends corresponding to different cooling rate (A-EVA,
B-EVA/LDPE = 7/3, C-EVA/LDPE = 5/5, D-EVA/LDPE = 3/7, E-LDPE)

Table 5. Value of CRC for EVA and LDPE components in blends

*adjust R2 of plots fitting

Component
CRC [h–1]

EVA EVA/LDPE = 7/3 EVA/LDPE = 5/5 EVA/LDPE = 3/7 LDPE
EVA 153.0(0.9823)* 162.7(0.9733) 156.0(0.9605) 167.1(0.9538) –

LDPE – 174.3(0.9919) 168.0(0.9790) 167.2(0.9805) 162.7(0.9733)



obtained its maximum (174.3 h–1) in blend of
EVA/LDPE = 7/3. Similar CRC growth in EVA
component was also observed. The crystallizable
units in both EVA and LDPE are symmetrical and
short repeating ethylene chain segments. They were
firstly randomly mixed in the melt. During the pri-
mary crystallization stage of LDPE, EVA is kept in
the molten state; its dilution effect prevented the
molecules of LDPE from self entanglement, which
facilitated the crystal growth of LDPE. The short
branches of LDPE were kept at amorphous state
until a lower temperature. They formed the second-
ary crystallization of LDPE, which occurred simul-
taneously with the crystallization of EVA
component as shown in Figures 1B, 1C, 1D. Their
partial miscibility led to co-crystallization between
two components, which also affected the crystal-
lization rate of EVA component. In blend of
EVA/LDPE = 7/3, the CRC of LDPE component
had the maximum in all cases.

3.2. Subsequent melting
The subsequent melting traces of all samples are
exhibited in Figure 8 and Table 6. The secondary
crystallization in neat EVA and LDPE started to
melt at a very low temperature, endothermic behav-
ior grew up gradually and finally formed the major
melting peak. This demonstrated that the secondary
crystals were the aggregation of defective crystals
with various completion degrees. This phenome-
non was also confirmed in thermal traces of all
blends.
The higher peak (p-LDPE) referred to the primary
crystallization melting in LDPE component. While
the secondary crystal melting of LDPE incorpo-
rated partially with the major melting of EVA com-
ponent, which resulted in a much broader shape of
p-EVA. The slight depression in Tm

p–LDPE and
growth in Tm

p–EVA also affirmed the partial miscibil-
ity between EVA and LDPE. Overlaps in endo-
therms demonstrated the existence of co-crystal-
lization between them.
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Table 6. Subsequent melting data of all samples

Tm
p-EVA: the major melting peak temperature of EVA component in blends; Tm

p-LDPE: the major melting peak temperature of LDPE com-
ponent in blends; Tm

f: final temperature of melting behavior; ΔHm: melting endothermic enthalpy

Sample
Sub-heat after

cooled at [°C/min]
Tm

p-EVA [°C] Tm
p-LDPE [°C] Tm

f [°C] ΔΔHm [J/g]

EVA

02.5 90.2 – 095.9 077.7
05.0 89.9 – 095.7 077.1
10.0 89.7 – 095.7 076.4
15.0 89.6 – 095.7 076.0
20.0 89.5 – 095.7 075.8

EVA/LDPE = 7/3

02.5 90.1 110.8 114.1 088.7
05.0 90.3 110.7 113.9 087.3
10.0 90.3 110.4 113.8 086.1
15.0 90.2 110.4 113.7 086.4
20.0 90.2 110.3 113.7 086.1

EVA/LDPE = 5/5

02.5 90.7 111.4 114.4 104.9
05.0 90.7 111.2 114.2 104.4
10.0 90.6 111.1 114.0 102.9
15.0 90.5 110.9 114.1 102.1
20.0 90.5 110.9 114.1 101.9

EVA/LDPE = 3/7

02.5 90.7 111.4 114.4 118.1
05.0 90.7 111.3 114.2 116.3
10.0 90.5 111.0 114.0 114.0
15.0 90.5 111.0 114.0 113.7
20.0 90.4 111.0 114.0 112.7

LDPE

02.5 – 111.6 115.0 133.6
05.0 – 111.4 114.7 131.6
10.0 – 111.4 114.7 130.8
15.0 – 111.4 114.6 129.6
20.0 – 111.2 114.6 130.2



4. Conclusions

The Jeziorny theory and Mo’s method were suc-
cessfully utilized to evaluate the crystallization rate
of neat EVA and LDPE. In the primary crystalliza-
tion stage, LDPE crystallized faster than EVA
apparently. Along with the increasing in cooling
rate, such rate differences shrank gradually for the
lack of primary crystal growth time in polymer.
The Avrami index n indicated that both polymers
had homogeneous nucleation and crystallized in a
three-dimensional spherulitic growth mechanism.
LDPE had a higher dimensionality of crystal
growth than EVA. F(T) from Mo’s method also
revealed a tendency that accorded well with results
from Jeziorny theory. Blending EVA with LDPE
led to apparent overlaps of exotherms during cool-
ing. Inter-molecular interaction between them in
the melt increased the activation energy of crystal-
lization at the beginning of cooling. During the pri-
mary crystallization stage of LDPE, the dilution
effect of liquid EVA prevented the molecules of
LDPE from self entanglement, which facilitated the
crystal growth of LDPE. The short branches of
LDPE kept at amorphous state until a lower tem-
perature. They formed the secondary crystallization
of LDPE, which occurred simultaneously with the
crystallization behavior of EVA component. Their
partial miscibility led to co-crystallization between
two components, which also affected the crystal-
lization rate of EVA component. In blend of
EVA/LDPE = 7/3, the CRC of EVA was higher
than that in the neat polymer, LDPE component
obtained the maximal CRC value at 174.3 h–1. The
subsequent melting further demonstrated the partial
miscibility and co-crystallization between EVA
and LDPE components in blends.
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1. Introduction
Ethylene-vinyl alcohol (EVOH) copolymers are
semicrystalline materials regardless of vinyl alco-
hol (VOH) content. They are prepared commer-
cially by transesterification (saponification) of
Ethylene-vinyl acetate copolymers (EVA). They
could be considered, then, as complex copolymers
of ethylene, vinyl alcohol and some vinyl acetate
units, if the saponification process is not 100%
complete [1–3]. In addition, owing to the free-radi-
cal nature of the EVA copolymerization, the result-
ing EVOH copolymers posses a certain degree of
short chain branching, which, according to Vander-
hart et al. [4] are rejected from the crystalline
region.
EVOH copolymers are widely employed in food
packaging, biomedical and pharmaceutical indus-
tries because of their excellent barrier properties to
gases, hydrocarbons and organic solvents [3, 5].
Such properties are caused by strong hydrogen

bond interactions, both inter and intra-molecular,
which reduce the free volume of the polymer chains
[6]. However, the barrier properties, stiffness or
tensile strength, drop dramatically in high relative
humidity conditions. EVOH copolymers are highly
hygroscopic, as a consequence of the hydrophilic
OH side groups and their interaction with the
absorbed water molecules weakens the inter- and
intra-molecular hydrogen bonds, increasing the free
volume of the chains [7, 8]. To avoid that loss of
the barrier capacity, some authors have proposed
the addition of organo-modified clays into the
EVOH matrix via melt-blending method, using
internal mixers and twin-screw extrusion [9, 10].
Some authors [11–13] suggested a melt-blending
process for preparation of thermoplastic/organo-
modified clays that could be easily scaled to indus-
trial level. Such process implies three steps of
twin-screw extrusion: (a) preparation of a master-
batch with high clay content (~10 wt%), (b) master-
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batch homogenization and (c) final dilution to the
required clay contents.
The global aim of this work is to analyze the possi-
ble structural and properties modifications of
EVOH occurred during a 3-step twin-screw extru-
sion process during its melt-blending with organo-
modified clay. In this paper it will be discussed and
analysed by the use of the thermal fractionation
technique known as successive self-nucleation and
annealing (SSA) and relate those results with struc-
tural changes suggested by other techniques (plate-
plate rheometer, dynamo mechanical thermal
analysis and differential scanning calorimetry).
The SSA fractionation technique, proposed by
Müller et al. 14], is based on the existence of
defects in the main polymer chain, which limits the
segment length able to crystallize, contributing to
the generation of a crystalline distribution with dif-
ferent lamellar thicknesses during crystallization.
The method involves applying a thermal treatment
that includes intercalated isothermal steps, which
promote the nucleation and annealing of crystals. A
final standard heating scan reveals the succession
of endothermic signals corresponding to the melt-
ing of each crystalline entity [15].
Müller et al. [14] analyzed the branching distribu-
tion from linear low-density polyethylene (LLDPE),
pointing out that the melting enthalpy of each sig-
nal can be considered proportional to the normal-
ized weight fraction of molecular populations with
a certain branching content. The SSA technique has
also been successfully applied in the characteriza-
tion of several polymer systems [16], as for exam-
ple on functionalized polyethylenes [17].

2. Experimental
2.1. Materials 
EVOH copolymer (Soarnol® DC3203F) containing
32 mol% ethylene (E32) was kindly supplied by
Nippon Gohsei (Osaka, Japan). The melting point
(Tm) and glass transition (Tg) temperatures are 183
and 69°C respectively.

2.2. Melt processing and films preparation

Films of 300 μm thickness were obtained using a
cast film line, consisting of a single-screw extruder
(L/D = 25; D = 20 mm) Collin Teach Line 20T-E
(Ebersberg, Germany), a multi-manifold die and

chill-rolls calender Teach Line CR 72T (Ebersberg,
Germany). The profile temperatures used were
those suggested by the E32 producer, 160°C in feed
section to 220°C at the extrusion die and the chill-
rolls were set at 50°C with 7 bar of pressure.
In order to simulate the production of EVOH/clay
nanocomposites, E32 was processed several times
(1, 2 or 3) in a twin-screw extruder (L/D = 36; D =
25 mm) Collin ZK-35 (Ebersberg, Germany)
before the film production. In every reprocessing
step, the twin-screw rotation speed was set at
80 rpm and the processing temperatures were com-
prised between 160°C in the feed section and
220°C at the extrusion die. According to the pro-
cessing history, the films were named as follows:
E32-0X for the film non-processed by twin-screw
extruder and E32-1X, 2X or 3X for the films
processed in twin-screw extruder 1, 2 or 3 times,
respectively.
It is important to mention that E32 was dried (in
pellet form) at 110°C during 10 h in an air oven
J. P. Selecta (Barcelona, Spain) before each twin-
screw extrusion and cast film processes, since the
presence of coordinated water, along with shear
stress and temperature processing, may lead to sig-
nificant modifications in the chemical structure of
EVOH.

2.3. Characterization techniques

Melt flow rate was determined using a melt flow
tester CEAST 6841 (Pianezza, Italy) at 210°C and a
load of 2.16 kg, according to the ISO 1133 stan-
dard.
Rheological tests were performed in a dynamic
rheometer AR-G2 from TA Instrument (New Cas-
tle, USA) with 25 mm diameter parallel plates and
a gap of 300 μm approximately. The tests were run
at a frequency rate from 0.1 to 100 Hz, 220°C and
2% strain amplitude to ensure that measurements
were taken within the linear viscoelastic range. All
experiments were conducted under nitrogen gas
blanket in order to prevent thermo-oxidative degra-
dation during the test. The apparent shear viscosity
(ηapp) vs. shear rate (γ.) curves were generated using
the Cox-Merz rule and the data were adjusted using
the Cross model.
Dynamic mechanical thermal analysis (DMTA)
measurements in tensile mode were performed
using a DMTA Q800 from TA Instruments (New
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Castle, USA). The tests were run in a temperature
range from 25 to 160°C under linear viscoelastic
conditions applying a static stress of 1 MPa with a
frequency of 1 Hz and a constant heating rate of
2°C/min. In order to prevent sample buckling dur-
ing heating, the ‘force track’ option was activated
and set at 120% with an initial pre-load of 0.5 N.
All rectangular samples (15×5×0.3 mm) were
taken from central part of the films in the melt flow
direction.
Differential scanning calorimetry (DSC) measure-
ments were carried out using a Perkin-Elmer Pyris 1
calorimeter (Massachusetts, USA) with a cooling
system Intracooler IIP. The calorimeter was previ-
ously calibrated with standard samples of Indium
and Lead. The samples were taken form the central
zone of the films with exactly 10 mg in weight and
the scans were run under nitrogen atmosphere
using aluminium pans.
Two different thermal experiments were per-
formed: the first one consisted in a standard evalu-
ation, with a first heating scan (from 30 to 230°C
with an isothermal step of 3 min), cooling scan
(including an isothermal step) and subsequent sec-
ond heating scan. All runs were conducted at a
heating/cooling rate of 10°C/min. The second
approach consisted in applying the successive self-
nucleation and annealing (SSA) method, according
to the thermal program sketched in Figure 1. After
erasing the thermal history and setting a common
controlled cooling at 10°C/min (ramp A, in Fig-
ure 1), five cycles of heating-cooling scans with
isothermal steps of 5 min were run, decreasing the
isothermal temperature (Ts1) in each cycle. Finally,

a heating scan (ramp B in Figure 1) was performed
in order to reveal the melting behaviour of the
treated samples.
The initial isothermal temperature Ts1 = 184°C,
selected as the optimum self-nucleation tempera-
ture (Figure 1), was determined by  self-nucleation
tests performed according to the methodology sug-
gested by Fillon et al. [18]. This temperature
caused the maximum shift on the peak crystalliza-
tion temperature (Tc) without annealing. The subse-
quent temperatures (179 to 164°C) were selected at
intervals of 5°C lower than the previous Ts (Fig-
ure 1), following the program suggested for poly-
ethylene based systems [14].
The melting (Tm) and crystallization (Tc) tempera-
tures, as well as enthalpies related to the correspon-
ding signals, were obtained according to standards
procedures. In order to estimate the crystallinity
degree (Xc), the enthalpy of a 100% pure crystalline
poly-vinyl alcohol (157.8 J/g) has been taken [8].
According to Cerrada et al. [8], EVOH copolymers
show a polymorphic behaviour depending on com-
position and thermal treatment. Nevertheless, with
relative high vinyl alcohol content, the EVOH
copolymers crystallize into a monoclinic lattice,
similar to that of poly-vinyl alcohol, regardless of
the ethylene sequences, which are located as punc-
tual defects into the main crystalline lattice.

3. Results and discussion
3.1. Melt flow rate and rheological

measurements
The variations on the melt flow rate (MFR) with
respect to the number of twin-screw extrusion steps
is shown in Figure 2a. It can be observed that the
MFR decreases up to 26% from the E32-0X as the
number of extrusion steps increases. Such a fall in
MFR values lead to perform a detailed study of the
rheological behaviour with a plate-plate rheometer.
The curves of apparent shear viscosity (ηapp) versus
shear rate (γ.) obtained after applying the Cox-Merz
rule, are plotted in Figure 2b. 
From the rheological measurements, it can be
noticed an increase of the zero shear viscosity (η0)
as well as a decrease on γ. at the beginning of the
pseudoplastic behaviour. This implied an increase
on the characteristic time (k), as reported in Table 1,
where the main rheological parameters for all mate-
rials are summarized.
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Figure 1. Schematic representation of successive self-
nucleation and annealing (SSA) thermal treat-
ment



The results above mentioned indicate that some
changes in the chain structure, induced during the
processing of EVOH, altered the rheological
behaviour, increasing the overall viscosity of the
melt under similar temperature and shear condi-
tions. Such behaviour supports the idea of an
increase in molecular weight (Mw) altogether with a
slight increase on molecular weight distribution.
Artzi et al. [19] working with EVOH/nanocompos-
ites pointed out that when EVOH is processed at
high temperatures, two competitive mechanisms
may take place, namely thermal degradation (with
chain scission) and grafting and oxidative cross-
linking reactions. Similar results have been reported
by Lagaron et al. [20] under thermo-oxidative con-
ditions (about 2 h at 215°C) without shearing.
Considering that some traces of acetoxyl groups
from incomplete saponification of EVA precursor
could be present, some intermolecular transesterifi-
cation reactions between the ester and hydroxyl
groups could be taking place, resulting in some
cross-linking and/or chain extension reactions. In
addition, Rodríguez-Vázquez et al. [21] suggested
some combination and addition of macro-radicals
to chain-linked double bonds studying degradation
and stabilization of EVA, which could also be pres-
ent in EVOH.

The increase on shear viscosity in the Newtonian
plateau implies an increase in the elongational vis-
cosity (following the Troutonian relation), which
would promote an increase on the orientation
degree during calendering [22]. Consequently, it can
be expected to find out other changes in the film
properties like in the mechanical behaviour [12].

3.2. Dynamic mechanical thermal analysis

The DMTA analysis performed in tensile mode
revealed the differences in the mechanical behav-
iour of the films after reprocessing. This is shown
in Figure 3, where the storage modulus and loss
tangent (tanδ) of E32-0X and E32-3X are pre-
sented.

156

Franco-Urquiza et al. – eXPRESS Polymer Letters Vol.4, No.3 (2010) 153–160

Figure 2. a) Melt flow rate variation for each extrusion step and b) apparent shear viscosity related to shear rate

Table 1. Rheological parameters based on the Cross equa-
tion

ηη0 [Pa·s] k [s] m
E32-0X 2321 0.016 0.86
E32-3X 3163 0.019 0.78

Figure 3. Temperature dependence of the storage modulus
and loss tangent of EVOH



It can be observed that the storage modulus
increased after the three twin-screw extruder steps
in the whole range of temperatures evaluated. On
the other hand, it is also noticeable that tanδ shows
two maxima, indicating different structural relax-
ations. The main one, labelled as α in Figure 3 is
indicative of glass transition temperature and
remains unchanged at approximately 63°C. The
lower intensity of this signal in the E32-3X film is
consequence of a decrease on the viscous compo-
nent (loss modulus) along with the mentioned raise
in storage modulus.
The second relaxation phenomenon, named as α′ is
displayed at about 110–120°C. It is quite noticeable
the increase in the definition and shift to higher
temperatures for E32-3X. According to Cerrada et
al. [23], α′ is strongly related to the molecular ori-
entation, corresponding to motions within the crys-
talline phase, caused either by the relaxation of
hydrogen bonds or the movements close to the
crystal lamellae surface. In this case, such orienta-
tion could have been induced during the cast film
processing.
Since cast-film processing conditions were exactly
the same in all cases, the fact that the film E32-3X
shows higher orientation can be explained on basis
of the increase of viscosity produced by the twin-
screw extruder reprocessing. Such orientation,
along with the hypothetical increase on Mw and/or
cross-linking, would be the cause for the higher
values on storage modulus upon reprocessing on
twin-screw extruder.

3.3. Differential scanning calorimetry
In Figure 4 are shown the DSC melting endotherms
corresponding to the first and the second heating
scans for all films. The thermal parameters obtained
are summarized in Table 2.
In the first heating scan (Figure 4a) it can be
observed that the endothermic signal becomes
more intense and slightly narrower as the number
of twin-screw extrusion steps increases, indicating
that the most homogeneous crystal distribution is
found in the E32-3X film. Concerning to the sec-
ond heating scan, the intensity of the DSC melting
endotherms does not evidence significant varia-
tions as the number of twin-screw extrusion steps
increase, as seen in Figure 4b. Therefore, it can be
deduced that the first heating scan, which is
affected by the thermo-mechanical history of the
films, is strongly influenced by the induced mor-
phology of the films during the cast-film process
(crystallization in oriented melt). This is also evi-
denced on the Xc values (shown in Table 2) during
the first melting, which are larger than those
obtained from the DSC curves recorded during sec-
ond heating run.
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Figure 4. DSC heating scan: a) first heating and b) second heating after controlled cooling

Table 2. Melting temperatures and crystallization degree
of EVOH copolymers films

First heating Second heating
Tm [°C] Xc [%] Tm [°C] Xc [%]

E32-0X 182.1 67 183.3 47
E32-1X 181.1 61 182.1 48
E32-2X 180.7 61 182.2 46
E32-3X 178.4 57 181.4 40



Table 2 summarizes the assessed thermal parame-
ters in the first and second heating scans. It can be
noticed that during the first heating scan, the crystal
melting temperature of the reprocessed films, espe-
cially in the case of E32-3X, are slightly lower than
those shown by the E32-0X film. On the other
hand, during the second scan, the melting tempera-
ture (Tm) of EVOH seems not to be affected by the
twin-screw reprocessing. This data would be in
agreement with the processing induced orientation
of the E32-3X films, previously stated.
Concerning the variations in the crystallinity per-
centage, a decreasing trend with the number of
reprocessing steps can be observed in Table 2.
Such trend would imply that under the dynamic
cooling conditions applied, the crystallization abil-
ity of the reprocessed materials is hindered. Again,
these results point to some structural modification,
like some cross-linking, that could be taking place
and affecting the crystallization process. 

3.4. Successive self-nucleation and annealing
(SSA)

Figure 5 shows the final heating scans after apply-
ing the SSA thermal treatment (i.e., the final heat-
ing run in the experimental part, ramp B in Fig-
ure 1). It can be appreciated a great segregation
with outstanding resolution of the melting signals,
similar to those obtained for LDPE and LLDPE
systems. This segregation should be expected if the
existence of short chain branching is considered.
According to Vanderhart et al. [4] in their work
about molecular partitioning on EVOH monitored

by solid-state 13C, while OH group behaves like an
interstitial defects, short chain branches of one, two
and four carbons, as well as acetate branches are
strongly rejected form the crystalline region of
these copolymers, just like in LDPE [16].
The SSA treatment produced five fractions in every
sample. Only those four Ts temperatures capable of
producing self-nucleation and annealing are con-
sidered for the analysis, since they are directly
responsible for the annealed crystals that subse-
quently melt during final heating scan. Figure 6
shows the melting temperature of each fraction vs.
Ts. It can be seen that, as expected, these melting
temperatures only depend on the Ts temperature.
This indicates that the fractionation procedure is
effective in separating chains of a particular short
chain branching content.
The DSC curves of Figure 5 can be integrated and
partial areas corresponding to each peak. They can
be considered to be proportional to a normalised
weight fraction of crystalline population with same
lamellar thickness. The histogram associated to the
enthalpy fractions is shown in Figure 7. It is possi-
ble to observe a great depletion of the most linear
fraction when EVOH copolymer is processed by
twin-screw extruder. This reduction contrasts to the
behaviour displayed by less linear one, with Ts tem-
peratures of 179, 174 and 169°C, which tend to
increase at the expense of the highest one (Ts =
184°C). Similar behaviour has been observed by
Marquez et al. [17] on LLDPE grafted with diethyl
maleate (DEM), where the most linear sequences
showed the higher susceptibility to the DEM attack. 
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Figure 5. DSC heating scans after SSA fractionation
Figure 6. Linear relationship between the melting peak

and Ts temperatures



In our case, the above mentioned depletion could
be a consequence of the reactions occurred during
the twin-screw extrusion, as discussed previously;
pointing out that the strongest variation seems to
occur after the first twin-screw extrusion process. 
It is interesting to note that the crystallinity degree
generated after the SSA treatment in all sample
remains constant (≈56%) (as reported in Figure 5),
what seems to indicate that the chemical modifica-
tions affect to the crystallization characteristics
under dynamic conditions (kinetic aspects). But if
the experimental conditions favour an annealing or
the thermal rates are slow, the material has basi-
cally the same crystallization ability.

4. Conclusions

The melt-blending process of EVOH copolymers
induces some structural modifications, which pro-
moted a high molecular orientation of the films
during the cast-film process.
MFR and rheological measurements displayed an
increase on molecular weight of EVOH as a conse-
quence of chain-extension reactions promoted by
the reactivity of residual hydroxyl and acetoxyl
groups. According to the DMTA results, the reac-
tions should improve the mechanical behaviour, as
appreciated by high storage modulus obtained.
The thermal fractionated EVOH films clearly
showed a great segregation of several series of
melting signals, proving that the SSA technique is a
complementary useful tool for the structural char-

acterization. The modifications induced during the
processing of EVOH promoted the redistribution of
the crystalline populations, where the less linear
fractions were favoured by the most linear one.
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1. Introduction
Functionalization of polymers and copolymers of
olefins via grafting polar monomers (or oligomers)
onto macromolecules in melt by reactive extrusion
has been studied for several decades. However, the
importance of fundamental and applied investiga-
tions into this problem still holds and even is
becoming more pressing. This is explained, on the
one hand, by lack of a quantitative theory required
to calculate the course of both main reactions and
side processes in reacting systems. On the other
hand, technological equipment, particularly extru-
sion compounding reactors, has been updated con-
tinually, which should be taken into consideration
in choosing optimal technological parameters for

functionalization. Besides, the necessity of solving
applied problems requires that basic research be
done into functionalization of various olefin
copolymers [1–7], polyethylene (PE) and poly-
propylene (PP) blends [8, 9] as well as blends of
polyolefins (PO) with copolymers of ethylene and
higher olefins [10, 11], copolymers of ethylene and
vinyl acetate [12], linear polyethylene [13] and oth-
ers.
It should be noted that most studies of fundamental
nature have been concerned with functionalization
of PE and PP of conventional grades. Results of
those studies have been reported in reviews and
books [14–19]. It has been learned that saturated
PO functionalization by grafting polar monomers
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onto their macromolecules in melt and grafted
product output depends on the nature of reactants
(polymer, initiator of radical reactions, monomer to
be grafted), composition of the reacting system and
on a set of technological factors of which melt tem-
perature, reaction period, degree of shear effect
upon the melt are most important [16, 19, 20]. It is
believed that at monomer grafting onto saturated
PO, the free radicals, formed as a result of initiator
decomposition, break away mobile hydrogen from
macromolecules, while macroradicals formed inter-
act with monomers making them grafted [18, 21].
There has been found a difference in the mecha-
nisms and kinetics of side reactions during PE and
PP functionalization: PE macromolecules undergo
crosslinking for the most part, while PP macromol-
ecules suffer degradation owing to β-decomposi-
tion of macroradicals which are formed at interac-
tion with the initiator.
A number of basic laws explain the mechanism and
kinetics of monomer grafting, but there are
unsolved problems preventing the understanding of
macromolecular transformations in greater detail.
Particularly, it isn’t clear what is the role of unsatu-
rated (double) bonds – contained in PO macromol-
ecular structure – in the reactions of functionaliza-
tion? What is the character of double bond transfor-
mations, and how the total saturation level varies in
the course of functionalization? What is the spe-
cific influence of molecular structure (degree of
macromolecular branching, type of unsaturation,
etc.) upon grafted product ratio and transformation
of different double bonds during free-radical reac-
tions taking place at monomer grafting?
Clarification of some aspects of these problems is
dealt with in this work; its main task is to analyze
the specificity of grafting a carboxyl-containing
monomer onto different modifications of low den-
sity polyethylene, and to determine values of
important properties of the prepared materials.

2. Experimental
2.1. Materials
The objects for analysis were low-density polyeth-
ylene (LDPE) (supplied by ‘Polimir’ Co., Republic
of Belarus; Grade 15803-020; melting temperature
Tm = 113°C; crystallization temperature Tcr =
89.5°C as determined by the differential scanning
calorimetry (DSC) technique at a heating rate of

16°C/min) and metallocene linear low-density
polyethylene (mLLDPE) (supplied by DOW Co.,
USA; Grade Elite 5400S; Tm = 125.8°C; Tcr =
103.7°C). The monomer to be grafted was trans-
ethylene-1,2-dicarboxylic acid (TEDA) (the IUPAC
name is fumaric acid, quality ‘Pure’, supplied by
Komtex Co., Russia); 1,3-bis-(tert-bulyl peroxy-
isopropyl)benzene (Grade Perk-14, supplied by
Azko Nobel, Netherlands; (τ0,5 = 0.31 min at
200°C, the reactive oxygen concentration 9%) was
the initiator.

2.2. Preparation of functionalized PE

The process of functionalization (monomer graft-
ing) was run in the twin-screw extruder TSK 35/40
(Chengdu Pu Rui Polymer Engineering Co., Ltd.,
China; D = 35 mm; L/D = 40; the number of heat-
ing zones was 10); the screws were equipped with
special compounding elements (two mixing sec-
tions of cam-type and one section of screw-type to
ensure melt mixing in the opposite direction to the
mainstream flow).
The reaction zone temperature in the extruder was
230°C. The concentration of TEDA grafted onto
LDPE and mLLDPE was constant in all of the
experiments making 1 wt%; the content of Perk-14
was varied between 0.05 and 0.4 wt%.

2.3. Methods of analysis of the materials

The grafting efficiency (α) and melt flow index
(MFI) were the parameters to characterize the
course of grafting reaction and side processes, as it
had been done elsewhere [20].
Values of α were determined using film samples of
thickness 40 μm with absorption IR-spectroscopy
technique based on analysis of grafted monomer
content in TEDA functionalized polyethylene (PE-
g-TEDA) before and after extraction with acetone
(Equation (1)):

(1)

where A0 and Aτ are, respectively, integral absorp-
tion intensities of carbonyl (areas of respective
absorption bands) at 1600–1875 cm–1 before and
after extraction of films in acetone.
IR-spectra were recorded with Fourier Transform
Infrared (FTIR) spectroscope Nicolet 5700 (USA).

100·
0A

Aτ=α
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The resolution was 4 cm–1; the number of scans
was 60.
Unsaturated groups were analyzed using absorption
bands at 850–1000 cm–1 (Table 1). The analysis
was pursued of double bonds belonging to vinyl,
vinylidene and trans-vinylene groups [22, 23]. It
was impossible to define cis-vinylene via infrared
spectrum because the absorption band at 740 cm–1

was overlapped with the intensive band of pendu-
lum oscillations of –CH2– groups at 720 cm–1

[22, 23].
The IR-spectra were treated mathematically using
computer program OMNIC (Version 7.1) which
includes functions to construct base lines and cal-
culate integral intensities of absorption bands. The
arithmetic mean values for integral intensities were
obtained from analysis of nine samples (relative
error of a single measurement did not exceed 1%).
Polymer melt viscosities were estimated by the
flow index which was determined at 230°C under
10 kg load using the IIRT-AM device (Ukraine).
Thermal properties of the polymers were judged by
the data of DSC. The study was carried out on
Perkin Elmer Diamond DSC microcalorimeter
(Shelton, USA); the sample weight = 5 mg, heat-
ing/cooling rate = 16°C/min. To eliminate effects
of thermal pre-history of samples upon structure,
measurements were done on samples pre-heated in
cells of the calorimeter up to 160°C, thermostated
at this temperature for 60 s, then used for analysis.
High elastic properties of melts of initial and func-
tionalized LDPE and mLLDPE were judged by
their strength (Equation (2)):

(2)

where M is the extrudate weight at which it is sepa-
rated from the capillary; Sc the area of capillary
bore; and by swell index of melt jet (Equation (3)): 

(3)

where De and Dc are, respectively, diameters of
extrudate and capillary. Values of σm and B were
found following the procedure described elsewhere
[8]; the capillary diameter was 1.45 mm; length =
2 mm.
Stress-strain (mechanical) properties of the materi-
als were determined on samples injection moulded
at 170°C. Tensile tests were performed on Instron
Universal Testing Machine Series 5567 (United
Kingdom) according to ISO R527 at a loading
(pulling) rate of 50 mm/min.

3. Results and discussion
3.1. Graft efficiency and MFI of materials
It is evident from Figure 1 that, irrespective of PE
type, an increase in Perk-14 concentration in a
reacting mix causes a rise in α-values. In both poly-
mers, side reactions of macromolecular crosslink-
ing occur simultaneously with grafting, which is
understood from lower MFI (higher viscosity) of
LDPE and mLLDPE grafted with TEDA (LDPE-g-
TEDA and mLLDPE-g-TEDA). It should be men-
tioned that for mLLDPE, the crosslinking process
occurs more actively than in grafting of TEDA onto
LDPE. This can probably result from differences in
structure of the polymers under investigation.
It is well known, that LDPE macromolecules are
characterized by a relatively high degree of branch-
ing [23]. Particularly, this polymer contains a great
number of short-chain and long-chain side branches
randomly distributed along macrochains (the num-
ber of –CH3– groups per 1000 carbon atoms = 21.6;
ethyl-groups = 14.4) [24]. The mLLDPE produced
with addition of metallocene catalysts, has fewer
branches consisting of exclusively short-chain ram-
ified structure the branches of which are regularly
distributed along the main chain of the polymer
[25]. It can be anticipated that with a higher degree
of branching the steric factor will stronger influ-
ence the course of chemical macromolecular trans-
formation [26]. It is quite probable that steric
hindrances make crosslinking in molten LDPE pro-
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Table 1. FTIR transmittance peaks for unsaturated bonds

Group Structure
Wavenumber

[cm–1]

Vinylidene 888

Vinyl RCH ==CH2 909; 995

trans-Vinylene 965

cis-Vinylene 740



ceed less actively than in molten mLLDPE which
has a more linear structure [26].
Crosslinking reactions lead to a higher viscosity of
molten mLLDPE-g-TEDA compared with LDPE-
g-TEDA. A higher viscosity can be harmful for the
grafting reaction of a monomer; the rate of this
reaction much depends on mobility of macromole-
cules in melt. On increasing the molten polymer
viscosity, diffusion the monomer being grafted
onto macroradicals becomes difficult. These
macroradicals are formed from hydrogen atoms
detached from macromolecules by primary free
radicals which generated at thermal decomposition
of the initiator. Probably for this reason the grafting
rate of TEDA onto mLLDPE is lower than that onto
LDPE (Figure 1).
Figure 2 shows that TEDA grafted onto both PE’s
causes changes in IR-spectra at 1600–1900 cm–1,
and new bands appear to indicate presence of oxy-

gen-containing functional groups in the macromol-
ecular structure. The band at 1710 cm–1 (Figure 2),
unavailable in the spectra of the virgin PE, belongs
to valence oscillations of carbonyl groups C=O in
the structure of carboxyl groups. 
The presence of this band in IR-spectra, after films
of both PE’s have been extracted in acetone, is an
indication of the fact that some part of TEDA forms
chemical links with macromolecules. In addition to
the absorption band at 1710 cm–1, there are peaks at
1760–1880 cm–1 in IR-spectra of PE-g-TEDA. The
absorption bands are indicative of cyclic anhydride
groups resulting from TEDA grafting onto macro-
molecules. Existence of grafted anhydride in the
PE-g-TEDA is supported by a change in the charac-
ter of the IR-spectra after the film samples have
been treated by water: boiling of the films for 3 h
transformed the anhydride groups to carboxylic
ones; the absorption bands at 1790 cm–1 and
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Figure 2. IR-spectra for (a) LDPE (1) and LDPE-g-TEDA (2) and (b) mLLDPE (1) and mLLDPE-g-TEDA (2)

Figure 1. Effect of peroxide concentration on graft efficiency of TEDA (a) and MFI (b) for LDPE-g-TEDA (1) and
mLLDPE-g-TEDA (2)



1865 cm–1 disappeared. The TEDA is a transiso-
mer, and it cannot form cyclic anhydride in a free
state, because carboxylic groups are oriented in dif-
ferent directions with respect to double bonds.
Anhydride can be formed after TEDA has been
attached to PE macromolecules or free radicals,
when the double bond opens and carboxylic groups
can approach each other to react and split out the
water. As IR-spectra of PE-g-TEDA differ from
those of initial PE by presence of new absorption
bands at 1600–1900 cm–1 frequencies caused by
valence oscillations of carbonyl C=O that belongs
to carboxylic or anhydride groups, the grafting effi-
ciency has been determined as a ratio of total bands
area of carbonyl absorption (calculated per unit of
the film thickness) before and after films extraction
with acetone.

3.2. Analysis of double bonds transformations
at PE functionalization

Because the chemical structure of the two polymers
includes unsaturated groups capable of participat-
ing in the reactions of grafting, crosslinking and
other transformations, it was of particular interest
to analyze their change in the course of LDPE and
mLLDPE functionalization. Quantitative variations
in the unsaturation character of PE, that occur dur-
ing TEDA grafting, are evident from the IR-spectra
compared for pure and modified polymers (Fig-
ure 3 and Table 2). In the pure LDPE spectra, the
vinylidene absorption band is more intensive at
888 cm–1, but in LLDPE, the vinyl absorption band
is more intensive at 909 cm–1. These differences are
explained by characteristic properties of ethylene
polymerization with different catalysts [23]. The
coefficients of extinction are similar for these
groups [27], therefore, the difference observed in
band intensities describes their concentration in PE.

Analysis of IR-spectra shows that at grafting of
TEDA onto LDPE and mLLDPE, an increase in
peroxide initiator concentration causes a reduction
in vinylidene as well as vinyl groups. At the same
time, the content of trans-vinylene groups increased
(Table 2). Consequently, the free-radical grafting
of TEDA onto PE changes the unsaturation nature
and macromolecular structure. It should be noted,
that despite an increased concentration of certain
double bonds, the total unsaturation in PE-g-TEDA
decreases in comparison with both types of original
PE (Table 2). This fact shows that some portion of
unsaturated bonds is spent in grafting and side
processes (Figure 4). In Table 2, the content of dou-
ble bonds of certain types is expressed in percent
with respect to the total unsaturation being a sum of
integral intensities of absorption bands of all unsat-
urated groups. For an easier understanding, the
total unsaturation of initial LDPE and mLLDPE is
taken to be 100%. The %-ratio of PE-g-TEDA total
unsaturation to the unsaturation of the initial PE
allows to state unambiguously that double bonds
participate in the reactions taking place at function-
alization. If the contribution of individual types of
double bonds to the total unsaturation is known, it

165

Krivoguz et al. – eXPRESS Polymer Letters Vol.4, No.3 (2010) 161–170

Figure 3. IR-spectra of mLLDPE (1) and LDPE (2) at
unsaturated absorption region

Table 2. Unsaturation in PE as changed by TEDA grafting*

Note*: Double bond contents: figures outside brackets are for mLLDPE-based materials; those inside brackets, for LDPE -based materials

Perk-14 concentration
[wt%] for producing

PE-g-TEDA

Double bonds content [%] in original and functionalized PE

Vinylidene Vinyl trans-Vinylene Total unsaturation

0.00 31.8 (82.7) 47.6 (4.0) 20.6 (13.3) 100.0 (100.0)
0.05 31.2 (74.1) 46.0 (3.7) 22.4 (13.9) 99.6 (91.7)
0.10 29.0 (71.4) 44.7 (3.6) 23.2 (14.8) 96.9 (89.8)
0.15 27.0 (70.6) 43.4 (3.6) 25.0 (15.0) 95.4 (89.2)
0.20 26.1 (69.2) 42.7 (3.3) 26.1 (16.5) 94.9 (89.0)
0.30 25.9 (66.0) 39.8 (3.1) 28.3 (19.8) 94.0 (88.9)
0.40 24.3 (65.5) 37.2 (2.8) 31.0 (20.4) 92.5 (88.7)



is possible to judge about their reactivity and
degree of transformations.
The FTIR-spectroscopy findings concerning
changes in unsaturation of PE during functionaliza-
tion allow making some assumptions about chemi-
cal reactions taking place in free-radical grafting of
a monomer. It is worth mentioning that the mecha-
nism of monomer grafting onto PE has been under-
stood inadequately, and numerous researchers treat
it using general theoretical propositions about free-
radical chain reactions. There is agreed upon infor-

mation, that at free-radical grafting of monomers
onto PE, two reactions occur: a major reaction of
attaching the monomer to a macrochain and a side
reaction of macroradical recombination that leads
to macromolecular crosslinking. The occurrence of
these reactions has been supported by FTIR- and
NMR-spectroscopies and by rheological measure-
ments made on molten grafted products [18].
The results of FTIR-spectral analysis, of how
unsaturation varies in functionalized PE, allow a
suggestion that free-radical grafting of TEDA onto
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Figure 4. Suggested reactions for grafting monomer onto double bonds of LDPE and mLLDPE, crosslinking and forma-
tion of trans-vinylene groups



PE leads, besides acid grafting and macromolecular
crosslinking, to a number of other macromolecular
transformations. For example, an increase in trans-
vinylene concentration, irrespective of PE type, is
indicative of intra- and intermolecular dispropor-
tionation, along with β-splitting of secondary radi-
cals (Figure 4).
It should be mentioned, that β-splitting of macro-
radicals during TEDA grafting onto LDPE and
mLLDPE is an important characteristic of this
process. Reactions of β-splitting of macroradicals
are typical of free-radical grafting of polar mono-
mers onto PP [18]. They result in a decreased
molecular weight and viscosity of this polymer. For
PE, on the contrary, an increased viscosity is typi-
cal. This fact indicates that recombination of
macroradicals dominates over their disintegration.
It was impossible to follow β-splitting via analysis
of rheological properties of a modified PE. The
same is true of disproportionation reactions which
do not cause serious variations in polymer rheolog-
ical properties. These reactions can only be ascer-
tained by analyzing characteristic changes in the
unsaturation of a functionalized PE.
Thus, FTIR-spectroscopy data on variations in
unsaturation of PE functionalized by free-radial
grafting of TEDA onto its macromolecules repre-
sent important information for more profound
understanding of the grafting mechanism for polar
monomers onto macromolecules in the course of
reactive extrusion.

3.3. Results of DSC analysis

Analysis of data in Table 3 can reveal a characteris-
tic influence of functionalization on PE crystalliz-
ability. The melting temperatures of virgin and
functionalized PE’s containing a peroxide between
0.05 and 0.2 wt%, are close; only with a higher per-
oxide initiator concentration (up to 0.3 to 0.4 wt%)
Tm values become somewhat lower. The crystal-

lization temperature and heat of grafted products,
obtained with 0.05–0.2 wt% of the initiator exceed
respective values for the original PE.
Analysis of DSC-data allows a suggestion that
TEDA grafted in the presence of small (up to
0.2 wt%) concentrations of a peroxide, at which
few cross intermolecular bonds are probably
formed, facilitates polymer crystallization. A higher
peroxide content in reacting systems induces an
extra viscosity rise in molten PE-g-TEDA; as a
result, crystallization becomes hindered, which
manifests itself in a lower enthalpy of crystalliza-
tion (degree of crystallinity), as well as lower melt-
ing and crystallization temperatures.

3.4. High-elastic properties of PE-g-TEDA
melts

The fitness of polymers and their blends for pro-
cessing by one or another technology depends not
singly on their viscosity but on viscoelastic proper-
ties of their melts as well. The latter are character-
ized, first of all, by strength and swelling of the
melt jet [28].
Swelling of an extrudate jet happens owing to nor-
mal stresses (Weissenberg effect) caused by
applied shear stresses. The swell of extrudate usu-
ally enlarges with shear rate when the melt moves
through the die and the temperature becomes lower
[29–31].
The strength of polymer melt is an important char-
acteristic of extruded and extrusion-blown materi-
als. It much depends on the viscosity, high-elastic-
ity properties of melts, molecular weight of poly-
mers, temperature and other technological parame-
ters [29]. Data on swelling effect of melt jet and the
strength of melt are important when choosing a
design for the moulding tools, as well as technolog-
ical parameters of processing, to ensure production
of high-quality items.
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Table 3. Thermal properties of initial and functionalized mLLDPE and LDPE

Peroxide content
[wt%]

mLLDPE-g-TEDA LDPE-g-TEDA
Tm [°C] Tcr [°C] ΔΔΗΗcr [J/g] Tm [°C] Tcr [°C] ΔΔΗΗcr [J/g]

0.00 (initial PE) 125.8 103.7 145.1 113.0 89.5 108.3
0.05 125.8 106.7 154.5 109.0 90.7 127.8
0.10 125.2 104.7 165.6 109.8 90.1 099.1
0.15 126.2 103.7 121.2 110.4 90.1 097.0
0.20 124.2 104.7 092.5 108.4 90.7 118.1
0.30 124.2 103.7 137.5 109.4 89.7 113.5
0.40 122.4 099.6 125.5 110.7 88.5 123.9



It should be noted, that despite regular studies car-
ried out for many years, the accumulated informa-
tion on swelling mechanisms and strength of
polymer melts mostly refers to virgin PO and their
blends [32–38]. Little information is available on
functionalized PO. 
Our experimental results on the effect of grafting
on melt strength and swelling of molten extrudate
for LDPE, mLLDPE, LDPE-g-TEDA and
mLLDPE-g-TEDA are given in Table 4. It is clear
that mLLDPE has lower melt strength than LDPE.
Grafted TEDA improves the mLLDPE melt
strength. The rise is especially significant at higher
concentrations of the peroxide initiator (between
0.2 and 0.4 wt%). The melt strength values for all
mLLDPE-g-TEDA compositions are several times
lower against similar compositions of LDPE-g-
TEDA. This great difference in melt strength
between LDPE, mLLDPE and functionalized prod-
ucts based on these is explained by the fact that
mLLDPE has narrower molecular weight distribu-
tion and more linear macromolecular structure than
LDPE.
The extrudate swelling values for mLLDPE and
mLLDPE-g-TEDA are also lower than for LDPE.
The B-dependence on mLLDPE-g-TEDA composi-
tion is of an extreme nature, unlike that of σm of the
melt (Table 4). A maximum swelling is typical of
mLLDPE-g-TEDA prepared with peroxide concen-
trations between 0.05 and 0.2 wt%. A further
increase in the peroxide content leads to B-reduc-

tion. This regularity is peculiar to both types of PE
under consideration. A probable reason for this is
the fact that with increased peroxide concentra-
tions, macromolecules of the grafted products
undergo crosslinking, which prevents the extrudate
jet from swelling.

3.5. Mechanical properties of the materials

Table 5 presents results of mechanical testing of
functionalized mLLDPE and LDPE. In case of
LDPE, it is clear, that variations between 0.05 and
0.4 wt% of peroxide initiator in a reacting system,
cause no appreciable changes in the deformation-
strength properties. In case of mLLDPE-g-TEDA,
on the contrary, a sharp increase (by ~50%) in
mechanical strength occurs with an increased ini-
tiator concentration (0.4 wt%) against pure
mLLDPE. The relative elongation of functional-
ized mLLDPE tends to reduce considerably.
Thus, in the course of grafting, mLLDPE experi-
ences greater deformation-strength changes in
comparison with LDPE.

4. Conclusions

Grafting of TEDA onto LDPE and mLLDPE
through reactive extrusion in the presence of perox-
ide Perk-14 (Perk-14 concentration being varied
between 0.05 and 0.4 wt%) results in grafted prod-
ucts; the grafting efficiency α varies between 30%

168

Krivoguz et al. – eXPRESS Polymer Letters Vol.4, No.3 (2010) 161–170

Table 4. High-elasticity properties of initial and functionalized mLLDPE and LDPE melts

Table 5. Stress-strain properties of initial and functionalized mLLDPE and LDPE

Peroxide content [wt%]
mLLDPE-g-TEDA LDPE-g-TEDA

σσm [kPa] B [rel.unit] σσm [kPa] B [rel.unit]
0.00 (initial PE) 01.1 4.0 01.8 5.0

0.05 01.6 4.2 16.4 5.8
0.10 01.8 4.2 21.2 5.4
0.15 02,1 4.3 24.2 5.0
0.20 03.4 4.1 28.5 4.9
0.30 08.7 4.0 31.5 4.3
0.40 12.4 3.8 33.5 4.3

Peroxide content [wt%]
mLLDPE-g-TEDA LDPE-g-TEDA

σσt [MPa] εεt [%] σσt [MPa] εεt [%]
0.00 (initial PE) 18.0 265.5 14.2 89.3

0.05 15.2 229.0 13.6 73.9
0.10 17.1 237.7 13.4 69.6
0.15 18.3 242.3 13.2 70.5
0.20 17.4 205.5 13.5 65.9
0.30 19.8 108.4 13.5 62.5
0.40 26.9 060.4 13.4 63.5



and 70%. The α-value for LDPE-g-TEDA, within
the whole concentration range of Perk-14, exceeds
by ~10% that for mLLDPE-g-TEDA. Grafting
makes MFI of melts decrease (viscosity becomes
higher) for the two polyethylenes; this effect is
most pronounced for mLLDPE-g-TEDA over the
entire concentration range of the peroxide, which is
explained by intensification of side reactions of
macromolecular crosslinking. It has been estab-
lished that in the grafted product, some part of car-
boxylic groups are transformed to anhydride
groups. During TEDA grafting, the concentration
of end double bonds becomes lower and intramole-
cular unsaturation grows in LDPE, as well as is
mLLDPE macromolecular structure. The crystal-
lizing tendency of PE-g-TEDA varies depending
on the initiator content: with Perk-14 ≤ 0.2 wt%,
the crystallizability accelerates, while at higher per-
oxide doses it decelerates. Functionalization of the
two PEs leads to a higher strength and lower swell
coefficient of the melts at their leaving the capil-
lary. The mechanical values for LDPE-g-TEDA are
similar to the original LDPE, whereas for
mLLDPE-g-TEDA the strength rises essentially
(upto 1.5 times), but the relative elongation at break
reduces 4.4 times at higher concentrations (up to
0.4 wt%) of Perk-14. 
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1. Introduction
It is now proven that natural fibres are excellent
reinforcements for composite materials. Economic
and environmental reasons have generated increas-
ing interest to use ligno-cellulosic fibres in com-
posite systems. New environmental legislation as
well as consumer pressure have forced manufactur-
ing industries (particularly automotive, construc-
tion and packaging) to look for new materials that
can substitute conventional reinforcing materials,
which are non-renewable, such as glass fibre [1].
The main advantages of natural plant fibres com-
pared to traditional glass fibres are economical via-
bility, low density, reduced tool wear, enhanced
energy recovery, reduced dermal irritation, reduced

respiratory irritation and good biodegradability.
Moreover these reinforcements [2–5] can reach
mechanical properties such as specific strength and
modulus comparable with glass fibres. Recently,
natural fibres have been used to reinforce tradi-
tional thermoplastic polymers, especially polypropy-
lene in automotive applications [6–12].
As for fibre reinforced composites, the interfacial
zone plays a leading role in load transfer between
fibre and matrix and consequently in the mechani-
cal properties such as strength. Different previous
studies, which focused on model or technical insu-
lating materials, show the effect of the electric
charges on the dielectric properties (such as break-
down etc.) on the mechanical properties (such as
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friction, wear, fracture etc.) of ceramics and poly-
mers [13–16]. In fact, both mechanical and dielec-
tric catastrophic effects could be due to the
trapping-detrapping of electric charges on intrinsic
or extrinsic structural defects [13, 14]. Previous
papers have shown the significant role of the
fibre/matrix interface (glass fibre E/epoxy matrix),
on the motion of the electric charges related to the
interface nature: a material that favours the diffu-
sion of electric charges along interfaces has better
mechanical and tribological properties [17, 18].
In this study, this approach is applied and focuses
on composites with isotactic polypropylene (iPP)
organic matrix reinforced by hemp natural fibres,
fabricated by a new dry impregnation process.

2. Materials and techniques
2.1. Materials
These materials were manufactured via the
patented FIBROLINE [19] process that has been
based on the principle of the impregnation of a fibre
assembly (dried or not dried) with a thermoplastic
powder (iPP), using an alternating electric field.
This process was developed in co-operation by
FIBROLINE (France) and IFTH (Institut Français
du Textile et d’Habillement) Lyon, France.
The application of an alternating voltage produced
by electrodes creates ions between the two dielec-
tric ones and forms plasma. These ions enter in col-
lision with the polypropylene powder particles and
charge them electrically. Following complex physi-
cal phenomena, the modification of the surface of
the hemp fibres band the IPP powders can occur,
that could induce an improvement of the adherence
on the matrix. Ultra high fluidity iPP of Lyondell-
Basell group (Moplen HP500V) with melt flow rate
(MFR) of 120 g/10 min is used. The polymer pel-
lets are micronized. The micronized powder aver-
age diameter is in the range 50–200 μm.
Before impregnation, the fibres have the form of a
randomly dispersed ‘non-woven (mat)’ in the plane
without any privileged orientation in the plane. The
mat is provided by IFTH (Institut Français du tex-
tile et de l’habillement). The average diameter and
length of the fibre are 26 μm and 25 mm, respec-
tively. Two batches of composites were manufac-
tured by Fibroline using the specific process
developed by IFTH. Following preliminary tests,
the 30% average fibre volume fraction was chosen

to be in the range of classical short fibre GFRP den-
sity used in automotive industry (weight fraction
around 40%). In this study, three samples were
studied: the polypropylene (PP) matrix, composite
with PP matrix and dried hemp fibre (CD), compos-
ite with PP matrix and not dried hemp fibre (CND).
For composite named CD, the mat was dried for
72 h at a temperature of 60°C for one batch (dry)
and immediately impregnated after drying. For the
other system (CND) the reinforcement was used as
received. The humidity content of the fibre before
drying is 4%. The immediate impregnation after
drying makes impossible the measurement of exact
hemp humidity after drying, but the weigh loss is
very weak. In both cases, fibres did not receive any
specific interface treatment. All the samples were
taken directly in the plates 1 or 2 mm thick,

172

Kechaou et al. – eXPRESS Polymer Letters Vol.4, No.3 (2010) 171–182

Figure 1. Microscopic observation (SEM) of the surface
(CD or CND)

Figure 2. Microscopic observation (SEM) of the shape of
the hemp fibres



obtained after the impregnation, without machining
of surface.
Figure 1 presents SEM pictures to the surface of the
sample that show the random distribution of the
fibre. The shape of the hemp fibres is given in Fig-
ure 2.

2.2. Characterization methods

Physicochemical characterizations by FTIR and
X-ray were carried out for comparing the structure
of our composites, obtained by dry impregnation,
with the results of the literature which use tradi-
tional processes.

2.2.1. Infra-red spectroscopy (FTIR)

The spectra were obtained with a Perkin-Elmer
spectrum one FT-IR spectrometer working in
Attenuated Total Reflectance mode (ATR) per-
forming a total of 8 scans and having a resolution
of 4 cm–1. All ATR spectra were plotted in trans-
mittance vs. wave number. The analyzed zone is
3 mm2.

2.2.2. X-ray diffraction (WAXS)

X-ray diffraction analyses of materials were per-
formed at room temperature by using a Nonius
FR590 diffractometer (operating at 30 kV and
15 mA) with a CuKα monochromatic radiation
(λKα = 0.154 nm). The scans were achieved within
a range from 5 to 50° (2θ) with a scanning step of
0.03° in symmetrical geometry (Bragg-Brentano
configuration). The spot size was about 10 mm
high and 1 mm wide.

2.2.3. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical tests were carried out with a
DMA 50 analyzer from 01 dB-Metravib working in
the tension-compression mode. The value of 0.01%
for the strain magnitude was chosen that is in the
linear domain of viscoelasticity of the material. The
samples were thin rectangular strips that have
dimensions of about (35×5.8×1) mm3. Measure-
ments were performed in isochronal conditions at
10 Hz, at a rate of 2°C/min and the temperature
range is –100 and 130°C. This setup measured the
complex tensile modulus E*, i.e. the storage, E′,

and the loss, E″, as well as their ratio (E″/E′), i.e.
tanδ.

2.2.4. Monotonous flexion test

The three-point bending monotonic tests, using an
INSTRON testing machine (4300 type), allowed us
to determine the apparent modulus (E), the maxi-
mum stress (σmax) and the maximum strain εmax

[%]. The samples were about 100 mm long, 10 mm
wide and 2 mm thick. The span to depth ratio (L/h)
is greater than 20 in order to minimize shear stress.
The tests were performed at 2 mm/min, under
ambient conditions (test temperature: 23°C; rela-
tive humidity: 50%).

2.2.5. Induced Current Method (ICM) and
Scanning Electron Mirror Effect Method
(SEMME)

The dielectric behaviour of insulating material is
related to its aptitude to trap electric charges, i.e. to
the density and energy of traps present in the mate-
rial. It is also related to its capacity to diffuse elec-
tric charges without damage.
Before dielectric study, each sample was ultrasoni-
cated in ethanol bath during 5 minutes, and dried
before its introduction in the vacuum chamber of
the SEM at the ambient temperature.
After the introduction of the sample into the micro-
scope, the insulating material is charged by a
focused or unfocused electron beam (LEO 440
Electron Microscopy Ltd., Cambridge, UK) during
an injection time tinj and a well controlled accelera-
tion voltage Vacc.
Any evolution of the total electric charges in the
SEM/insulating material system involves a flow of
induced charges towards the ground of the SEM
[20]. This evolution is recorded in the form of
Induced Current Ig. This current is measured using
a picoammeter (Keithley type). The curve Ig =
f(times) permits to obtain the total quantity of
charges QIC, distributed in the samples (bulk and
surface) during the injection.
The injection conditions fixed for this study are:
Vacc = 10 or 30 kV, tinj = 40 or 100 ms.
The evolution of Ig during injection (Figure 3)
gives information on the different steps of diffusion
or trapping of charges present in the insulating
sample.
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Different parameters can be deduced from this
curve (Figure 3):
– Igmax: initial current that informs on the response

of material without any perturbation;
– QIC: quantity of charges distributed in the sam-

ple;
– Ig40 or Ig100: value of the induced current respec-

tively for 40 or 100 ms injection time.
The SEMME method will be performed after the
injection step. The observation at lower energy
(V = 100–200 V) of the irradiated zone makes it
possible to put in evidence the mirror effect (Fig-
ure 4) [21, 22]. In fact negative charges Qt locally
trapped and stabilized near to the injection point
can induce the deflection of incident electrons: the
mirror image is a view of the SEM chamber. The
quantity Qt of trapped charges can be deduced from
the slope of the linear part of the ‘mirror’ curve
1/d = f(V) according to an electrostatic law, estab-

lished by Vallayer [22], relating the real diameter d′
of the last output diaphragm and the apparent one,
d, measured on the mirror image (Equation (1)):

(1)

where L is the working distance of the SEM; d′ the
diameter of the last output diaphragm, d the appar-
ent diameter measured on the mirror image, K(h) a
parameter dependent on SEM chamber and permit-
tivity of the sample, and V the acceleration poten-
tial of the electron beam.
The comparison between QIC, measured by the
ICM method and Qt, measured by the mirror
method, gives information of the charge state in the
sample. In fact, if Qt/QIC = 1, the charges are stabi-
lized and trapped near the injection point. How-
ever, if Qt/QIC tends towards 0, the charges diffuse
in the sample from the injection point.

3. Results and discussion
3.1. Infrared spectroscopy measurements
Figure 5 shows the spectra of neat iPP matrix,
hemp fiber mat as received, composite CD and
composite CND, obtained with infra-red spectrome-
ter (FTIR) in Attenuated Total Reflectance (ATR)
mode.

The neat matrix:
The isotactic polypropylene consists of propene
repeating units (CH2–CH(CH3)) linked together.
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Figure 3. Parameters measured by Induced Current
Method (ICM)

Figure 5. FTIR spectra (transmittance T vs. wave number
ν) of four samples: matrix, fibre of hemps no
dried and dried, CND, CD (the scale is the same
for each spectrum)Figure 4. Mirror image



The methyl groups (–CH3) are located on alterna-
tion with a hydrogen (H) in the backbone chain and
are all on the same side. The peaks corresponding
to the methyl group occur at 2953, 2873 and
1375 cm–1 (C). The two first peaks (A) are attrib-
uted to the stretch vibration asymmetric and sym-
metric of C–H. The last one is known as ‘umbrella’
mode (symmetric bending mode) (C). The peaks at
2913 and 2840 cm–1 (B) are related to methylene
group (CH2) asymmetric and symmetric C–H
stretches. The peak located at 1453 cm–1 is due to
the overlapping of the asymmetric bending mode of
the (CH3) and the methylene scissoring mode [23].
The other peaks are of less intensity, but the occur-
rence of the adsorption peaks at about 1160, 997,
973, and 841 cm–1 is in agreement with the tacticity
of the polymer [24, 25]. Moreover, even though the
methine groups (CH) are present in the structural
unit, the peaks are not observed [23].

The hemp mat:
Hemp fibre mat was analyzed (%T = f(ν)) in the as
received (not dry) and dry state. Plant fibre such as
hemp contains cellulose (about 70%), non cellu-
losic polysaccharide (hemicellulose and pectin),
lignin and wax. According to the literature [25], the
native cellulose consists of long chain of (1-4)-β
linked D-glucose units mostly aligned in parallel
(cellulose Iβ).
The spectra show the major bands classically
observed in other ligno-cellulosic fibres. The broad
and strong peak at about 3300 cm–1 [25] is charac-
teristic of O–H stretching for hydrogen-bonded
hydroxyl group in polysaccharides. The weak
absorption peak observed at about 1730 cm–1 is
characteristic of hemicelllulose. It is attributed to
carbonyl group (C=O) stretch. The weak broad
peak that occurs at around 1600–1650 cm–1 is asso-
ciated with water adsorbed in cellulose [25]. The
large peak with maximum at about 1030 cm–1 is
linked with C–O vibrations in cellulose. Finally, it
appears that the absence of peak at around
1500 cm–1 corresponding of aromatic symmetrical
stretching points out that the fibres are practically
free of lignin. Probably, because of the low rate of
humidity (<4%), there are no obvious differences
between as received and dry mats except the peak
characteristic of waxes [26] (CH2 symmetrical
stretching) at about 2850 cm–1.

The composites:
The spectra of composite PP/hemp fibres (CD or
CND) are finally analyzed. These spectra show that
PP matrix is modulated by the presence of hemp
fibres i.e. there is no new peak appearing in the
composites and thus no bond formed between the
matrix and the fibres. Although the two spectra are
similar, it can be noted that the amplitudes of the
peaks at 3300 and 1030 cm–1 are higher for CD.
This phenomenon is possibly due to the fact that the
surface of the CD composite exhibits more cellu-
losic fibre characteristic than CND composite [27].
The literature [28, 29] reports that the volume crys-
tallinity index is proportional to A841/A973 ratio
where A973 is the absorbance peak intensity at
973 cm–1 that is insensitive to the amorphous/crys-
talline ratio of isotactic polypropylene whereas A841

is the intensity of the band at 841 cm–1 linked to
crystallinity content. For the neat matrix and the
two composites this ratio is close and thus the crys-
tallinity rate too.
Thus, the dry impregnation process does not mod-
ify basically the results observed classically.

3.2. X-ray analysis

Figure 6 illustrates the WAXS patterns in conven-
tional mode (θ–2θ) of the different samples. The
peaks of semicrystalline polypropylene and an
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Figure 6. X-ray diffraction patterns of matrix, hemp fibres
and composites. The figure is limited to the
angular field presenting peaks of significant
intensity.



amorphous background noise between 12 to 24°
(in 2θ), were observed. These peaks, in accordance
with JCPDS 00-050-2397, appear at 14.16, 17.06,
18.65, 21.34 and 21.91° (in 2θ.) that are characteris-
tics of the α-monoclinic crystal structure and corre-
sponding to the (110), (040), (130), (111) and (–131)
planes, respectively. No peak occurs at 2θ. = 16°
that is characteristic of the β-hexagonal phase.
The XR diffractogram of hemp fibres shows three
peaks at 15; 16.47 and 22.77° (in 2θ) corresponding
to the (1–10), (110), (002) planes of the Iβ cellulose
structure [30] respectively as the cellulose is
expected to be the only crystalline constituent in
plant fibre. Using synchrotron radiation and neu-
tron diffraction, Nishiyama et al. [31] specifies that
the structure consisted of two parallel chains hav-
ing slightly different conformations and organized
in sheets packed in a ‘parallel-up’ fashion, with all
hydroxymethyl groups.
For composites, the presence of hemp fibres modu-
lated the PP diffractograms. As for neat matrix, no
hexagonal phase (β) is detected. Indeed β-hexago-
nal form could appear in HFRPP according to the
processing [12]. The broad peak at 2θ ~ 22.5° is
due to the overlapping of the diffraction peaks of
the PP-crystals at 2θ = 21.34 and 21.91° with the
peak of the cellulose-crystals at 2θ = 22.77°. The
incorporation of hemp fibres involves a shift to
lower 2θ of the other polypropylene peaks that cor-
responds to a modification of the lattice parameters
of the monoclinic α phase of the polypropylene
matrix, most probably due to internal stress.

3.3. Dynamic mechanical thermal
properties

Experimental results of mechanical dynamic tests,
are represented in Figures 7 (loss factor tanδ) and 8
(tensile storage modulus E′) for the neat matrix and
the two composites at 10 Hz.
The three classical relaxations of polypropylene are
observed named γ, β and α in order of increasing
temperature [32]:
– Relaxation γ (Tγ ~ –65°C for neat PP) is related

to the local motions in the amorphous phase.
– Relaxation β (Tβ ~ 10.5°C, for neat PP) is associ-

ated with the glass transition, that is to long dis-
tance molecular motions.

– Relaxation α (Tα = 100°C for neat PP), that
appears only on neat matrix spectrum is attrib-

uted to the presence of the crystalline phase. In
fact, this relaxation is not found on the curves of
tanδ. of an atactic PP (amorphous) and it is
known to be sensitive to modifications of crys-
tallites by thermal or mechanical treatments
(annealing, drawing). Even this relaxation is a
post-Tg transition the activation energy
(~130 kJ/mole) is lower than the activation
energy of α-relaxation ~ (330 kJ/mole) and fol-
lows an Arrhenius law that implies less coopera-
tive motion than α-relaxation. The mechanisms
generally proposed for explaining this relaxation
include conformational defect diffusion within
the crystal, and interaction between amorphous
and crystalline phases, the translation of chains
in the crystal part involving modification of
chain segments at the interface between the two
phases [32, 33].

The incorporation of the hemp fibres increases the
storage modulus of the matrix whatever the temper-
ature range. Indeed the modulus of composite is
determined by the moduli of the constituents (fibre
and matrix) but also by the fibre-matrix interaction
especially in the case of off-axis and randomly ori-
ented fibre composite. The slightly higher increase
of modulus for composites with dried fibres sug-
gests improved adhesion between fibre and matrix
probably due to better wetting associated to the
wax removal, leading to the slightly better transfer
of stress from matrix to the fibre in the case of com-
posite with dried fibre. In fact, the modulus of the
fibre is about the same whatever the treatment
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Figure 7. Mechanical loss factor log(tanδ) vs. temperature
of the neat matrix and the two composites at
10 Hz



(50 GPa [19]). The effect of fibre-matrix adhesion
on tensile modulus of such composites has been
already experimentally shown in different studies
[34, 35] but this factor is generally not taken into
account for in the classical models [36] for which a
perfect interface is considered. Therefore, the
DMA results seem to indicate a medium adhesion
at the interface.
Moreover as shown by Figure 7, the intensity of the
β-relaxation is lowered in the composites compared
to the neat matrix and a slight shift in peak temper-
ature of the β-relaxation can be observed towards
higher temperatures (Tβ ≈ 10.5°C for the matrix
and ≈15.5°C for the composites). These behaviours
cannot be attributed to an increase in crystallinity
of PP matrix since IR results indicated no major
modification in crystallinity index with reinforce-
ment. That is probably related to the reduction in
the molecular mobility due to the reinforcing effect
of the fibres that indicates the applied stresses are
expected to be easily transferred from the matrix.
The decrease of the amplitude of the relaxation
associated to the glass temperature is more impor-
tant for CD composite that is consistent with
enhanced polymer-fibre interaction.
Hence, the non-appearance of the α-relaxation
peak in the tanδ spectra of the composites in the
studied temperature range can be related to higher
constraints through the interlamellar regions linked
the presence of fibres that seems to be consistent
with WAXS results that suggest crystal rearrange-
ment and internal stresses.

3.4. Monotonous flexion test

The Figure 9 shows typical flexural stress strain
curves for the neat matrix and the two composites
obtained from the three-point bending experiment
at room conditions. Three characteristic zones are
pointed out:
– A linear zone corresponding to the elastic behav-

iour of the material.
– A nonlinear zone associated to the appearance of

the plastic deformation and damage.
– A zone of failure. In all the cases the material

(neat matrix and composites) beams fail from the
tensile side. It can be noted that both composites
can undergo loading after the maximum stress to
a large extent whereas for the neat matrix, the
failure is more sudden.

The main mechanical properties determined by
flexural testing are given in Table 1 (average values
on five samples). Improvements in both maximum
flexural stress and modulus are well noticed for the
two composites.
The flexural modulus increases from 1.57 GPa for
the neat polypropylene matrix to about 5.50 GPa
for the composites. However, conversely to DMA
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Figure 8. Tensile storage modulus (E′) vs. temperature of
the neat matrix and the two composites at 10 Hz

Figure 9. Typical curve of three-point bending, strain-
stress for the neat matrix and the two composites
at room conditions

Table 1. Flexural Mechanical properties of the tested com-
posite materials Emoy apparent flexural modulus,
σmax and εmax flexural stress and flexural strain
respectively at maximum of the stress-strain curve
(the standard deviations are in parentheses)

Emoy [GPa] σσmax [MPa] εεmax [%]
Matrix 1.57 (± 0.10) 43.8 (±1.4) 4.55 (±0.25)
CND 4.54 (± 0.45) 51.8 (±1.2) 2.11 (±0.22)
CD 4.51 (± 0.44) 56.8 (±2.7) 2.34 (±0.15)



tensile storage modulus results, there is no differ-
ence within experimental scatter between flexural

moduli of the CD and CND composites. This result
can be explained in term of the non-uniform stress
distribution through thickness in the case of three-
point bending loading.
The composite reinforced with dried fibres displays
(CD) slightly higher stress at maximum compared
to composites made with as received fibres (CND),
probably linked to an improved fibre/matrix adhe-
sion.
SEM micrographs of typical fracture feature is
given in Figures 10 (CND) and 11 (CD). The com-
parative analysis of the fracture features highlights
some traces of matrix remaining on the fibres after
extraction (pull-out). These observations suggest a
medium transfer efficiency or fibre/matrix adhe-
sion. However the phenomenon is clearer for the
composite with dried fibres (Figure 11) that is con-
sistent with DMA results.

3.5. Mirror and Induced Current Methods
(ICM)

To characterize the behaviour of the samples stud-
ied in this work, with regard to the presence of the
electric charges, the ‘mirror method’ was used cou-
pled with measurement of induced current.
In a first stage, the injection of the electrons was
carried out under an accelerating voltage of 30 kV
in focused mode. After injection, for low observa-
tion tension, the injected zone shows a degradation
of material as proved in Figure 12 (SEM micro-
graphs a-b).
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Figure 11. Fracture topography (SEM): matrix traces on
fibres (CD)

Figure 10. Examples of fracture topographies (CND) pull
out and matrix rupture

Figure 12. Total damaging of the irradiated zone (CD or CND): (a) before injection, (b) after injection



For these injection conditions, a collective electric
charges detrapping occurs, inducing a local destruc-
tion of the material (explosive emission) [37].
Therefore, a voltage of 10 kV was chosen, using
focused or unfocused mode (diameter of injection
zone: 70 µm); the injection time is 100 or 40 ms.
Figure 13 represents the ICM curves Ig = f(time) in
defocused or focused mode for the matrix and for
the CD (similar CND).
ICM curves present the same shape in focused or
defocused modes, (sharp slope of the curve at the
beginning of injection and a plateau at the end of
injection). However, for the defocused mode, more
fibres are concerned favouring the flow of the elec-
tric charges, inducing a weaker slope at the begin-
ning of the injection and higher current intensity at
the end.
Figure 14 represents the ICM curves Ig = f(time) in
defocused mode for the three samples: matrix PP;
CD and CND. During the injection step, some unsta-
ble micro relaxations appear (time > 50 ms) only
for the CD and CND composite (Figure 14). This
phenomenon can probably protect the composite
from catastrophic damages.
Consequently, following measurements were car-
ried out using a 10 kV accelerating tension in defo-
cused mode and tinj = 40 ms. Figure 15 represents
the evolution of the ICM current Ig = f(time) for the
three samples and Table 2 summarizes the parame-
ters measured by ICM and SEMME methods.
Based on ICM measurements, we can note that the
incorporation of dried or not dried fibres in PP
matrix increases the material capacity to store elec-
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Figure 13. Curves Ig = f(time) in defocused or focused mode: (a) matrix PP, (b) CD composite

Figure 14. Ig = f(time) in defocused mode for the three
samples, PP matrix, composite CD and com-
posite CND for tinj = 100 ms

Figure 15. Ig = f(time) in defocused mode for the three
samples, PP matrix, composite CD and com-
posite CND for tinj = 40 ms



tric charges (QIC composites > QIC matrix), but
with an easier diffusion of the charges (Ig40 com-
posites > Ig40 matrix) (Figure 15 and Table 2). At
the beginning of the injection, the slope of the ICM
curve is stronger for the matrix than for the com-
posites and, for the matrix, the charges are more
localised, near the injection zone.
Confirming the results obtained by the ICM
method, the observation at low voltage, after injec-
tion of electrons, shows stable mirror images. Fig-
ure 16 represents the mirror curves 1/d = f(V), for
the three materials. The potential Vd of disappear-
ance of the mirror is 1200 V for the two composites
(outspread of electric charges) as opposed to
(1800 V) for the matrix (electric charges remains
more stable and localised). This can, also, be
deduced by the ratio Qt/QIC that represents the sta-
bility of the charges which decrease under the
effect of incorporating fibres in the PP matrix

(Table 2). The comparison between the dielectric
measurements (Table 2) shows that the composites
presents high aptitude to spreading of the electric
charges (high current at the end of the injection,
faster disappearance of the mirror image and Qt/QIC

weak) compared to the matrix. We can think that
the incorporation of fibres or the creation of the
fibre/matrix interface supports this phenomenon of
delocalization of the charges and, consequently, the
reduction in the polarization energy. Such a phe-
nomenon has the effect of increasing the mechani-
cal properties as seen previously for composites
with epoxy matrix reinforced with glass fibres E
[18].
In addition, a drying of fibres before the introduc-
tion into the composite is favourable. But, the
observed difference remains weak compared to the
composites including not dried fibres.

4. Conclusions

This work enabled us to confirm the correlation
between dielectric behaviour and mechanical prop-
erties of polymers reinforced by natural fibres.
Several techniques are used to characterize the
samples and the fibre/matrix interface:
– From FTIR analysis, it can be concluded that

there is no chemical bond formed between the
matrix and the fibres, and that the crystallinity
rate is similar for neat PP and composites.

– X-ray diffraction analysis of materials shows
that the presence of hemp fibres modifies the lat-
tice parameter of polypropylene in composite
materials due to internal stresses.

– As for continuous E-glass fibres [18], tests per-
formed on hemp fibre reinforced composites
prove that hemps fibres modify the dielectric
response of the polymeric matrix. The fibres, or
more probably the fibres/matrix interfaces, allow
a diffusion of the electric charges which delocal-
izes the polarization energy. The drying of fibres
is well differentiated by IR, X-ray, ICM and
SEMME methods, because the drying modifies
the fibre/matrix interface and, then the trapping
and/or the motion of the electric charges.

– Consequently, from the mechanical point of
view, the drying of fibres is beneficial since it
reinforces the fibres/matrix load transfer which,
in addition, favours the diffusion of the electric
charges.
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Figure 16. 1/d = f(V) for the three samples, PP matrix,
composite CD and composite CND for
tinj = 40 ms

Table 2. Parameters measured according to the ICM
curves and the mirror method for the three sam-
ples: matrix PP, composite CD and composite CND

for tinj = 40 ms

Matrix PP CD CND

Igmax [pA] 817 (±9) 898 (±10) 867
Ig40 [pA] 206 (±9) 435 (±30) 406 (±36)
QIC [pC] 14.73 (±0.4) 25.65 (±3) 23.31 (±1)
Qt [pC] 12.8 (±0.1) 6 (±0.1) 9.51 (±0.1)
Vd [V] 1800 1200 1600
Qt /QIC 0.826 0.234 0.37



In conclusion we see that it is possible to modify
the characteristic of composite by the nature of
fibre and the interfaces.
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1. Introduction
Polymer nanocomposites containing magnetic
metal, alloy, or oxide nanoparticles have excellent
potential for applications such as electromagnetic
interference shielding, magneto-optical storage,
biomedical sensing, flexible electronics, biomedi-
cine, separations, etc. Control over the dispersion
of the nanoparticle phase embedded in a polymer
matrix is critical and often challenging. To achieve
excellent dispersion, competition between poly-
mer-polymer and polymer-particle interactions
have to be balanced to avoid clustering of particles
in polymer nanocomposites [1].
By far, there are two main approaches for the
preparation of the polymer-based magnetic nano-

composites: physical mixing and in situ polymer-
ization. In the first approach, the magnetic nanopar-
ticles were physically mixed into polymeric
matrices after being surface-modified with poly-
mers [2–7]. The strategy is suitable for the large-
scale industrial manufacturing, however, the
uniform dispersion of the magnetic nanoparticles in
the polymeric matrices could not be guaranteed [2].
As for the in situ polymerization approach via the
solution polymerization [8, 9], dispersion polymer-
ization [10, 11], and emulsion polymerization tech-
niques [12–18], the magnetic nanoparticles are
dispersed well in the polymeric matrices. But it is
not suitable for the preparation of bulk magnetic
nanocomposites because of its low efficiency.
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The bulk polymerization technique is desired to be
the most suitable method for the large-scale indus-
trial manufacturing except that, if the magnetic
nanofillers are used in the form of small particles,
the aggregation of the nanoparticles could be
avoided. Most recently, Li et al. [19] prepared the
bulk transparent PMMA/Fe-oxide nanocomposites
via the bulk radical polymerization. In the present
work, the ferroferric oxide/polystyrene superpara-
magnetic nanocomposite (Fe3O4/PS) was prepared
via the facile bulk radical polymerization of styrene
with the incorporation of the oleic acid modified
ferroferric oxide superparamagnetic nanoparticles
(OA-Fe3O4).

2. Experimetal
2.1. Materials
Ferric chloride hexahydrate (FeCl3·6H2O), ferrous
chloride tetrahydrate (FeCl2·4H2O), ammonium
hydroxide (NH4OH, 25% of ammonia), and oleic
acid (OA) were analytical grade reagents received
from Tianjin Chemical Co. (Tianjin, China) and
used without further purification and were used as
received. The monomer, styrene (St, analytical
reagent, Tianjin Chemicals Co. Ltd., China) was
dried over CaH2 and distilled under reduced pres-
sure. The initiator, 2,2′-azobis(isobutylonitrile)
(AIBN) (Tianjin Chemicals Ltd. Co. Tianjin,
China) was re-crystallization in ethanol. Other
reagents used were all analytical grade from Tian-
jin Chemicals Co. Ltd., China. Distilled water was
used throughout.

2.2. OA-Fe3O4

The oleic acid modified ferroferric oxide super-
paramagnetic nanoparticles (OA-Fe3O4) were pre-
pared according to our previous report [9]: 2.07 g
FeCl3·6H2O and 0.81 g FeCl2·4H2O were dissolved
into 100 ml water with stirring and bubbling with
N2. Then a mixture containing 10.0 ml ammonium
hydroxide, 1.0 ml OA and 15 ml water was added
dropwise to the solution after it was heated to 90°C.
The reacting mixture was stirred for another 30 min
after the addition. Finally, the products were col-
lected by a magnet and rinsed with water three
times and with ethanol once and dried in vacuum.

2.3. Bulk polymerization
The bulk polymerization was followed: 0.6 g
OA-Fe3O4, 10 ml styrene, 0.15 g AIBN was added
into a glass polymerization pipe, then the mixture
was irradiated ultrasonically for 5 min and subse-
quently heated to 90°C and lasted for 8 h. After the
temperature was cooled to room temperature, the
polymerization pipe was broken open and the result-
ing superparamagnetic nanocomposite (Fe3O4/PS)
was collected.

2.4. Analytical methods

A Bruker IFS 66 v/s infrared spectrometer was
used for the Fourier transform infrared (FTIR)
spectroscopy analysis. The morphologies of the
superparamagnetic nanoparticles were character-
ized with a JEM-1200 EX/S transmission electron
microscope (TEM).Thermogravimetric analysis
(TGA) was performed with a Perkin-Elmer per-
formed with a Perkin-Elmer TGA system from
room temperature to 800°C in N2 at a scan rate of
10°C min–1. The magnetic properties were exam-
ined by vibrating sample magnetometer (VSM)
(Lakeshore 7304).

3. Results and discussion

The properties of the inorganic nanoparticle/poly-
mer composites definitively depend on the dis-
persibility of the inorganic nanoparticles in the
polymer matrices. Surface modification of the inor-
ganic nanoparticles with polymers has been vali-
dated to be the most impactful method to improve
the dispersibility of the inorganic nanoparticles in
the polymer matrices [20]. In the preparation of the
magnetic nanocomposites via the in situ polymer-
ization technique, oleic acid (OA) is the most used
surface-modifier for the magnetic nanoparticles
[21]. By modification with OA, the magnetic
nanoparticles could be dispersed well in the
monomers. Furthermore, the polymer grafted mag-
netic nanoparticles could be achieved by the
copolymerization of the monomers and OA mole-
cules immobilized on the surfaces of the magnetic
nanoparticles. Therefore, the aggregation of the
magnetic nanoparticles could be avoided and the
uniform dispersion of the magnetic nanoparticles is
obtained.
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The FT-IR spectrum reveals the nature of the bond
that is formed between OA and the surface atoms.
The antisymmetric and symmetric vibrations at
2920 and 2850 cm–1, respectively, are clearly
observed due to the aliphatic alkyl chains (Fig-
ure 1). The presence of two peaks at 1520 and
1425 cm–1, attributed to the carboxylate unit vibra-
tion modes, shows that oleic acid is bound through
the carboxylate anions, i.e. chemisorptions of the
surfactant on the iron oxide surface. Except the
chemisorbed amount, a physisorbed part was also
present as evidenced by a less intense peak at
1721cm–1 (–COOH) because the miscibility of
oleic acid with ethanol is low [22]. The TGA analy-
sis (Figure 2) showed that the OA content of the
OA-Fe3O4 nanoparticles were more than 20%.
In our previous work [9], the ferroferric oxide/
polystyrene superparamagnetic nanocomposites
(Fe3O4/PS) were prepared by the in situ solution
polymerization of styrene in the present of the
OA-Fe3O4 nanoparticles. It was found that the
highest percent of grafting (PG%) had been

achieved in the polymerization of 10.0 ml styrene
with 0.60 g OA-Fe3O4 nanoparticles added in 10 ml
toluene. So the ratio of the magnetic nanoparticles
and monomer was applied in the present work.
After the in situ bulk radical polymerization, the
magnetic nanoparticles in the magnetic nanocom-
posite (Fe3O4/PS) were characterized with FT-IR
and TGA techniques after being separated from the
non-grafted PS by extracting the Fe3O4/PS with
toluene, as reported previously [21]. Besides the
same absorbance bands at 2920 and 2850 cm–1 of
the CH2 antisymmetric and symmetric vibrations,
the characteristic absorption peaks at 580 cm–1

attributed to the lattice absorption of magnetite in
the FT-IR spectra of the OA-Fe3O4 nanoparticles
and the magnetic nanoparticles in the magnetic
nanocomposite (Fe3O4/PS), the absorbance band at
699 cm–1 attributed to the phenyl structure, which
is not present in the FT-IR spectrum of the
OA-Fe3O4 nanoparticles, appeared (Figure 1). It
indicated that the polystyrene had been success-
fully grafted onto the surfaces of the superparamag-
netic nanoparticles via the in situ bulk polymeriza-
tion. So the uniform grey-black superparamagnetic
nanocomposite was achieved in the present work.
Compared with the obvious macroscopic aggrega-
tions reported [23], the vital difference is the higher
OA content in the OA-Fe3O4 nanoparticles.
The grafting percentage (GP%, mass ratio of the
organic and inorganic components) of the poly-
styrene grafted magnetic nanoparticles (Fe3O4-PS)
was calculated to be about 30% from the TGA
analysis (Figure 2). The main weight loss of both
OA-Fe3O4 and Fe3O4-PS occurred in the tempera-
ture range of 350–450°C, attributed to the thermal
degradation of OA and PS modified on the surfaces
of the magnetic nanoparticles.
Compared with the small aggregations of the oleic
acid modified ferroferric oxide magnetic nanoparti-
cles (OA-Fe3O4) in toluene as shown in Figure 3,
most of the magnetic nanoparticles had been dis-
persed into toluene with diameter less than 10 nm
in the polystyrene grafted magnetic nanoparticles
(Fe3O4-PS). In fact, the magnetic nanoparticles
tend to form the aggregations because of their mag-
netic forces although oleic acid molecules had been
terminated on their surface. The aggregations seen
in the OA-Fe3O4 nanoparticles were the clusters of
OA-Fe3O4 nanoparticles, not the real aggregations
of the magnetic nanoparticles. Their magnetic
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Figure 1. FT-IR spectra of the OA-Fe3O4 and Fe3O4-PS
nanoparticles and Fe3O4/PS nanocomposite

Figure 2. TGA curves of the OA-Fe3O4 and Fe3O4-PS
nanoparticles



forces could be conquered after the polystyrene
macromolecules had been grafted. So they showed
the better dispersibility in the organic solvent.
The hysteresis curves of the OA-Fe3O4 nanoparti-
cles, Fe3O4-PS nanoparticles, and Fe3O4/PS nano-
composite were illustrated in Figure 4. Neither the
remanence nor the coercivity was observed in the
three hysteresis curves. They showed superpara-
magnetic with the saturation magnetization (Ms)
values of 32, 40, and 2.2 emu/g at 25°C, respec-
tively. It indicated that the polymerization did not
affect magnetic properties of the nanoparticles. The
saturation magnetization value of the Fe3O4-PS
nanoparticles was higher than that of the OA-Fe3O4

nanoparticles because of the excellent dispersion of
the magnetic nanoparticles. Furthermore, the satu-
ration magnetization (Ms) value of the accidental
sampling Fe3O4/PS nanocomposite was near to the

theoretic value of about 2.3 emu/g. It indicated that
the monomer conversion in the in situ radical bulk
polymerization was near to 100% and the magnetic
nanoparticles were dispersed uniformly in the poly-
mer matrix. It is expected that the superparamag-
netic polymer nanocomposite with different satura-
tion magnetization values could be prepared with
the strategy developed by simply changing the
magnetic nanoparticles feeding ratio.

4. Conclusions

In summary, a facile in situ bulk radical polymer-
ization strategy was developed for the preparation
of the superparamagnetic nanocomposite (Fe3O4/
PS). The polymerization did not affect magnetic
properties of the nanoparticles. The strategy devel-
oped is expected to be applied for the large-scale
industrial manufacturing of the superparamagnetic
polymer nanocomposite due to the advantages such
as simple manipulation and high efficiency. 
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1. Introduction
As attractive materials, organic-inorganic hybrids
that could have high performance or high function
due to synergism of two components have been
widely used, such as photochromic films, optical
functionalities, flocculants and process aids for
low-grade oil sand ore [1–4]. Several methods have
been used to prepare organic-inorganic hybrids
such as sol-gel reaction [5, 6], intercalation poly-
merization [7, 8], melt-processing [9, 10], and in
situ polymerization [11, 12]. 
The first condition for preparation of organic-inor-
ganic hybrids with enhanced performance is to
guarantee uniform distribution of inorganic parti-

cles within the polymer matrix. Dispersion poly-
merization has been considered as a promising and
preponderant approach in preparing nearly
monodisperse polymer particles in a single step
[13]. In dispersion polymerization, the organic
polymer can be uniformly dispersed in the form of
particles whose size ranged from 0.1–15 µm, which
can ensure the inorganic particles uniformly dis-
persed as much as possible in the system.
To our knowledge, little research has been reported
on inorganic/polyacrylamide hybrids. Feng et al.
[1] prepared photochromic nanocomposite thin
films by entrapping polyoxometalate in a polyacry-
lamide matrix via the ultrasound technique. Mat-
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Abstract. A novel polymer Al2(SO4)3-poly(acrylamide-co-2-acrylamido-2-methyl-1-propanesulfonate) (Al2(SO4)3-
P(AM/AMPS)) had been synthesized by dispersion polymerization in an aqueous solution of ammonium sulfate and alu-
minum sulfate, using poly(2-acrylamido-2-methyl-1-propanesulfonate) P(AMPS) as stabilizer, acrylamide (AM) and
2-acrylamido-2-methyl-1-propanesulfonate (AMPS) as monomers, poly(2-acrylamido-2-methyl-1-propanesulfonate)
(PAMPS) as stabilizer and [2-(2-imidazdino-2-yl)propane]dihydrochloride (VA-044) as initiator. The average particle size
of polymer dispersion ranged from 0.2 to 0.3 µm, the molecular weight was from 4.3·106 to 5.7·106 g·mol–1. The polymer
was characterized by infrared (IR) spectroscopy, thermogravimetry (TGA) and transmission electron microscopy (TEM).
The swelling property of the dispersion polymer was studied by particle size distribution. When the polymer dispersion was
diluted with deionized water, particle sizes decreased several times. When the polymer dispersion was diluted with salt
water, the particle size increased with increasing concentration of salt. The effects of Al2(SO4)3 and stabilizer on the parti-
cle size and the relative molecular weight of the polymer were investigated, respectively. The optimum conditions for the
stable Al2(SO4)3-P(AM/AMPS) dispersion were that the concentration of Al2(SO4)3 was 1.12 wt%, the concentration of
PAMPS stabilizer was 3 wt% and the concentration of initiator was 0.2 mol·l–1 and the monomers concentration was
14 wt%.
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suura et al. [2] had synthesized polysilane-acry-
lamide block copolymers by photopolymerization
of acrylamide monomers. Yang et al. [3] had syn-
thesized Al(OH)3-polyacrylamide using a redox
initiation in aqueous medium. However, there
existed little works about the hybrid Al2(SO4)3-
poly(acrylamide-co-2-acrylamido-2-methyl-1-
propanesulfonate) (Al2(SO4)3-poly(AM/AMPS))
by dispersion polymerization in aqueous medium.
In this work, a novel dispersion polymer Al2(SO4)3-
poly(AM/AMPS) ionic hybrid was synthesized by
using 2,2’-azobis(2-(2-imidazolin-2-yl) propane)
dihidrochloride (VA-044) as an initiator and
poly(2-acrylamido-2-methyl-1-propanesulfonate)
(PAMPS) as the stabilizer through dispersion poly-
merization and ionic bond between Al2(SO4)3 and
poly(AM/AMPS) was characterized by thermo-
gravimetric analysis and IR spectroscopy. Com-
pared with the nonionic stabilizer used in other
works, the negative charged end groups in the poly-
mer chains of PAMPS were anticipated to enhance
the stability of the lattices by electrostatic repulsion
as well as to interact with Al2(SO4)3 with positive
charge. The effects of concentration of Al2(SO4)3,
the stabilizer and initiator on molecular weight,
particle size distribution and the overall conversion
of the monomers were investigated, and the
swelling property of the dispersion polymer was
discussed. The difference between P(AM/AMPS)
and Al2(SO4)3-poly(AM/AMPS) was discussed in
terms of the stabilizer concentration and particle
size distribution.

2. Experimentals
2.1. Materials
Acrylamide (AM) and 2-acrylamido-2-methyl-1-
propane sulfonate (AMPS) were industrial materi-
als purchased from Dia-Nitrix Co. Ltd. (Japan) and
Zhenxing Fine Chemicals Inc. Henan (China),
respectively. Aluminium sulfate (Al2(SO4)3) and
ammonium sulfate ((NH4)2SO4) were analytical
grade. Deionized water was used throughout the
experiments. 2,2′-azobis(2-(2-imidazolin-2-yl)
propane) dihidrochloride (VA-044, A. R. Grade)
was purchased from WAKO Pure Chemical Indus-
tries Ltd. (Japan). Poly(2-acrylamido-2-methyl-1-
propanesulfonate) (PAMPS) was prepared from
AMPS in an aqueous solution using VA-044 as
initiator at 40°C under nitrogen atmosphere for

4–5 h. The molecular weight of PAMPS was
3.0·105–7.0·105 g·mol–1. In this work we used
PAMPS whose molecular weight was around
3.5·105 g·mol–1.

2.2. Preparation of polymer dispersion

Varying quantities of the ingredients containing
monomers, aluminium sulfate, ammonium sulfate,
PAMPS and deionized water were added to a
250 ml four-neck flask fitted with a stirrer, a reflux
condenser, a thermometer and a nitrogen inlet tube.
After purging with nitrogen for 30 min and control-
ling the temperature at 60°C by means of an exter-
nal heating jacket, the monomers were initiated by
drop-feeding VA-044 aqueous solution into the
reactor evenly over a period of 1 h. After reacting
6 h, heating stopped and the Al2(SO4)3-P(AM/
AMPS) hybrids were obtained. The stirring speed
was fixed at 120 rpm in all experiments.

2.3. Characterization of dispersion copolymer

Al2(SO4)3-P(AM/AMPS) dispersion was dissolved
in water. Then, the polymer was washed with ace-
tone. These operations were repeated several times
to remove the inorganic salts, unreacted monomers
and PAMPS. Then the copolymer precipitated was
dried to a constant weight at 50°C under vacuum.
The dried sample was used to determine the intrin-
sic viscosity [η] of the copolymer was determined
in a 1 mol/l NaCl aqueous solution with an Ubbelo-
hde capillary viscometer at 30°C. The concentra-
tion used for the measurement of viscosity was
0.0005–0.001 g/ml. The viscosity-average molecu-
lar weight Mv could be calculated with the Mark-
Houwink relationship (Equation (1)):

(1)

The method to determine PAMPS molecular
weight was the same as in the case of Al2(SO4)3-
P(AM/AMPS).
Particle size and particle size distribution were
measured with Coulter LS230 particle size ana-
lyzer. The samples were usually dispersed by ultra-
sonic agitation before measurements.
FT-IR spectra were recorded on a spectrophotome-
ter (AVATAR 360, Nicolet, USA) using KBr pel-
lets. The thermal degradation test was conducted on
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TGA (TG209, NETZSCH, Germany) at a heating
rate of 10°C/min under static N2 atmosphere.
Weigh 5 mg Al2(SO4)3 and 5 mg P(AM/AMPS)
and then mix them together. All samples (10.0 mg)
used had been dried in vacuum at 110–120°C for
8 h. The change in weight differential difference
with temperature was recorded. The particle mor-
phology of Al2(SO4)3-P(AM/AMPS) and P(AM/
AMPS) were measured by TEM (JEM-1200EX,
JEOL, Japan).
The total monomer conversion could be obtained
by determining residual contents of AM and AMPS
with bromating method [14].

3. Results and discussion
3.1. Effect of Al2(SO4)3 concentrations 
Effect of Al2(SO4)3 concentration on the relative
molecular weight, particles size and conversion of
monomers were shown in Table 1. As shown in
Table 1, with increasing concentration of Al2(SO4)3,
molecular weight increased, but the particle size
and the particle size distribution decreased. When
Al2(SO4)3 concentration was between 0 and
1.86 wt%, stable dispersion could be obtained.
Al2(SO4)3 and (NH4)2SO4 can form a complex salt
called AlNH4(SO4)2·12H2O whose solubility in
water is much lower than any of them. So, in our

experiments, the concentration of Al2(SO4)3 in
aqueous (NH4)2SO4 solution is less than 1.86% to
avoid precipitation. But the reaction temperature
between Al2(SO4)3 and (NH4)2SO4 was 100°C, in
our experiment the temperature was around 60°C.
So there was little AlNH4(SO4)2 in the system.
Compared with Al2(SO4)3 concentration, the
AlNH4(SO4)2 could be ignored. According to Elec-
tric Double Layer Theory, the thickness of diffu-
sion electrical double layer reduced with adding
Al3+ into the reaction system. As a result, the
molecular chain of polymer crimples seriously, at
the same time, and the number of mature particles
does not change [15], so the particle sizes
decreased. Moreover, Al2(SO4)3 also has the pre-
cipiation effect. The precipitation effect became
stronger with increasing Al2(SO4)3 concentration,
so the particles size decreased with Al2(SO4)3.

3.2. Effect of stabilizer concentrations

A series of experiments were carried out to exam-
ine the effect of stabilizer concentrations on the
hybrid. As shown in Table 2, when PAMPS content
was less than 1.5%, it could not provide enough
electrostatic repulsion and steric stabilization and
an agglomerating system was obtained. With
increasing PAMPS, the relative molecular weight
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Table 1. Effect of salt concentration on the properties of dispersion polymers

Polymerization conditions: AM/AMPS (mole ratio), 5/1; total monomer 14%; PAMPS 1.8%; VA-044 0.01 wt%; (NH4)2SO4 25%. P.D.,
average of particle diameter (range of particle diameter).

Table 2. Effect of stabilizer concentrations on dispersion polymer

Polymerization conditions: AM/AMPS (mol ratios) 5/1; total monomer, 14%; (NH4)2SO4 25%; Al2(SO4)3 1.12%; and VA-044,
0.01 wt%

Al2(SO4)3 [wt%] Mw [106 g·mol–1] Conversion [%] P.D. [µm] Notes

0.00 4.33 93.3 0.30(0.10–0.7)
0.37 4.42 93.5 0.27(0.07–0.7)
0.75 4.57 93.2 0.25(0.07–0.6)
1.12 4.76 93.4 0.23(0.07–0.8)
1.49 5.12 93.2 0.21(0.07–0.6)
1.86 5.22 92.1 0.20(0.07–0.7)
1.93 – – – precipitated

PAMPS [wt%] Mw [106 g·mol–1] Conversion [%] P.D. [µm]
1.5 coagulated – –
2.0 4.12 89.1 0.27(0.07–0.7)
3.0 4.76 93.6 0.26(0.07–0.7)
4.0 4.36 92.3 0.24(0.07–0.6)
5.0 4.62 90.3 0.23(0.07–0.6)
6.0 4.83 89.4 0.22(0.07–0.6)
8.0 5.74 88.4 0.20(0.07–0.6)



had a slowly increasing tendency, but the particle
sizes decreased.
Compared with the system without adding
Al2(SO4)3 in the syntheses media, obviously differ-
ent results were found. We have reported [14] that
when PAMPS concentration was below 1.2 or
above 3.0%, the copolymer dispersion would coag-
ulate. Suitable PAMPS concentration was from 1.8
to 2.7%. In this system, even if PAMPS concentra-
tion was up to 8%, the system was still stable. It
could be attributed to Al2(SO4)3 colloid with posi-
tive charge interacting with the with negatively
charged stabilizer filling. There was an obvious
tendency that the particle sizes decreased and the
molecular weight increased as the stabilizer con-
centration increased. It was different from the
results of Cho et al. [15] and Chen et. al. [16] but in
correspondence with the results of dispersion poly-
merization Ray and Mandal’s [17, 18] reported in
the literature. The particle size decreased with
increasing stabilizer concentration. The increasing
of molecular weight was the contribution of the
solid phase polymerization increase associated with
the gel effect. As for a given quantity of polymer
smaller particles present greater surface area, so the
particle phase captures oligomeric radical from the
continuous will increase, and the molecular weight
of the polymer would increase. Furthermore,
PAMPS used as stabilizer was incorporated in the
final dispersion copolymer and may influence the
final molecular weight. The influence maybe very
small because the molecular weight of the PAMPS
was too low compared with the dispersion copoly-
mer.
As shown in Table 2, the overall conversions
decreased with PAMPS concentration increasing.
Since with increasing PAMPS, the viscosity of the
continuous phase increased correspondingly, which
prevented monomer radicals freely transferred
between nature particles and continuous phase. So,
the overall conversion was reduced.

3.3. Effect of initiator concentrations
Experimental sets in Table 3 showed the effects of
initiator concentration from 1.0 to 4.5 mol·l–1,
whereas the monomer, stabilizer, (NH4)2SO4, and
Al2(SO4)3 concentrations were fixed at 14, 3, 25,
and 1.12%, respectively. As shown in Table 3, the
relative molecular weight decreased with increas-
ing VA-044. While the rate of polymerization
increases with increase of initiator concentration,
the average numbers of monomer molecules con-
sumed per each radical become smaller, resulting in
the lower molecular weight [19].
It also could be seen that particle size increased
with increasing the initiator concentration which
was commonly observed in dispersion polymeriza-
tion. The most commonly offered explanation was
that a higher initiator concentration would lead to a
greater rate of generation of unstable oligoradicals
or dead polymer molecules. These primary parti-
cles are not stabilized enough by the stabilizers,
resulting in a greater rate of coagulation, yielding
lager size particles [14].

3.4. Particle size of dispersion polymers

As shown in Figure 1, the average particle size of
the original dispersion ranged from 0.03 to 0.8 µm,
while those diluted with different salt water and
deionized water were in the range of 0.01–0.1,
1.3–2.7 and 0.007–0.05 µm, respectively. The
results were contrary to some works reported. We
have reported that when diluted with deionized
water the particle size became large [15]. It was
explained that the insufficient salt concentration
weakening the electrostatic repulsion between par-
ticles led to expanded molecular chains, and the
particle size became larger.
Chen et al. [16] said that oligomeric radicals and
monomers could enter the particles through solvent
channel. It also could be understood as the inor-
ganic salt could enter the particles. Through
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Table 3. Effect of initiator concentrations on dispersion polymer

Polymerization conditions: AM/AMPS (mol ratios) 5/1; total monomer, 14%; (NH4)2SO4 25%; Al2(SO4)3 1.12%, PAMPS 1.8%

VA-044 [10–4 mol·l–1] Mw [106 g·mol–1] Conversion [%] P.D. [µm]
1.0 4.76 93.6 0.26(0.07–0.7)
2.0 4.59 94.2 0.27(0.07–0.7)
3.0 4.44 94.9 0.29(0.1–0.8)
4.0 4.21 95.3 0.31(0.1–0.9)
4.5 4.05 95.7 0.35(0.1-0.9)



Brownian diffusion the concentration of inorganic
salt inside the particles and outside the particles
must be consistent. When diluted with the lower
concentration of salt water, the inorganic salt could
diffuse from the particle to the continuous phase, so
the particle size decreased. Similarly, when diluted
with high concentration of salt water, the inorganic
salt diffused from continuous phase to the particles,
so the particle size increased.

3.5. Characteristics of
Al2(SO4)3-P(AM/AMPS)

Figure 2 represented the FT-IR spectra of
Al2(SO4)3-P(AM/AMPS) and P(AM/AMPS),
respectively. Curves ‘b’ displayed almost the same
characteristic bands as curves ‘a’ except for the

nuances of 940 and 713 cm–1. Al2(SO4)3 has
absorbance at 940 and 713 cm–1, assigned to υAl-SO3

and υAl-O, respectively. It indicated that the sample
was an organic-inorganic hybrid of Al2(SO4)3-
P(AM/AMPS).
Figure 3 showed the TGA curves of Al2(SO4)3-
P(AM/AMPS), Al2(SO4)3/P(AM/AMPS) mixture
and P(AM/AMPS). As shown in Figure 3,
Al2(SO4)3-P(AM/AMPS) hybrid had two peaks of
pyrolysis rate (Tp) at 280 and 739°C, respectively,
while Al2(SO4)3/P(AM/AMPS) mixture and the
pure P(AM/AMPS) had peaks at 269, 654.5 and
225, 598.1°C, respectively. Activation energies
(Ea) of these samples could be evaluated from TGA
data according to Flynn and Wall method [20]. The
results of Tp and Ea are shown in Table 4. Accord-
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Figure 2. IR spectra of Al2(SO4)3-P(AM/AMPS) and
P(AM/AMPS)

Figure 1. Particle size distribution of different solutions: (a) solution diluted with deionzed water, (b) solution diluted
with 15% (NH4)2SO4 solution, (c) solution diluted with original solution, and (d) solution diluted with 30%
(NH4)2SO4 solution

Figure 3. Different TGA curves of Al2(SO4)3-
P(AM/AMPS), Al2(SO4)3/P(AM/AMPS) mix-
ture and P(AM/AMPS)



ing to the results from Yang and coworkers [3, 21],
high Tp and large Ea of the Al2(SO4)3-P(AM/
AMPS) were also attributed to the ionic bond
formed between Al2(SO4)3 and P(AM/AMPS)
chains.
When researching the interaction between colloidal
particles and polyelectrolyte with opposite charge,
Hou et al. [22] found that the presence of these col-
loidal particles increased the degree of ionization of
the polyelectrolyte. According to this, heat resist-
ance of the Al2(SO4)3-P(AM/AMPS) and FTIR
spectra indicated that the negative end group of
P(AM/AMPS) chain could form an ionic bond with
Al2(SO4)3 with positive charge.
Figure 4 showed the TEM micrograph of
Al2(SO4)3-P(AM/AMPS) and P(AM/AMPS). Com-
pared with Figure 4a and 4b significant differences
were shown. Figure 4a had a bright rim structure
around the surface of the particles but Figure 4b did
not have such structure. The very different between
the two samples was that one with Al2(SO4)3 in it,
the other was not. So, we indicate that the
Al2(SO4)3 particles were present outside of the par-
ticles.

4. Conclusions
The main conclusions from this work are as fol-
lows:
(1) Al2(SO4)3-poly(AM/AMPS) ionic hybrid was

synthesized by dispersion polymerization in an
aqueous solution of Al2(SO4)3 and (NH4)2SO4

in the presence of PAMPS as stabilizer. Ionic
bonds between Al2(SO4)3 and poly(AM/
AMPS) chains in Al2(SO4)3-P(AM/AMPS) are
displayed.

(2) The optimum conditions for obtaining stable
dispersion polymer of Al2(SO4)3-P(AM/
AMPS) were as follows: the concentration of
Al2(SO4)3 was 1.12%, the concentration of the
PAMPS stabilizer was 3%, and the concentra-
tion of initiator was 0.2 mol·l–1, respectively.
With increasing the concentration of Al2(SO4)3,
the molecular weight increased but the particle
sizes decreased, respectively. With increasing
the concentration of the stabilizer, the particle
sizes decreased and the molecular weight
increased.

(3) The swelling property of the dispersion poly-
mer was studied by particle size distribution.
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Figure 4. TEM micrograph of Al2(SO4)3-P(AM/AMPS) and P(AM/AMPS): (a) Al2(SO4)3-P(AM/AMPS) content
Al2(SO4)3 1.12 wt%; (b) P(AM/AMPS)

Table 4. Tp and Ea of Al2(SO4)3-P(AM/AMPS), Al2(SO4)3/P(AM/AMPS) mixture, and P(AM/AMPS)

Samples
Tp [°C] Ea [KJ/mol]

First stage Second stage First stage Second stage
Al2(SO4)3-P(AM/AMPS) 280 739.5 176.1 292.3
Al2(SO4)3/P(AM/AMPS) 269 654.5 152.2 273.9
P(AM/AMPS) 225 598.1 141.8 246.3



When diluted with different concentrations of
(NH4)2SO4 solutions the particle size increased
with the (NH4)2SO4 concentration increased,
and when diluted with deionzed water the par-
ticle size minimized.

Acknowledgements
Authors gratefully acknowledge the financial support by
National Science Foundation of China (20876081) and Pro-
jects under Scientific and Technological Planning of Shan-
dong Province (J08LC04).

References
[1] Feng W., Zhang T. R., Wei L., Lu R., Bai Y. B., Li T.

J., Zhao Y. Y., Yao J. N.: Photochromic behavior and
mechanism of thin films in H3PW12O40/polyacry-
lamide system. Materials Letters, 54, 309–313 (2002).
DOI: 10.1016/S0167-577X(01)00583-3

[2] Matsuura Y., Matsukawa K., Kawabata R., Higashi
N., Niwa M., Inoue H.: Synthesis of polysilane-acry-
lamide copolymers by photopolymerization and their
application to polysilane-silica hybrid thin films.
Polymer, 43, 1549–1553 (2002).
DOI: 10.1016/S0032-3861(01)00693-0

[3] Yang W. Y., Qian J. W., Shen Z. Q.: A novel floccu-
lant of Al(OH)3-polyacrylamide ionic hybrid. Journal
of Colloid and Interface Science, 273, 400–405
(2004).
DOI: 10.1016/j.jcis.2004.02.002

[4] Li H. H., Long J., Xu Z. H., Masliyah J. H.: Novel
polymer aids for low-grade oil sand ore processing.
The Canadian Journal of Chemical Engineering, 86,
168–176 (2008).
DOI: 10.1002/cjce.20030

[5] Huang H-H., Wilkes G. L., Carlson J. G.: Structure-
property behavior of new hybrid materials incorporat-
ing oligomeric poly(tetramethylene oxide) with inor-
ganic silicates by a sol-gel process. Polymer Bulletin,
18, 455–462 (1987).
DOI: 10.1016/0032-3861(89)90286-3

[6] Noell J. L. W., Wilkes G. L., Mohanty D. K., McGrath
J. E.: The preparation and characterization of new
polyether ketone-tetraethylorthosilicate hybrid glasses
by the sol-gel method. Journal of Applied Polymer
Science, 40, 1177–1194 (1990).
DOI: 10.1002/app.1990.070400709

[7] LeBaron P. C., Wang Z., Pinnavia T.: Polymer-lay-
ered silicate nanocomposites: An overview. Applied
Clay Science, 15, 11–29 (1999).
DOI: 10.1016/S0169-1317(99)00017-4

[8] Messersmith P. B., Giannelis E. P.: Synthesis and bar-
rier properties of poly(ε-caprolactone)-layered silicate
nanocomposites. Journal of Polymer Science Part A:
Polymer Chemistry, 33, 1047–1057 (1995).
DOI: 10.1002/pola.1995.080330707

[9] Vaia R. A., Jandt K. D., Kramer E. J., Giannelis E. P.:
Kinetics of polymer melt intercalation. Macromole-
cules, 28, 8080–8085 (1995).
DOI: 10.1021/ma00128a016

[10] Vaia R. A., Ishii H., Giannelis E. P.: Synthesis and
properties of two-dimensional nanostructures by
direct intercalation of polymer melts in layered sili-
cates. Chemistry of Materials, 5, 1694–1696 (1995).
DOI: 10.1021/cm00036a004

[11] Wu W., He T. B., Chen J-F., Zhang X., Chen Y.:
Study on in situ preparation of nano calcium carbon-
ate/PMMA composite particles. Materials Letters, 60,
2410–2415 (2006).
DOI: 10.1016/j.matlet.2005.03.077

[12] Du Z., Zhang W., Zhang C., Jing Z., Li H.: A novel
polyethylene/palygorskite nanocomposite prepared
via in-situ coordinated polymerization. Polymer Bul-
letin, 49, 151–158 (2002).
DOI: 10.1007/s00289-002-0086-z

[13] Hasegawa H., Arai K., Saito S.: Uniform encapsula-
tion of fine inorganic powder with soapless emulsion
polymerization. Journal of Polymer Science Part A:
Polymer Chemistry, 25, 3117–3125 (1987).
DOI: 10.1002/pola.1987.080251115

[14] Wu Y. M., Wang Y. P., Yu Y. Q., Xu J., Chen Q. F.:
Dispersion polymerization of acrylamide with 2-acry-
lamido-2-methyl-1-propane sulfonate in aqueous solu-
tion. Journal of Applied Polymer Science, 102, 2379–
2385 (2006).
DOI: 10.1002/app.24494

[15] Cho M. S., Yoon K. J., Song B. K.: Dispersion poly-
merization of acrylamide in aqueous solution of
ammonium sulfate: Synthesis and characterization.
Journal of Applied Polymer Science, 83, 1397–1450
(2002).
DOI: 10.1002/app.2300

[16] Chen D., Liu X., Yue Y., Zhang W., Wang P.: Disper-
sion copolymerization of acrylamide with quaternary
ammonium cationic monomer in aqueous salts solu-
tion. European Polymer Journal, 42, 1284–1297
(2006).
DOI: 10.1016/j.eurpolymj.2005.12.007

[17] Ray B., Mandal B. M.: Dispersion polymerization of
acrylamide. Langmuir, 13, 2191–2196 (1997).
DOI: 10.1021/la9605044

[18] Ray B., Mandal B. M.: Dispersion polymerization of
acrylamide: Part II. 2,2′-azobisisobutyronitrile initia-
tor. Journal of Polymer Science Part A: Polymer
Chemistry, 37, 493-499 (1999).
DOI: 10.1002/(SICI)1099-0518(19990215)37:4<493

::AID-POLA13>3.0.CO;2-Y

194

Wu et al. – eXPRESS Polymer Letters Vol.4, No.3 (2010) 188–195

http://dx.doi.org/10.1016/S0167-577X(01)00583-3
http://dx.doi.org/10.1016/S0032-3861(01)00693-0
http://dx.doi.org/10.1016/j.jcis.2004.02.002
http://dx.doi.org/10.1002/cjce.20030
http://dx.doi.org/10.1016/0032-3861(89)90286-3
http://dx.doi.org/10.1002/app.1990.070400709
http://dx.doi.org/10.1016/S0169-1317(99)00017-4
http://dx.doi.org/10.1002/pola.1995.080330707
http://dx.doi.org/10.1021/ma00128a016
http://dx.doi.org/10.1021/cm00036a004
http://dx.doi.org/10.1016/j.matlet.2005.03.077
http://dx.doi.org/10.1007/s00289-002-0086-z
http://dx.doi.org/10.1002/pola.1987.080251115
http://dx.doi.org/10.1002/app.24494
http://dx.doi.org/10.1002/app.2300
http://dx.doi.org/10.1016/j.eurpolymj.2005.12.007
http://dx.doi.org/10.1021/la9605044
http://dx.doi.org/10.1002/(SICI)1099-0518(19990215)37:4<493::AID-POLA13>3.0.CO;2-Y


[19] Odian G.: Principles of polymerization. Wiley, New
York (1970).

[20] Reich L.: Approximate estimation of activation
energy from DTA and TGA traces. Journal of Polymer
Science Part B: Polymer Letters, 4, 423–426 (1966).
DOI: 10.1002/pol.1966.110040610

[21] Yang M-H.: The two-stages thermal degradation of
polyacrylamide. Polymer Testing, 17, 191–198
(1998).
DOI: 10.1016/S0142-9418(97)00036-6

[22] Hou T., Xu R. K., Zhao A. Z.: Interaction between
electric double layers of kaolinite and Fe/Al oxides in
suspensions. Colloids and Surfaces A: Physicochemi-
cal and Engineering Aspects, 297, 91–94 (2007).
DOI: 10.1016/j.colsurfa.2006.10.029

195

Wu et al. – eXPRESS Polymer Letters Vol.4, No.3 (2010) 188–195

http://dx.doi.org/10.1002/pol.1966.110040610
http://dx.doi.org/10.1016/S0142-9418(97)00036-6
http://dx.doi.org/10.1016/j.colsurfa.2006.10.029

	EPL-2010-03-130-130
	EPL-2010-03-131-140
	EPL-2010-03-141-152
	EPL-2010-03-153-160
	EPL-2010-03-161-170
	EPL-2010-03-171-182
	EPL-2010-03-183-187
	EPL-2010-03-188-195

