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ABSTRACT:

Therelative intensity and phase of the third harmonic, 5, and ®,—®,, deduced from Fourier Transform analysis of Large Ampli-
tude Oscillatory Shear (LAOS ) experiments were used to differentiate the effect of irradiation and the effect of multiwalled
carbon nanotubes (MWCNT) concentration in PP/MWCNT nanocomposites. Alternatively, studies of elastic and viscous non
linearities that give shear thinning and thickening or strain softening and hardening were carried out for the same purpose.
Using both methods to analyse LAOS data, the conclusion was the same: The influence of MWCNTs is noticed at low/inter-
mediate y,, strains (10-100 %), whereas the effect of irradiation is rather observed at strains above 100 %. This marks a differ-
ence with respect to small amplitude oscillatory flow measurements, which are not valid to distinguish between the respective
rheological effects of irradiation and MWCNT in polymer nanocomposites. SEC-MALLS-IR-VI analysis was used to determine
the long chain branching degree A of irradiated polypropylene, but this technique is very difficult to be applied for nanocom-
posites. Face to this shortcoming, an empirical correlation between A and the value of the I, plateau when y, tends to infinite,

found for irradiated neat PP, was used to evaluate the long chain branching degree of nanocomposites.
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1 INTRODUCTION

The use of polypropylene (PP) in industrial processes
such as extrusion-blowing, blow moulding, foaming
extrusion and thermoforming is favored by long chain
branching (LCB) that brings about stiffer and stronger
polymers avoiding or delaying break and thinning when
stretching. The behavior is related to the strain harden-
ing phenomenon in elongational flow, which refersto a
rapid increase of the uniaxial extensional viscosity
beyond a critical strain [1-5]. Electron beam irradiation
process, among others can be used to form long chain
branched polymers [6—7]. Onthe other hand, nanocom-
posites based on dispersions of multiwalled carbon nan-
otubes (MWCNT) in a PP matrix give a chance to obtain
electrically conductive polypropylene. In a recent paper
[8], we have combined both dispersion of MWCNT to
obtain electrically conductive MWCNT/PP nanocom-
posites and irradiation of these nanocomposites to
allow processing behavior which is favored by LCB.
Onefundamental questionwhich arises withinthe
framework of these nanocomposites is the evaluation

of the LCB degree that corresponds to each dose of
applied electron beam irradiation. Size Exclusion Cro-
matography (SEC) combined with Multi Angle Laser
Light Scattering (MALLS), Infrared Detector (IR),and Vis-
cosity Detector (VI) is a very suitable tool to evaluate
sparselongchainbranchinglevelin polyolefins.Butthis
technique is very difficult to use in the case of polymer
nanocomposites because proper solutions to be inject-
ed in SEC equipment cannot be properly prepared.
Therefore, rheological methods are required toface this
issue.Inrecentyears, Large Amplitude Oscillatory Shear
(LAOS) has revealed as an interesting technique to
detect LCB in polymers [9—24]. Neidhofer et al. [9—11]
andSchlatteret al.[13] observed that Fourier Transform
Rheology is sensitive regarding polymer topology. They
wereabletodistinguish branched and lineartopologies
under non-linear oscillatory shear using the third har-
monicl, and the phase angle of the third harmonic @
Vittorias etal.[15-16] studied optimal conditions to dif-
ferentiate branched polyethylene in comparison to lin-
ear polyethylene with similar molecular weight. Hyun
etal.[17-18] considered monodisperse linearand comb
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cludethateitherinneatPPorina MWCNT/PP nanocom-
posite the effect of long chain branching was toincrease
the shear thinning response (T < 0) at large amplitudes.

REFERENCES

(1

2]

[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

]

[12]

[13]

[14]

© Appl. Rheol. 25 (2015) 45154 | DOI:10.3933/ApplRheol-25-45154

Wagner MH, Bastian H, Hachmann P, Meissner J, Kurz-
beck S, Miinstedt H; The strain-hardening behavior of
linear and long-chain-branched polyolefin melts in ex-
tensional flows, Rheol. Acta 39 (2000) 97—-109.
Lagendijk RP,Hogt AH, Buijtenhuijs A, Gotsis AD: Peroxy-
dicarbonate modification of polypropylene and exten-
sional flow properties, Polymer 42 (2001) 10035-10043.
He CX, Costeux S, Wood-Adams P, Dealy JH: Molecular
structure of high melt strength polypropylene and its
application to polymer design, Polymer 44 (2003)
7181-7188.

Gotsis AD, Zeevenhoven BLF: The effect of long chain
branchingonthe processability of polypropyleneinther-
moforming, Polym. Eng. Sci. 44 (2004) 973 -982.
Krause B, Stephan M, Volkland S, Voigt D, HauRler L,
Dorschner H: Long-chain branching of polypropylene by
electron-beam irradiation in the molten state; J. Appl.
Polym. Sci. 99 (2006) 260 —265.

Potschke P, Krause B, Stange J, Muinstedt H: Elongational
viscosity and foaming behavior of PP modified by elec-
tronirradiation or nanotube addition, Macromol. Symp.
254 (2007)400—-408.

Auhl D, Stange J, Miinsted H, Krause B, Voigt D, Lederer
A: Long chain branched polypropylenes by electron
beam irradiation and their rheological properties, Ma-
cromolecules 37 (2004) 9465—-9472.

Huegun A, Fernandez M, Muiioz ME, Santamaria A: Rhe-
ological properties and electrical conductivity of irradi-
ated MWCNT/PP nanocomposites, Compos. Sci. Techn.
72(3) (2012) 1602-1607.

Neidhofer T, Wilhelm M, Spiess HW: Fourier-Transform
rheology on linear polystyrene melts, Appl. Rheol. 11
(2001) 126 -133.

Neidhofer T, Wilhelm M, Debbaut B: Fourier-Transform
rehology experiments and finite-element simulations
on linear polystyrene solutions, J. Rheol. 47 (2003)
1351-1371.

Neidhofer T, Sioula S, Hadjichristidis N, Wilhelm M: Dis-
tinguishing linear from star-branched polystyrene solu-
tions with Fourier-transform rheology, Macromol. Rapid.
Commun. 25 (2004) 1921-1926.

Fleury G, Schlatter G, Muller R: Nonlinear rheology for
long chain branching characterization, comparison of
two methodologies: Fourier transform rheology and
relaxation, Rheol. Acta 44 (2004) 174-187.

Schlatter G, Fleury G, Muller R: Fourier Transform rheol-
ogy of branched polyethylene: experiments and models
for assessing the macromolecular architecture, Macro-
molecules 38 (2005) 6492 -503.

Sugimoto M, SuzukiY, Hyun K, Ahn KH, Ushioda T, Nish-
ioka A, Taniguchi T, Koyama K, Melt rheology of long-
chain-branched polypropylenes, Rheol. Acta 46 (2006)
33-44.

[15]

[16]

[17]

[18]

[9]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Vittorias |, Parkinson M, Klimke K, Debbaut B, Wilhelm
M: Detection and quantification of industrial polyethyl-
ene branching topologies via Fourier-Transform rheolo-
gy.NMRand simulation using the pom-pom model, Rhe-
ol. Acta 46 (2007) 321-340.

Vittorias I, Wilhelm M: Application of FT-Rheology
towards industrial linear and branched polyethylene
blends, Macromol. Mater. Eng. 292 (2007) 935-948.
Hyun K, Ahn KH, Lee SJ, Sugimoto M, Koyama K: Degree
of branching of polypropylene measured from Fourier
Transform rheology, Rheol. Acta 46 (2006) 123 -129.
Hyun K, Baik ES, Ahn KH, Lee SJ, Sugimoto M, Koyama K:
Fourier-Transform rheology under medium amplitude
oscillatory shear for linear and branched polymer melts,
J. Rheol. 51 (2007) 1319 —1342.

Hyun K, Wilhelm M: Establishing a new mechanical non-
linear coefficient Q from FT-Rheology: Firstinvestigation
on entangled linear and comb polymer model systems,
Macromolecules 42 (2009) 411—422.

LiuJ, Lou L, Yu W, LiaoR, Li R, Zhou C: Long chain branch-
ing polylactide: Structures and properties, Polymer 51
(2010) 5186 -5197.

Kempt M, Barroso VC, Wilhelm M, Anionic synthesis ans
rheological characterization of poly(p-methylstyrene)
model comb architectures with a defined and very low
degree of long chain branching, Macromol. Rapid
Comm. 31 (2010) 2140 —2145.

Kempt M, Ahirwal D, Cziep M, Wilhem M: Synthesis and
linearand nonlinear meltrheology of well-defined comb
architectures of PS and PpMS with a low and controlled
degree of long-chain branching, Macromolecules 46
(2013) 4978 -4994.

Ahirwal D, Filipe S,Neuhaus|,Busch M, Schlatter G, Whil-
hem M: Large amplitude oscillatory shear and uniaxial
extensional rheology of blends from linear and long-
chain branched polyethylene and polypropylene, J. Rhe-
ol. 58 (2014) 635-658.

Hoyle DM, Auhl D, Harlen OG, Barroso VC, Whilhelm M,
McLeish TCB: Large amplitude oscillatory shear and
Fourier transform rheology analysis of branched poly-
mer melts, J. Rheol. 58 (2014) 969-997.

Hyun K, Wilhelm M, Klein CO, Cho KS, Nam JG, Ahn KH,
Lee SJ, McKinley GH: A review of nonlinear oscillatory
shear tests: Analysis and application of large amplitude
oscillatory shear (LAOS), Progr. Polym. Sci. 36 (201M)
1697-1653.

Wilhelm M: Fourier-Transform rheology, Macromol.
Mater. Eng. 287 (2002) 83—-105.

Cho KS, Hyun K, Ahn KH, Lee SJ: A geometrical interpre-
tation of large amplitude oscillatory shear response, J.
Rheol. 49 (2005) 747-758.

Ewoldt R H, Hosoi A, McKinley GH: New measures for
characterizing nonlinear viscoelasticity in large ampli-
tude oscillatory shear, J. Rheol. 52 (2008) 1427-1458.
Podzimek S: Light scattering, size exclusion chromatog-
raphy and asymmetric flow field fractionation. Powerful
tools for the characterization of polymers, proteins and
nanoparticles, Wiley and Sons (20m).

Wang WJ, Kharchenko S, Migler K, Zhu S: Triple-detector
GPC characterization and processing behavior of long-
chain-branched polyethylene prepared by solution poly-

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

1



[31]

[32]

[33]

[34]

[35]

© Appl. Rheol. 25 (2015) 45154 | DOI:10.3933/ApplRheol-25-45154

merization with constrained geometry catalyst, Polymer
45 (2004) 6495-6650.

Striegel A M, Yau WW, Kirkland JJ, Bly DD: Modern Size
exclusion liquid chromatography, Wiley and Sons (2009).
He CX, Costeux S, Wood-Adams P, Dealy JH: Molecular
structure of high melt strength polypropylene and its
application to polymer design, Polymer 44 (2003)
7181—-7188.

Podzimek S: Importance of multi-angle light scattering
in polyolefin characterization, Macromol. Symp. 330
(2013) 81-89.

Cyriac F, Covas JA, Hilliou LHG, Vittorias I: Predicting
extrusion instabilities of commercial polyethylene from
non-linear rheology measurements, Rheol. Acta 53
(2014) 817-829.

Filipe S, Vittorias I, Wilhelm M: Experimental correlation
between mechanical non-linearity in LAOS flow and cap-
illary flow instabilities for linear and branched commer-
cial polyethylenes, Macromol. Mater. Eng. 293 (2008)
57-65.

(36]

(37]

(38]

(39]

[40]

[41]

Wilhelm M, Maring D, Spiess HW: Fourier-Transform
rheology, Rheol. Acta 37 (1998) 399 —405.

Wilhelm M, Reinheimer P, Ortseifer M: High sensitivity
Fourier Transform rheology, Rheol. Acta 38 (1999)
349-356.

Wilhelm M, Reinheimer P, Ortseifer M, Neidhofer T,
Spiess HW: The crossover between linear and nonlinear
mechanical behavior in polymer solutions as detected
by Fourier-Transform rheology, Rheol. Acta 39 (2000)
241-247.

Lim HT, Ahn KH, Hong JS, Hyun K: Nonlinear viscoelas-
ticity of polymernanocompositesunderlargeamplitude
oscillatory shear flow, J. Rheol. 57 (2013) 767-7809.
LeblancJL:Largeamplitudeoscillatory shearexperiments
to investigate the nonlinear viscoelastic properties of
highly loaded carbon black rubber compounds without
curatives, J. Appl. Polym. Sci. 109 (2008) 1271-1293.
Hyun K, Lim HT, Ahn KH: Nonlinear response of polypro-
pylene (PP)/clay nanocomposites under dynamic oscil-
latory shear flow, Korea-Australia Rheol. J. 24 (2012)
13-120.

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

|12 |



