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The objective of this work is the investigation of the nanogel and microgel formation in modified PP.
The modified PP in pellets was synthesized by gamma irradiation of pristine PP under a crosslinking
atmosphere of acetylene in dose of 5, 12.5 and 20 kGy, followed by thermal treatment for radical
recombination and annihilation of the remaining radicals. The thin film gel of the polypropylenes was
obtained by extraction in boiling xylene for period of 12 h at 138 °C, followed by decantation in beaker
at room temperature of 25 °C with the total volatilization of the xylene and deposition of dried material
film on glass substrate under agitation by Settling process. The thin film gel formed of pristine PP and
modified PP (i.e., irradiated) was characterized using scanning electron microscopy (SEM), field
emission scanning electron microscopy (FESEM) and differential scanning calorimetry (DSC). The PP
morphology indicated the nanogels and microgel formation with increase of spherulitic concentration

and crystallinity at dose of 12.5 kGy.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Ionizing radiation such as gamma radiation and electron beam
has been used widely in industry for crosslinking of polymer. This
technology can be well extended to the crosslinking of nanopo-
lymeric materials or nanocomposites (Haji-Saeid et al., 2007).
Potential applications of ionizing radiation involve irradiation of
polyolefins as for example polypropylene and this process is one
of the important tools in application of nanotechnology
(Chmielewski et al., 2007).

When polyolefins are subject to ionizing radiation two main
effects occur: crosslink and scission of macromolecules (Chapiro,
1962). The dominant effect between these competitive processes
depends on the structural peculiarities and conditions of irradia-
tion. Depending on the atmosphere of irradiation oxidation and
branching are mechanisms to take in consideration. Milicevic and
Suljovrujic (2010) studied the evolution of dielectric relaxations
with gamma irradiation in PP and showed that degradation is the
major reaction in the initial step of irradiation independent of the
atmosphere. The iPP irradiated in acetylene presented the lowest
value of G(s)/G(x), dielectric losses and Dg while in air those
values were the highest due to oxidative degradation with
formation of carbonyl, and other polar groups. Lugao et al.
(2000) comparing reducing (H;) and crosslink(acetylene) atmo-
spheres also verified that degradation occurs at early stages of
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irradiation ( <3 kGy) changing with increase of dose probably
owing to double bond formation and grafting, of acetylene, on PP
macrochains changing them from linear to branched ones. This
justifies the formation of microgels as highly branched molecules
(Rosiak et al., 2005).

Questionable is the dimension scale in which the gel starts to
form. What is the minimum extension of the gel observed when
the polymer is modified by gamma in typical conditions of
polymer irradiation? Are the nanogels the early stage of gel
formation in irradiated PP? This topic was not largely investigated
before representing a challenge for the scientists in the
nanoscience area.

Khoury (1966) investigated the nature of some crystallization
habits exhibited by isotactic polypropylene when the polymer is
crystallized from moderately concentrated solutions in some sol-
vents (xylene, mineral oil and amyl acetate). This study provides
some detailed insight into the nature of the early stages of evolution
of monoclinic polypropylene spherulites from solution as well as
from the melt, and considers that a final analysis will have to
account for the preferred molecular orientation with respect to the
radial direction in the fully grown spherulites. Crystal phase in
polyethylene gels prepared from solutions was studied by
Pakhomov et al. (2002) with different concentrations in decalin
and p-xylene, starting with very low concentrations (C > 0.03%). The
different boiling points of p-xylene (138 °C), decalin (186 °C), and
mineral oil (about 300 °C) or, more precisely, to the remoteness of
the boiling point from the crystallization temperature (90-110 °C)
at which the gel network was formed are responsible by
the straightening of chain segments. The appreciable convection
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in p-xylene stimulates the origin of crystallites but prevents their
growth. In the study of the sol-gel transition of isotactic poly-
propylene (iPP) in organic solvents, the structure of gels was
characterized by Matsuda et al. (1987) They obtained a somewhat
different network structure where in composed by many spher-
ulites in contact with each other, being bound with crystalline ties.
This indicates that these spherulites and crystalline ties form a
three-dimensional network structure (Matsuda et al., 1987) as
microgel form. The gelation for crystalline polymer generally
accompanies the formation of crystalline entity at a cross-linking
point. Therefore the gelation process is regarded as a kind of
crystallization from polymer solutions (Nakaoki et al., 1998;
Domszy et al., 1986).

Characterization of heterogeneities produced by radiation
induced cross-linking of diacrylates are reported by Krzeminski
et al. (2010a). They observed a dual relaxation phenomenon
assigned to structure consisting of clusters with high cross-link
density formed in continuous domain of monomers with lower
cross-link density. These clusters are considerate microgels in the
early stage of polymerization.

Results of iPP exposed to gamma rays irradiation from 5 to
100 kGy under inert atmosphere was commented by Otaguro
et al. (2010). The results showed that gamma irradiation of iPP
produce chain scission, branching and crosslinking. In many
cases, crosslinking and scission proceed, simultaneously; how-
ever, dependent on the molecular structure, one or another
usually predominates (Clegg and Collyer, 1991; Cleland et al.,
2003). In presence of acetylene occurs long chain branches
formation with increase of molecular weight dispersion and
average molecular weight after irradiation modification (Yoshiga
et al., 2009).

The objective of this work is the investigation of the formation
of nanogel and microgel in pristine and modified PP.

2. Experimental
2.1. Materials and methods

The isotactic Polypropylene (iPP) with melt flow index,
MFI=1.5 dg min~! (ASTM D 1238-4) and Mw=338,000 g mol !
from Braskem - Brazil, was supplied in pellets. iPP pellets were
conditioned in nylon bags in which acetylene 99.8%, supplied by
White Martins was added. The irradiation process of the pellets
placed in bags was performed in a ®°Co gamma source at dose
rate of 5 kGy h~!. The radiation doses were 5, 12.5 and 20 kGy
monitored by a Harwell Red Perspex 4034 dosimeter. After
irradiation the pellets were submitted to thermal treatment at
90 °C for 1 h to promote the recombination and annihilation of
residual radicals (Oliani et al., 2010a, 2010b).

2.1.1. Melt flow index

The MFI was obtained using a Ceast apparatus in which the
samples were flowed through an orifice of 2.00 mm diameter
during 10 min under a loading of 2.16 kg at 230 °C.

2.1.2. Gel fraction/sol fraction

The gel content was determined by extraction of sample of PP,
packed in a stainless-steel sieve of 500 mesh, in boiling xylene
containing antioxidant Irganox 1010 for a period of 12 h at 138 °C
(ASTM D 2765-01). The gel fraction is determined by the relation
between the mass of the dried gel and the initial mass of the
sample multiplied by 100. The sol fraction, soluble part of the
sample, was gotten for decantation in beaker at room tempera-
ture of 25 °C. Under agitation at 40 rpm in Quimis shake-table
equipment gradual deposition occurred of material film on fine

glass substrates by Settling process. With total volatilization of
the xylene, dried film was formed. The initial concentration
of the PP for the measure of gel fraction was approximately
0.1 g/100 cm®.

2.1.3. Scanning electron microscopy
SEM was done using an EDAX PHILIPS XL 30. In this work, thin
coat of gold was sputter-coated onto the samples.

2.1.4. Field emission scanning electron microscopy

The films obtained from the sol fraction of polypropylene
(gels) were fixed in the specimen holder and coated with a thin
layer of carbon. The samples were analyzed by scanning electron
microscopy with field emission, JEOL FESEM, JSM-6701F, Japan,
using the accelerating voltage of 5.0 kVA which allows the
observation with more resolution than conventional SEM.

2.1.5. Differential scanning calorimeter

Thermal analysis of the samples was carried out with a DSC
instrument 822e, Mettler Toledo (Switzerland) in nitrogen atmo-
sphere. For thermal crystallization the samples ( + 10 mg) were
heated to 280 °C, held for 5 min then cooled to 25 °C; finally they
were reheated to 280 °C. The heating and cooling rates were
10 °C min~ . The degree of crystallization was determined by the
following equation:

AHj x 100
AHy
where AHy is the melting enthalpy of the sample, AHp=melting

enthalpy of the 100% crystalline PP which is assumed to be
209 k] kg~ ! (Stojanovic et al., 2005; Brandrup et al., 1999).

Xc(%o) =

3. Results and discussion
3.1. Gel fraction

The gel fraction inform about crosslink effect of the radiation
in the material. It was observed the gradual increase of the gel
percentage according to increase of the irradiation dose of the
samples, Table 1. The melt flow index of pristine PP was
1.5 dg min—'. In the samples of PP 5 kGy and PP 12.5 kGy was
observed decrease in the melt flow index to 0.9 dg min~!,
indicative of crosslink of the material. In the PP 20 kGy sample
occurred a decrease of the melt flow index to 0.5dgmin~',

indicating the pronounced occurrence of crosslink.

3.2. Scanning electron microscopy

In interesting work of Du et al. (2010) it was investigated the
interfacial interaction of the PP with organoclay and morpholo-
gies of the residue after extracted with boiling xylene. As shown
in that work, boiling xylene extracts only free PP chains, as
evidenced by scanning electron microscopy images of microsphe-
rical structure of the aggregates, similar to the micrographs seen
in our work (Fig. 1).

Table 1
Gel fraction and MFI of the pristine PP and modified PP samples.

Samples Gel fraction (%) Melt flow index (dg min—")
iPP 1.14 1.5
PP 5 kGy 1.01 0.9
PP 12.5 kGy 227 0.9
PP 20 kGy 16.00 0.5
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Fig. 2. Gel fraction content in of samples retained in stainless-steel sieve: (A,) Pristine, scale=50 pum, (B,) PP 5 kGy, scale=20 pm, (C;) PP 12.5 kGy, scale=20 pm and

(D3) PP 20 kGy, scale bar=20 pm.

Fig. 3. FESEM images of nanogels formation in polypropylene thin films, F;=soluble fraction of PP 12.5 kGy. (C5) Microgels PP, scale bar=10 pum; (C4) Microgel PP, scale
bar=1 pm; (Cs) Nanofibers PP, scale bar=100 nm; (Cs) Nanogels PP, scale bar=100 nm.

The gel fraction was used by many researchers (Lugao et al.,
2007; Yoshiga et al., 2009; Suljovrujic, 2009; Bonderer et al., 2010;
Spadaro and Valenza, 2000). It is a gravimetric determination of the
insoluble gel portion. Fig. 2 structures cross-linked named microgels
that increase in the doses of 12.5 and 20 kGy.

The morphology of the insoluble material which is retained in
the 500 mesh stainless-steel sieve after extraction in boiling
xylene is presented in Fig. 2. The samples deposited on sieve
show spherulites with average diameters of 17 um for pristine;
20 um for 5 kGy; 10 pm for 12.5 kGy and 13-31 um for 20 kGy.
The insoluble part consisting of microgels of PP, Fig. 2A,, pre-
sented an irregular form while in B,, C; and D, the spherical form
predominates. These structures are evident in samples irradiated
with higher doses (12.5 and 20 kGy).

3.3. Field emission scanning electron microscopy

The gel/microstructure has been observed at higher magnifi-
cation through modern methods of scanning electron microscopy,
such as FESEM. The structures presented in this Fig. 3 are
composed of typical spherulites agglomerated or linked by
nanofibrils. The fibrils as the spherulites are built by a crystalline
phase (lamella) and an amorphous phase. Fig. 3C3 shows spher-
ulites with 10 pum diameter linked by nanofibrils with approxi-
mately 200 nm of diameter. The Figs. 3C4, Cs and Cg present
details of the Fig. 3Cs. The Fig. 3Cs shows the morphology of
nanofibers of polypropylene and in Fig. 3Cs is observed an
agglomeration of nanogels of polypropylene with an average
diameter of 50 nm.

In the case of pristine PP the crystals grow in solution of the
polymer, whereas, in modified PP, the crystal grows in the gel

Table 2
DSC characteristics of PP gel of different irradiation dose during the second run of
melting.

Melting peak Crystallization peak Degree of
temperature, T, (°C) temperature, T, (°C) crystallinity, ycz
(%)
iPP 156.3 111.8 43.0
5 kGy 158.5 1154 44.7
12.5kGy 158.2 116.5 45.6
20kGy 158.8 1173 421

owing to the nucleation originating from the crosslink nucleus.
This is responsible by the difference between the samples
reported in Fig. 2. Analogous to Krzeminski et al. (2010a, b) work
in which monomers rigid clusters having typical dimension of
15 nm were evidenced from the early steps of the curing process,
it can be considered that evolution of nanogels, formed by
radiation in PP, in size creates interstitial domains with lower
crosslink density and large number of defects. These nanogels are
considered nucleation points.

3.4. Differential scanning calorimeter

The DSC concerning the T;,,5, Tc and y, results are presented in
Table 2. It can be observed that melting temperature, crystal-
lization temperature and crystallinity % increase with the dose,
with exception of the sample irradiated with 20 kGy which
presented the lower crystallinity, and Fig. 4.

The irradiation is responsible for crystallite nucleus formation
with subsequent evolution to the spherulites network. On the
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Fig. 4. DSC curves of: (A) crystallization of Gel PP during exothermic cooling segment; (B) melting of Gel PP of different irradiation dose in the second heating run.

other hand, in pristine iPP there are few nucleus due to the
entanglement and practically no spherulites. Another reason for
the absence of spherulites in this sample is the low crystallization
temperature that difficults the arrangement between large and
small crystallites. This difference in crystallite sizes can be seen in
the melting curve that presents a peak and a shoulder at higher
temperature. In the irradiated samples the crystallites rearrange
to form spherulites. Concerning the crystallinity of the samples it
is known that chain scission favors this property but not exclude
the contribution of long chain branching originated from the
acetylene reaction, according to Otaguro et al. (2010). This effect
is observed in Table 2, for low doses ( <20). The crystallinity
decreases for the sample of 20 kGy due to the increase of cross-
linking, this sample has the highest value of gel fraction (16%).

Finally the lower melting temperature of the pristine sample
denotes the existence of small and imperfect crystallites, but also
crystallites more perfect and larger, corresponding to the
shoulder in Fig. 4. The higher melting temperatures for the
irradiated samples denote larger and more perfect crystals than
those corresponding to the lower pristine peak, originating from
scissions in the chains.

4. Conclusion

The main difference between the pristine PP and modified PP
(i.e. irradiated) is the fact that in the former the crystals grow in
solution. The formation of nanogels comes from irradiated sites
prior to crosslink bonds and minor from small segments originat-
ing from scissions. Evolution of nanogels in size creates interstitial
domains with lower crosslink density and large number of
defects. These nanogels are considered nucleation points.

The irradiation is responsible by the crystallite nucleus forma-
tion with subsequent evolution to the spherulite network. On the
other hand, in pristine iPP there is few nucleus due to the
entanglement and practically no spherulites. Formation of nano-
gels was observed in films from solution of the irradiated PP,
these nanogels are composed by crystalline and amorphous
fraction and therefore the crosslink nucleus are responsible for

their formation. From this work the main conclusion is that
nanogel is present in the irradiated PP and has crystallinity.
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