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Abstract An effective approach to achieve high-melt strength polymer is to add

long chain branches onto backbone species using gamma radiation. Grafting and

branching result from macroradicals combinations during the irradiation process.

Polypropylene films were prepared starting with irradiation process of the pellets

with a 60Co source at doses of 5, 12.5, and 20 kGy under acetylene to improve melt

strength and drawability. After irradiation, polypropylene films were obtained by

compression molding, at 190 �C and pressure of 80 bar, and dive into a water tank

at 23 �C, which generally favors the formation of an amorphous phase. The thin

films were stretched at 170 �C using a universal testing machine. Film surface

morphology and the thermal properties, were analyzed, using atomic force

microscopy, scanning electron microscopy and differential scanning calorimetry.

We had a different molecular structure that requested the study of their micro and

nanostructure. The results showed some evidence of fibrillar structures containing

crystallites and gel formation. Fibrils oriented along the stretching direction were

observed.
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Introduction

Commercial isotactic polypropylene (iPP) has a non-polar molecule and is

structured in linear chains as a result of its production via Ziegler–Natta. As a
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consequence, iPP has a relatively low melt strength at processing temperatures

[1–3]. A long-chain branched polypropylene (PP) until recently was only possible by

the radical modification of the linear iPP macromolecules from the polymerization

process [4]. Our institute developed the production of branched PP, based on the

grafting of long chain branches on PP backbone using acetylene as a crosslink

promoter under a gamma radiation process. The resulting grafting reactions

occurred on rearrangement of the radicals formed in the polymer. However, if

multifunctional monomers were used, the kinetics of crosslinking could be

increased and eventually the melted polymer under processing to be excessively

elastic with poor drawability [5]. The primary process due to polymer irradiation is

the generation of excited species and free radicals arising from the breakdown of

chemical bonds. The radicals produced can react, resulting in crosslinking or chain

scission [6, 7]. The two mechanisms of chain scission and crosslinking usually

occur simultaneously but depending on the radiation dose level one mechanism

can become more prominent than another [8]. iPP undergoes crosslinking and

extensive main-chain scissions when submitted to irradiation. Particularly in the

presence of acetylene, the simultaneous irradiation of PP is able to control chain

scission and to produce grafting in radiation-induced long-chain branching and

crosslinking [9, 10]. The molecular structure of PP can be significantly modified

by gamma radiation. The main molecular effects are chain scission, chain

branching, and/or crosslinking [11, 12]. PP undergoes net crosslink, and significant

levels of main-chain scission on irradiation, according to studies concerning the

understanding of molecular weight change and the rate of gel formation under

irradiation [13, 14]. According to Suljovrujic [15], degradation was the major

reaction in the initial step of irradiation, independent of the atmosphere. The iPP

irradiated in acetylene had the lowest values for oxidation level and G(S)/G(X) values,

in opposition of the highest values for air atmosphere. The results [15] confirm

that oxidation strongly affects the gel point but has a much lower effect on the

G(S)/G(X) ratio. In the case of dielectric relaxation measurements, the

connection between the oxidative degradation and dielectric properties is well

established.

The PP grade having low melt flow index (MFI) values tends to have longer

molecular chains and higher average molecular weight, which forms more

molecular entanglements in the polymer melt. These polymers with a greater

degree of molecular entanglements tend to have a higher resistance to extensional

deformation yielding and higher melt strength [16].

Recent studies have investigated the deformation-induced changes in the

structure of iPP films during uniaxial stretching at three different temperatures

(room temperature, 60 and 160 �C) [17]. Another author has made this kind of

experiment at 100 �C [25]. The chain entanglement in the interlamellar amorphous

region plays an important role in the deformation-induced structure changes during

uniaxial stretching. At low temperatures, as the chain mobility is relatively low, tie

chains from entanglements may initiate the fragmentation of lamellar crystals upon

stretching, forming an oriented mesomorphic iPP phase with extended-chain

conformation. At high temperatures, as the chain mobility is relatively high, tensile
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deformation can lead to chain disentanglement allowing the formation of more

folded-chain crystals from coiled segments [17].

As part of an important study of the microstructure of iPP [18], the evolution

during tensile deformation was examined by atomic force microscopy (AFM) and

scanning electron microscopy (SEM), as a function of strain rate. Although both

AFM and SEM are similar in lateral resolution, AFM has superior vertical

resolution, and provides quantitative evaluation of surface topographical character-

istics. The excellent resolution of AFM to describe surface topography has opened

new opportunities to study surface deformation in polymeric materials [18–21].

Many authors have investigated the structure and morphological properties of

stretched PP films [22, 23] and the influence of molecular orientation on the

crosslinking behavior iPP, exposed to gamma radiation [24, 25].

The aim of this study is the investigation of the microstructure and

morphology of the modified and original PP under stretching. Moreover, the

measurements of differential scanning calorimetry (DSC) allowed the crystal-

linity evaluation.

Experimental

Materials and methods

The iPP with MFI = 1.5 dg min-1, ASTM D 1238-4 [26] and Mw = 338,0

00 g mol-1 from Braskem—Brazil, was supplied in pellets. The iPP pellets were

conditioned in nylon bags and there fluxed several times with acetylene 99.8%,

supplied by White Martins, under pressure of 110 kPa [9]. The irradiation process of

the pellets placed in those bags was performed in a 60Co gamma source at dose rate of

5 kGy h-1. 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 [27]. The PP films were obtained by compression molding at

190 �C—10 min with no pressure and 5 min under a pressure of 80 bar—and dive into

a water tank at 23 �C, which generally favors the formation of an amorphous phase.

Stress–strain

The samples were manufactured at dimensions according to ASTM D 882-09 [28].

The film stretching was performed at 170 �C in an Instron machine under a strain

rate of 0.17 s-1. Figure 1—where a refers to pristine and b to 12.5 kGy—shows the

PP film stretched in an Instron machine at 170 �C.

Atomic force microscopy

The atomic force microscopy measurements were performed with a scanning probe

microscope Nanoscope III A, made by Digital Instruments (Veeco) and equipped

with multi-mode heads. The probe used for the images acquisition was commercial
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mode made of Si, with resonant frequency of about 250 kHz. The images were

obtained using 512 9 512 pixels. Experiments were performed in tapping mode

with an E scanner (10 9 10 9 2.5) lm3.

Scanning electron microscopy

Scanning electron microscopy was done using an EDAX PHILIPS XL 30. In this

study, a thin coat of gold was sputter-coated onto the samples.

Thermal analysis

Thermal properties of specimens were analyzed using a differential scanning

calorimeter (DSC) 822, Mettler Toledo. The thermal behavior of the films was

obtained by: (1) heating from 25 to 280 �C at a heating rate of 10 �C min-1 under

nitrogen atmosphere, (2) holding for 5 min at 280 �C, and (3) then cooling to 25 �C

and reheating to 280 at 10 �C min-1, according to ASTM D 3418-08 [29]. The

crystallinity was calculated according to the equation:

XC %ð Þ ¼ DHf � 100

DH0

ð1Þ

where DHf is melting enthalpy of the sample, DH0 is melting enthalpy of the 100%

crystalline PP which is assumed to be 209 kJ kg-1 [7, 30].

Fig. 1 a Pristine and b 12.5 kGy, Instron machine with film stretched
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Results and discussion

Stress–strain

Figure 2 shows the stress–strain curves for the pristine and modified PP films.

The curves show the typical ductile deformation behavior, where a yield point is

followed by a smooth strain hardening, well known for semi-crystalline polymers in

tensile experiments, with the exception of the 20 kGy irradiated film that broke at

strain equal to 1. In our case, it was assumed that the original PP crystals were

melted as the stretching was performed at 170 �C, so we postulate that the yielding

can be attributed to the new crystals induced by the elongational flow as a result of

entanglements and/or crosslinkings of the polymer chains. However, at 170 �C there

was a possibility of some remaining crystallinity, therefore the yield can also be

caused by non melted crystals. The higher value to the pristine PP film was

attributed to the greater molecular weight compared to the modified (irradiated) PP

films that have been submitted to scission, branching and crosslinking. The lower

yield stress for the 5 and 12.5 kGy irradiated films, compared to pristine, was a

consequence of the prevalence of the chain scission over the branching and

crosslinking at low doses [31]. For the 20 kGy sample, the yield stress increased and

the elongation at rupture decreased due to the high level of crosslinking.

Atomic force microscopy

Figure 3 shows a representative image for the surface morphology of PP films,

obtained by AFM.
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Fig. 2 Stress–strain curves for the PP film stretched up to rupture at 170 �C with a strain rate of 0.17 s-1

(lo = 50 mm)
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The stretching direction is indicated by an arrow in Fig. 3. When PP film is

stretched at 170 �C, a significant change in the surface of the material takes place. It

is observed that the formation of microfibrillar structures of modified PP was

aligned with the stretching direction.

Figure 4 shows some fibrils with an average diameter of 180 nm that are

uniformly distributed on the surface of the 5 kGy sample. In this case, the number of

fibrils by micrometer (approximately, 7) is the lower of the irradiated samples,

which are 12 and 13, for 12.5 and 20 kGy samples, respectively.

Scanning electron microscopy

The SEM images showed the presence of molecular alignment in the same direction

as the stretching, as indicated by the arrows in Fig. 5.

The fibrillar structure oriented along the stretching direction is the dominating

morphological feature shown in the images in Fig. 5. This figure also presented

surface regions with parallel microfibrils.

Fig. 3 Atomic force microscopy 3D images of pristine and irradiated stretched samples: a iPP Pristine,
b PP 5 kGy, c PP 12.5 kGy, and d PP 20 kGy
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Fig. 4 Atomic force
microscopy image for stretched
sample PP 5 kGy

Fig. 5 a PP 5 kGy film, scale 5 lm, b PP 12.5 kGy film, scale 5 lm and c PP 20 kGy film, scale 20 lm

Table 1 Crystallinity (%) (±5%) and melting temperature (�C) of (1� event melt) of PP films before and

after stretching

Pristine PP PP 5 kGy PP 12.5 kGy PP 20 kGy

vc1 (%) Tm1 (�C) vc1 (%) Tm1 (�C) vc1 (%) Tm1 (�C) vc1 (%) Tm1 (�C)

Before stretching 33.3 165.0 35.3 164.6 39.9 164.6 33.8 161.3

After stretching 38.3 165.3 51.9 167.9 50.9 167.8 48.9 165.9
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Thermal analysis

The level of crystallinity (%) was calculated according to Eq. 1 and melting

temperatures were determined from the first melting event in the DSC. Table 1

summarizes the results of the pristine and modified (irradiated) films, before and

after stretching.

The crystallinity increases after stretching as expected. On the stretched

condition the irradiated films crystallinity was at around 30% higher than that of

the pristine film. This difference is most probably due to the scission of soft segment

chains that underwent stress-induced crystallization. Moreover, there was a

contribution to the crystallinity from the creation of the fiber-like structure, due

to the stretching process at high temperature. The lower irradiation doses also favor

the crystallization and the improvement of fibril diameter (as shown in Fig. 4), due

to the reduction of molecular size by chain scission mechanism, the only exception

being the 20 kGy sample case, where crosslinking clearly dominated the overall

process and with a lower crystallinity in both situations, before and after stretching.

The first DSC heating reveals an endothermic melting temperature of 165.0 and

165.3 �C for the non irradiated samples before and after stretching, respectively.

The samples irradiated at 5 and 12.5 kGy showed a slight increase for melting

temperatures before stretching and after stretching, 3.3 and 3.2 �C, respectively,

whereas the melting temperature at the irradiation dose of 20 kGy shows a larger

variation, 4.6 �C. As the film is stretched, these regions undergo substantial

orientation and orientation-induced crystallization occurs. According to Koike and

Cakmak [32], this process essentially is coupled with the partial break up and

reorientation and recrystallization of some of the preexisting crystallites.

Conclusions

The stretching process at high temperature (170 �C) creates a micrometer-scale

fiber-like network structure in the pristine iPP and irradiated iPP films. This

structure consists of microfibrils parallel and perpendicular to the stretching

direction. The predominant location of cracks between fibrils suggests that crack

propagation is strongly dependent of fibril orientation.

The film irradiated with the higher dose, 20 kGy, presents coarse streaks which

reveal the difficulty to align fibrils in the stretching direction. On a nanometer scale

the entanglement involving crosslinked and/or branched chains in the amorphous

phase is the primary cause for this phenomenon.

The increase in crystallinity of the irradiated and subsequently stretched films is

due to the crystallization of the chain segments of the amorphous phase that suffered

scission process as well as the crystallization of the tie chain.
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