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ABSTRACT

The localization of multi-walled carbon nanotubBBNCNTSs) in PMMA/LDPE blends
was studied. Theoretical predictions suggestedr thegferential localization in the
PMMA. Conversely, experimental work revealed than+functionalized MWCNTs
located in the LDPE, polymer first to melt. Whese #xtrusion time is not long enough,
the MWCNTSs do not have the chance to further megtatthe thermodynamically most
favourable phase. The evolution of a double petiariadetermined if the composite
became semi-conductive. In that sense, two blentls RMMA to LDPE ratios of
80:20 and 20:80 containing 2 wt.% MWCNTs had eieatrresistivity values in the
order of 18 and 16? Q-cm, respectively. Only in the 80:20 blend was “gféective”
MWCNT concentration high enough such that eledtrigarcolation was attained.
However, bulk rheological properties were contrlby the major phase. Thus, 2 wt.%
MWCNTs had a notable effect on the linear viscdedag at low frequencies of the

20:80 blend.

Keywords: Poly(methyl methacrylate), Low density polyetmge Multi-walled carbon

nanotubes



1. Introduction

Binary immiscible polymer blends may provide impedvperformance as compared to
their separate constituents, since it is possibl@ake advantage of specific properties
from one or both polymers. Moreover, compositepaf/mer blends and multi-walled
carbon nanotubes (MWCNTSs) are of special interastinumber of technological
applications [1]. In this regard, their potenti@rfmrmance might be conditioned by the
phase where the MWCNTSs localize. The thermodynasmtting parameter, based on
the Young equation, has been largely used to ssidlys predict the selective
localization of different filler particles (e.g. MBNTS, carbon black, carbon fibers and
nanoclays) in many immiscible polymer blends. Qaadd and McNally [2]
theoretically predicted and experimentally provde tpreferential localization of
MWCNTs in the PET phase of several PET/LDPE blerlse same result was
achieved by Yesil et al. [3] for PET/HDPE and Goleeal. [4] found that even minor
differences in the wetting behavior were enoughM@WCNTs with large aspect ratios
to migrate to the more favorable PC phase in PC/®f¥ds. Moreover, the wetting
coefficient also proved to be successful at predicthe locations of three different

silica nanoparticles in LDPE/PEO blends [5].

However, other parameters can govern the prefatdatalization of fillers. By way of
example, Baudouin et al. [6] demonstrated thaBA12/EA blends, partial irreversible
adsorption of the polymer first to wet the MWCNTEBA) can prevent their complete
migration from the interface to the preferred PAdtiase. Zhao et al. [1] also reported
that localization is greatly controlled by the nmgiprotocol employed. That is, when
MWCNTs were premixed with PS and further blendethidVDF, more than 30 min.
was required for the filler to migrate to the thedynamically preferred PVDF phase

because the viscosity of this polymer at the mixmperature was much higher than
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PS. Moreover, carbon black (CB) was found in thePEDphase of a PMMA/LDPE
blend, even though the wetting coefficient predicteat CB should locate to the
PMMA phase for dispersion [7]. The authors againiatted this phenomenon to the

higher viscosity of the PMMA phase.

With regard to nanocomposite characterization anoggrties, the electrical properties
of polymer matrices containing CNTs have been thigiext of a large number of

research papers. Above the so-called electricacotetion threshold, the filler

arrangement is such that electrical conductivitgliswed as continuous interconnected
filler network is attained. In a binary immiscigb@lymer blend, the situation becomes
much more complex, as the nanoparticles can laaiione phase, in another, in both
or even at the interface. The double percolaticgoy explains that, in case of co-
continuous morphology, the electrical percolatiomtl can be drastically reduced if the
filler concentrates in the minor phase or, everebeat the interface [8]. The concept of
double percolation, first reported by Sumita e{@l for blends filled with CB, provides

a theoretical basis for electrical conductivityinmmiscible polymer blends. This is turn
has led to strategies to reduce the percolatioestimid of conductive particles in the

final nanocomposite to extremely low values [10,11]

With regard to rheological properties, double pktion does not guarantee a similar
effect on the linear viscoelastic properties of th@ocomposite. In contrast to electrical
conductivity, rheological percolation in immiscig@lymer blends is only achieved if
the percolated polymer constitutes the major ploasat least, significantly contributes
to the bulk rheology of the blend. A well-known exale of the above mentioned
improved performance derived from immiscible polyrhkends would be the increased
toughness of brittle matrices with rubbers or palgfin)s or, inversely, the promotion

of enhanced tensile strength in elastomers filledh wa brittle polymer [12].



Specifically, several reports have been devotebléads with varying ratios of poly-
(methyl methacrylate) (PMMA) and poly(ethylene)sD@RE or HDPE). These
polymers, which have traditionally been used asmodity plastics, have lately found
application in the manufacture of products withthaglded value [12]. Very few studies
have been reported on PMMA/PE blends filled withboa-based conductive particles
(e.g. carbon black, fibers or nanotubes). The gubli data is mainly composed of
morphological characterization based on SEM/TEMeoletions which the authors use
to justify electrical conductivity results based @ouble percolation theory or to try to
reduce the electrical percolation threshold [9,2(,4]. Moreover, very little attention
has been paid to the linear viscoelasticity behavad these CNT filled blends. Only
Hosseini Pour et al. [7] compared electrical andotbgical percolation in a 50:50
PMMA:LDPE blend. However, to the best of our knosige there has been no case
where microscopy analysis and electrical condugtivieasurements were used to give
further support to a comprehensive rheological attarization, in terms of the effect of
polymer ratio and selective CNT localization on thék viscoelastic properties. The
present article, which explores the localizationMdVCNTs in PMMA:LDPE blends,
highlights the power of linear rheology as a chim@zation tool for nano-filled
multiphase polymer blends. The results, which destrate that rheological percolation
is only achieved if the polymer phase having a @ated filler network significantly
contributes to the bulk rheology of the blend, weopported and validated by other
more frequently used techniques (SEM, DSC and raatt conductivity

measurements).

2. Experimental

2.1. Materials



The polymers used in this study were: a) poly(mlethgthacrylate) (PMMA) Plexiglas
6N, from Evonik Industries (an amorphous thermdptasioulding compound, with
T4=99°C, MVR at 230 °C/3.8 kg = 12 &h0min, and melt density= 1.10 g/&mb) low
density polyethylene (LDPE) LD605BA, from ExxonMblga general purpose LDPE
grade, with ;=108 °C, MFI at 190 °C/2.16 kg = 6.5 g/10min, aneltrdensity= 0.76
g/cnt). Non-functionalized multi-walled carbon nanotulfs8VCNTs) NC7000, from
Nanocyl S.A, Belgium were used. They are produced av catalytic carbon vapor
deposition (CCVD) process, have average diametgrergth of 9.5 nm and 14m,

respectively, and surface area between 250 anan3@0
2.2. Composite Blend Preparation

In the first instance, blends of PMMA and LDPE iarying weight proportions of
100:0, 80:20, 60:40, 50:50, 40:60, 20:80 and O:1@€h a constant MWCNT
concentration of 2 wt.% were prepared. The fornaet for all composite materials
prepared are listed in Table 1. Prior to melt ngxboth polymers were subjected to
cryo-milling, with liquid N, in a Freezer/Mill SPEX machine. The fine powdetagied
assisted more intimate mixing with the MWCNTSs bef@geding to the extruder. After
milling, all powders were subjected to vacuum dgya 50°C overnight.

Neat blends (i.e without MWCNTS) were also prepaad used as reference samples.
The compounding of all blends was conducted in aotating twin-screw micro-
extruder within the interval 180-220 °C, a Thermaakle MiniLab Il, at 120 rpm and a
mixing time of 5 min. As can be seen from Tabletlie extrusion temperature was
progressively decreased with increasing LDPE cdntdn minimize possible
degradation.

In a second set of experiments, two further setsoaiposites were prepared based on

PMMA:LDPE ratios of 80:20 and 20:80, but with vargiMWCNT concentration of
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0.2,0.5,1, 2, 3.5 and 5 wt%. Test specimens wexeared by injection molding using
a Thermo-Haake MiniJet II, under 800 bar and forslSee Table 1 for parameters
used. Two types of specimens were obtained: a) @5dmmeter x 1.6 mm thickness
disks, for dynamic shear rheology and b) 80 mm xrit x 4 mm bars, for volume

electrical resistivity measurements and SEM obgenvs.

2.3. Blend and composite characterisation

The linear viscoelastic properties were evaluatétl @& controlled-stress rheometer, a
Thermo-Haake MARS Il equipped with an air convestioven, at a constant
temperature of 180 °C, using smooth plate-platengdy (25 mm diameter, 1.4 mm
gap). The measurement temperature and time weilienipptl in order to prevent
samples from thermal degradation. Firstly, for gveample, dynamic shear stress
sweeps, at 1 Hz, were carried out, in order tordete the limit of linear viscoelasticity
(LVE). Then, frequency sweep tests were performetivéen 0.1 and 100 rad/s, at
stress values within the LVE regime. At least Jiogpes for each sample were studied.
Differential Scanning Calorimetry (DSC) was conaucbn all materials to determine
the thermal properties using a Mettler Toledo DSR@lbrimeter with ~10 mg samples
placed in aluminium pans, undeg Byas purge flow. The samples were firstly heated up
to 220 °C and kept for 5 min. in order to erasettremal history. Then, they were
subjected to cooling down to 20 °C, followed bytimgaup to 220 °C, both scans at a
rate of 10 K/min.

The volume electrical resistivity of the compositaterials was determined using 30
mm x 10 mm x 4 mm bar specimens with a Keithley®@SElectrometer, employing a
“two-point probe” method [15]. With this approadio copper strips were glued on the

opposite sides of the bar by applying a silver pa&@mce dry, a potential difference of 1



V was applied between two electrodes pinched toctpper strips, and the electrical

resistance (R) was measured. The volume resistiaty calculated as follows:

p:T (1)

where S is the cross-sectional area (0.4)camd | is the length (3 cm) of the bar
specimens. Average values of 3-4 measurementgeseried.

The morphology of all composite materials was exediby Field Emission Scanning
Electron Microscopy (FE-SEM) at room temperaturengisa Carl Zeiss Sigma
instrument, operating with a 5-10 kV acceleratimitage, at different magnifications.
The samples were cryo-fractured using liquig ptior to imaging and the fractured

surfaces covered with gold before being exposeldaelectron beam.

3. Results and discussion
3.1. Theoretical prediction of phase affinity of MWCNTSs

Prior to the experimental being initiated, the laaion of MWCNTs in a
PMMA/LDPE immiscible polymer blend was theoretigajpredicted by means of a

thermodynamic “wetting coefficienty, [16], which is calculated as follows:

a)a - yMWCNT—LDPE yMWCNT—PMMA (2)

Vi ope-pPmma
where Yuwent-Lope: YmwenT-Pvma @nd Yippe-pvma are the interfacial energy between
MWCNTs-LDPE, MWCNTs-PMMA and PMMA-LDPE, respectiyelThe lower the
interfacial energy between the MWCNTSs and polyrtteg, higher their affinity is. Thus,
depending on the value of, obtained, the MWCNTs may localize in either onehsf
polymer phases or at the interface:

e wy>1, MWCNTSs localize preferentially in PMMA.



e -1<wy <1, MWCNTs localize preferentially at the inteséabetween both
polymers.

e wy<-1, MWCNTSs localize preferentially in LDPE.
In order to estimate the different interfacial tens needed for the calculation of the
wetting coefficients, two different two-componertiebries are often used. Two-
component theories are based on the assumptioththaverall surface free energy of a
substancey can be calculated as the sum of two contributione due to dispersive
interactions () and one due to polar interactioy® (according to Equation (3):

y=y'+y" @)

Firstly, the Fowkes theory is based on a geometeen equation, valid between a low
energy material and a high energy material, fromcwhhe interfacial energy is

calculated as follows:

Veo=vitva -2l yivd + vy 4)
The second theory, by Wu, is based on a harmonanneguation, valid between low

energy materials, and is expressed as:

s o, WY ] .
vy ) O

y1—2:y1+y2_4{

In both equations 4 and ¥, andy, are the surface free energy (surface tensions) of the
components 1 and 2, Wh”Sﬁ_d, yzd, viP, vo* are their dispersive and polar parts,
respectively.

For the three components of the composites used in this @MWECNTs, PMMA and
LDPE), the dispersive and polar parts [6,16] and the overallcguffae energy, at 20
°C, are included in Table 2.

However, the wetting coefficient has to be evaluated at the compgutanperature at

which the extrusion was conducted. Thus, within the temperattaeral at which the
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different nanocomposites were extruded, an average temperature of 2009€ed/dsr
this calculation. In the case of the polymers, the temperature depsndf the surface
free energy can be assumed to be linear at ordinary temperatures <4200 °C [16],
and is expressed by a constant value off@0). For the polymers studied in this work,
the corresponding temperature coefficients are shown in Table®oMer, the ratios
of the polar and dispersive contributions to the overall surfaee dnergies’/y and
yd/y, respectively, are assumed not to depend on temperature. A fMWICNTS,
their surface free energy is not affected by temperature, i.e. in theraome range
used throughout this study. Therefore, we present in Taible dstimated values for the
interfacial energy corresponding to the blend component pairs; CNP&, CNTs-
PMMA and LDPE-PMMA, at 200°C, based on either the geometric abmdnic
models. The resulting values of for wetting coefficients, calculated Equation (2),
are also included. From these values for wetting coefficients (Tablé 4an be
concluded that if thermodynamic equilibrium is reached the MWECNAWill

preferentially locate within the PMMA phase.

3.2. Experimental evidence for phase affinity

In contrast to the wetting coefficient predictions, the resuitioed from different
experimental techniques demonstrated that MWCNT localization ts ahways
conditioned by thermodynamic considerations only. In order pboex the localization
of unmodified MWCNTs in the PMMA/LDPE blends, a compreheasiv
characterization of these composites based on rheological and eleptopealties,
calorimetry and microscopy was completed.

Oscillatory shear frequency sweep tests, at 180°C, withitinbar viscoelastic (LVE)

region were performed. Previous dynamic stress sweep tests deneohdtrat,
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independently of composite formulation, a value of stress of 20@aBalways within
the LVE region at 180°C.

Figure 1A shows the frequency dependency of the elasfiaf@ viscous (G moduli,
at 180°C, for selected unfiled PMMA/LDPE blends and botlyrpers. It can be
observed that PMMA shows the typical behavior expected in itemstate. It consists
of a rubbery plateau region at the highest frequencies studiemlyéollby a drop in its
elastic and viscous moduli (approaching the viscous flow rggmnath decreasing
frequency. On the contrary, LDPE shows the typical behavior camdspy to low
molecular weight polymers free of entangled networks [17]. Thatitss linear
rheological behavior is characterized by elastic and viscous moduli cuhieh
monotonically decrease as a function of frequency, with a cresgmoint which
delimits the direct (no rubbery plateau) transition to the viscibaw region. With
regard to their blends, it is noteworthy that the additio0oivt.% (26.57 vol.%) LDPE
to the PMMA matrix (referred to as sample 80:20), if compared to pdMA has a
minor effect on the viscous modulus, but increased the elastic usodulthe lowest
frequency studied (0.1 rad/s). As the LDPE inclusions are lesscdlzen the PMMA
matrix, this enhanced elasticity is actually attributed to shapeatedaxof deformed
LDPE droplets driven by interfacial tension. This micromechanioat molecular)
relaxation mechanism, with a characteristic time much higher than thenaérm
relaxation times of the phases, is responsible for the “secondaggyslathich starts to
develop at 0.1 rad/s in Figure 1A [18]. At the highest freqiesn the LDPE dispersed
phase is easier to deform than the PMMA matrix, yielding sligiettijuced elasticity of
the blend [19]. As for the sample 20:80 (a LDPE matrix loadiial 20 wt.% or 14.73
vol.% PMMA), increased values of both @&d G” are observed in the whole frequency

window studied, although the effect is more significant as tdiminal region is
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approached and for the elastic modulus. As the PMMA inclusiomsmarch more
elastic than the matrix, the result observed is due most protmathlg reinforcing effect
provoked by hard PMMA droplets rather than shape relaxation [2D]in#ermediate
situation is observed for the 50:50 blend (40.86 vol.% PMMA)s blend presents a
reduced plateau region, if compared to neat PMMA, and a crossowudr yhich

appears at a frequency value between those corresponding to thermiite&ats.

In order to facilitate the understanding of the effect of compositiorthe elastic
properties of the blends, Figure 1B illustrates the evolutionthef loss tangent
(tand=G"/G’) with frequency, at 180°C, as a function of the ratid?®MA to LDPE.
At the highest frequencies studied danonotonically increases with LDPE content, as
expected from a higher volume fraction of a phase easier to deformevdqn the
behavior at the lowest frequencies is much more complex and depetits molymer
constituting the minor phase. Thus, blends with LDPEhasrtinor phase (i.e. the 80:20
and 60:40 blends) present an enhanced elastic response if comparedRd piikeAs
commented above, this behavior responds to the well-known Rakenmlsion model
applied to immiscible polymer blends. Similarly, blends vétminor phase of PMMA
(i.e. the 40:60 and 20:80 blends) show much lowebd teahues than pure LDPE, as the
more elastic PMMA inclusions enhance the elastic contribution assdcwth the

blend.

Figure 1B shows that the elastic response of the blends isegsjtive to morphology
changes at low frequencies. For that reasord &nl80°C and 0.1 rad/s was plotted
versus LDPE content (Figure 1C). The curve presents two digtnts at both sides of
a threshold concentration which lies between 50 and 60 wt.%&ELBPthe left side of

this transition the major PMMA phase exerts the main influencethen linear
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rheological response, whilst at the right side an analogowisituwccurs for the major
LDPE phase. So, at that point phase inversion occurs, which ponds to a “fully”
co-continuous morphology. Moreover, each part shows a minimhichvis associated
to the onset of “partial” co-continuity. The left border is lecabetween 20 and 40
wt.% LDPE whereas the right border appears to be between 6@ amd’8 LDPE. For
LDPE concentrations below or above the interval of dual-phaseordgzaity the
rheological behavior is governed by a droplet-matrix morphology, taedelastic
response becomes higher as the interfacial area (dispersed phase) increasesr,Ho
the onset of partial co-continuity (at either side) yields a deciadbe interfacial area
and so increased values of darmrhe maximum value of ténis associated to the
minimum interfacial area between PMMA and LDPE, which corresptmdsall co-
continuity or, equivalently, phase inversion. The behavior desgris more obvious
when the LDPE is the minor phase, a situation which can bessfatly described by
the emulsion model. Similar behavior has been reported elsewhdr&f2dn equi-
viscous PP/PS blend. Even though the melt-state linear rheolodMMA/LDPE
blends has not been studied in depth before, the limits of mady and phase
inversion concentration herein reported match fairly well with thelteesbtained by
selective solvent extraction on PMMA/HDPE blends conducted mngZhang et al.
[14]. The mixing time affects the domain of co-continuity,sich a way that if it is
very long the co-continuity range will tend to a single contmrs[22]. In contrast, for

the 5 min. mixing used in this study the interval isyMatoad.

The SEM micrographs shown in Figure 2 demonstrate that for L&dPEentrations
below and above the limits of dual-phase continuity, the Blexthibit a “sea-island”
morphology, characterized by discrete particles of LDPE in a PMM#ixn(80:20

blend in Figure 2A) or of PMMA in a LDPE matrix (20:80 blemdFRigure 2B). It is
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interesting to note the rod-like aspect of the LDPE inclusiorteér80:20 blend when
compared to the more rounded LDPE particles in the 20:80 bldnd.behavior is
probably a consequence of the effects of shear and elongational forces catised b
rotating twin screws on a polymer (LDPE) phase of lower gitgon a blend which
was extruded at higher temperature, i.e. the processing temperatufeMfdA.
However, for the 50:50 blend, SEM image shown in Figureld@h polymer phases

prove to have comparable contribution on the blend morphology.

In relation to the composites of PMMA:LDPE blends and MWGNFigure 3 evaluates
the effect of 2 wt.% MWCNT addition on the linear viscoelastic bemasf selected
blends, as compared to their parent matrices. Figure 3A shows thdievaolith
frequency, at 180°C, of the linear viscoelastic moduli for the negpaoemts, PMMA
and LDPE, before and after 2 wt.% MWCNT addition. With regardhto LDPE, 2
wt.% MWCNT addition yields increased values of @ainly) and G”, as well as
decreased slopes of the' (®) and G"(w) curves at the lowest frequencies studied.
However, the prevailing viscous behavior still remains. In contthst viscoelastic
behavior of PMMA is significantly altered with 2 wt.% MWCNidition. Thus, apart
from increased values of'@nd G”, and the plateau region extending from 3.5 (neat
PMMA) down to 1 rad/s, the most remarkable result is the extragdenhancement
in the elastic behavior in the low frequency region(ufs and G”(w) curves become
almost coincident, and with approximate slope of 0.5 on alddab scale; so, Gw)
and G") ~ &’ which is often assumed as the rheological criterion for the ohged
formation [23]. Consequently, addition of 2 wt.% MWCNTNMA, the rheological
percolation threshold has been attained (or even surpassed). Théwiobeh
characteristic of ‘pseudo-solid-like’ materials, is facilitated by a MWChEwork

which constrains the long range motion of PMMA polymer chéfisIn contrast, a
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percolated network was not reached for the LDPE with the same MWCNT

concentration.

For the pure components, PMMA and LDPE, the theoretical calculapmsented
above can support an explanation for the behavior observed. Theracls lower
interfacial energy, at the PMMA extrusion temperatures so CNTs dispensPMMA
is easier than in LDPE. As a consequence, for a constant loadhgtdfo MWCNTS,
the pure PMMA undergoes a higher level of modification than the pPE and
rheological percolation is reached at lower MWCNT concentration. Mergelectrical
resistivity values later shown in Figure 4A will prove thatgg@MMA becomes semi-
conductive with addition of 2 wt.% MWCNTs whereas, at such @emnation, LDPE
retains its insulating properties. Some researches claim to hawe lmuer electrical
percolation threshold for LDPE or HDPE than for PMMA [7,14dwever, in both of
these studies compounding was conducted at constant temperaffren(1210 °C,
respectively), which is not the case in our study (220 °C foMRMind 180 °C for
LDPE). Under a constant extrusion temperature, a much higher itysedMA might

hinder MWCNT diffusion which delays percolation to higher MWICNading.

Figure 3B compares the effect of MWCNT addition on the 80:2(&r8D blends. The
20:80 blend containing 2 wt.% MWCNTSs, for which LDPE cdogts the continuous
phase, does not differ much from the pure LDPE containing 2 WMWENTSs (Figure

3A). The main difference is in the higher elasticity of the blel to the contribution
of the dispersed PMMA phase. However, the situation dramaticallygeeamhen the
80:20 blend containing 2 wt.% MWCNTSs is analyzed. In ttase, MWCNT addition
moves both Gand G” upwards, if compared to the unfilled80:20 blend, hatdmly a

minor effect on either the extent of the plateau or the low frequendpneeg
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Interestingly, this result hints that the PMMA phase is freMI@#{CNTs; otherwise,
both PMMA and the composite of the 80:20 blend with 2 WWI%WCNTs should show
similar rheological behavior. If fact, Figure 3C, which displahe evolution with
frequency of tad at 180°C as a function of the sample composition, showsaraivip
behavior, in terms of relative elasticity, of the 80:20 blend befodeafter MWCNT
loading (red line and circles, respectively). So, this resulyestg that the MWCNTs
are preferentially located in the polymer which is not the comigplphase, that is,
LDPE. Moreover, the pure PMMA with 2 wt.% MWCNTs shoagpeak maximum
which indicates network formation. For the the 60:40 blene,DPE phase (where
MWCNTSs preferentially localize) have a much more significant contributi@an for
the 80:20 blend, and tArundergoes an important decrease. Above 40 wt.% LDPE&, tan
increases again as the “effective” MWCNT concentration is reduced with imgeas

LDPE content.

As a consequence, and in contradiction to the above wetting coefficedittion, the
MWCNTSs tend to concentrate in the LDPE phase. A similar rega$t reported by
Hosseini et al. [7] for PMMA/LDPE blends with carbon blackl &iang et al. [14] for
PMMA/HDPE blends with short carbon fibers. Thus, other parametrser than
thermodynamic considerations can influence the selective localizatidfMCNTS.
Some authors have shown partial irreversible adsorption of th@dirgher to come in
contact with MWCNTSs during melt mixing [6]. Other authors @aso pointed out the
importance of polymer melt viscosity [2]. In our one-step prsiogs protocol the
MWCNTSs are concentrated in the polymer first to melt and wighlolvest viscosity,
that is, LDPE. Again, it should be noted the extrusiokimgi place over a short period
of time (5 min.) so that the MWCNTSs did not have sufficiemietto further migrate to

their thermodynamically preferential phase [10].
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Volume electrical resistivity measurements, at room temperature, wereaatss out
on the above blend and composite samples, see Figure 4. Byuvehich shows the
variation in electrical resistivity with PMMA:LDPE ratio revealsat pure PMMA
becomes semi-conductive (resistivity on the order 611:@m) with addition of 2 wt.%
MWCNTSs. Therefore, at such a concentration, not only rheologigablso electrical
percolation has been attained. Conversely, LDPE has electricalvigsigti the order
of 10" Q-cm (it is an insulator). In this case, the electrical percolati@shold has not
been attained, similarly for rheological percolation as observed frotméae rheology
measurements at 180°C. With decreasing wt.% LDPE, the resisémiyins almost the
same (non-conductive) up to a blend ratio of 50:50. For the béebd tonductive, a
so-called “double percolation” [8,9] is required. According to Figu@& the LDPE
phase is continuous in the above composition range. Howbaeetffective” MWCNT
concentration in the LDPE phase is not large enough such t@tductive network is
formed and the composite remains insulating. In contrast, faral bhtio of 60:40 and,
above all, 80:20, the “effective” MWCNT concentration in the LO#ase is sufficient

such that some electrical conductivity is possible. Thues résistivity drops down to

10° and, then, to T0Q-cm, respectively. From this result, an important observation can

be made. If the resistivity is on the order of XD cm, this means that even for a
PMMA:LDPE blend ratio as high as 80:20 the continuity & LIDPE phase has been,
at least partially, attained. Electrical conductivity is not gmesif the MWCNT-rich
phase is dispersed. This conclusion does not agree with ouroB&#vations based on
the images shown in Figure 2A. However, the inclusion of MWWE might have
shifted the interval of co-continuity to lower LDPE content, as aedported by Zhang
et al. [14] for a PMMA/HDPE blend with short carbon fibers. Th#yibuted this result

to the effect of the fibers increasing HDPE melt viscosity. In thase, Omonov et al.
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[21] reported that as the viscosity ratio of the minor lessous phase to the major
more viscous phase (in our cag& ppe/N*pvma) approaches 1, mixing becomes more
effective because the elongated fibril-like structures formed do not breakdutract.
Elastic effects are also important, as a more elastic phase has a teiodencgpsulate

a less elastic phase during mixing [24]. As we will show |dtBX?E becomes highly
elastic with increasing MWCNT addition. For the 80:20 bleiidthe “effective”
concentration in the LDPE phase iss large enough so thatutsnmg®lasticity becomes
comparable to PMMA, sea-island morphology no longer remains. Dedr@asrfacial

tension upon MWCNT addition may also contribute to tlea morphology [2].

The SEM micrographs obtained for the above samples, see Figurelpbfurther

explain this behaviour. Full dual-phase co-continuity for th&@@omposite (Figure
5C) is quite evident. However, even for a LDPE content as low ag.20some degree
of partial continuity can be appreciated (see Figure 5A) for this molyBo, for this

blend, both requirements of “double percolation” can be fulfilldehtvexplains why the
80:20 composite had an electrical resistivity in the order dt@m. As for the 20:80
composite, the contribution of the PMMA phase to the compasdrphology seems to

be quite more significant when compared to its unfilled countegeset,Figure 2B.

In order to further support the rheological and microscopic evideatehta MWCNTSs
preferentially localize in the LDPE phase, DSC measurements wereoaldocted. No
variation in the melting temperature of pure LDPE (of about 108.843 observed

upon 2 wt.% MWCNT addition (heating scans shown in supphtary data). However,

on cooling from the melt, differences were observed in DSC thermogBefcte
MWCNT addition, see Figure 6A, the pure LDPE crystallizatemperature (J) was

found at about 94°C, and was almost not affected when blendedPMIMA. After
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MWCNT loading, see Figure 6B, the bulk crystallization pbakame broader, less
sharp and is shifted from 94 to 96.3 °C for pure LDPE, wfulsthe 80:20 composite,
with a higher “effective” MWCNT concentration in the LDPE phdbke,increase is up
to 97.5°C. Unlike other semi-crystalline polymers, the nucleatféect of MWCNTS in
LDPE is not significant [2]. However, it allowed Patra et alD][1o conclude the
preferential dispersion of MWCNTSs is in the LDPE phase of PMM2AHE blends.
Furthermore, as can be seen from Figure 6A a second exothermic paakfevdDPE
at60°C, which has been attributed to a thermal relaxation whose @rigat clear [25].
With increasing PMMA to LDPE ratio, the intensity of this pefdcreases and a new
crystallization peak develops at about 68°C. So, apart fromutkectystallization peak
at 94 °C, the formation of mixed phase morphology yields a desoraller peak (68
°C) due to homogeneous crystallization of small LDPE drop#&ts If the PMMA
content is further increased up to 80 wt.%, the relaxation peékcat is no longer
observed and, instead, a small peak at 47 °C arises, most grdo@bto sea-island
morphology (Figure 6A). Conversely, none of the above two dgsmeous
crystallization peaks are found in Figure 6B probably becawesdotimation of small

dispersed drops is partially restrained upon 2 wt.% MWCNT iaddit

The effect of varying MWCNT loading on blend properties was mgestigated, The
influence of MWCNT concentration on rheological properties, at 186fGelected
composites was studied by means of frequency sweeps in the reggine.
Measurements were performed on two blends with PMMA to LDPEsrafi®0:20 and
20:80, as a function of MWCNT concentration up to 5 wt.%ufeag/A shows that, for
the 80:20 blend, the 'Gnd G” curves are progressively shifted upwards with increasing
MWCNT content. The effect seems to be more evident from 3.5 wh%ards.

However, as the MWCNTSs are preferentially located in the minor LpR&se, the
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qualitative behavior of tanin Figure 7B remains quite unaltered even at the highest
MWCNT concentration of 5 wt.%. Thus, the maximum peak whschsisociated with
the formation of a percolated network does not appear, because thbutimmt of the
LDPE phase to the overall rheology is not significant enougbngits low volume
fraction (26.75 vol.%). This result is also denoted by the @amp-Palmen plot in
Figure 7C. No restrictions to long range motion are observedvafréguencies, as all
the composites showd curves which monotonically increase (tend to 90°) with
decreasing |G*|. In the same way, similar phase angle values agpdas BMMA
entangled network plateau is approachédefids to a peak minimum) because short
range motion is not constrained. However, from Figure 4B kKnswn that there is
electron transfer between nanotubes, probably via tunneling §19ssible throughout
the LDPE phase when the MWCNT loading is 2wt.%. With inéangadMWCNT
concentration, the network of nanotubes is enhanced (i.e. incredsadténcontact
between nanotubes), as denoted by a monotonic reduction inettidcal resistivity
down to values on the order of“10Q-cm. This intimate contact of MWCNTSs in the

LDPE phase is shown, for 5 wt.%, in Figures 9A1 and A2.

Conversely, MWCNT addition, from a concentration of 2 wt.% upwjarftas a
significant effect on the linear viscoelastic behavior of the 20:8Gpks proven from
the data in Figure 8A. At 80 wt.% LDPE, this polymer colstthe blend bulk rheology
because it is the major phase. For that reasorfaléo G”) evolve towards an obvious
plateau at the low frequency region with increasing MWCNTSs cdratén. At 2 wt.%
MWCNTSs the prevailing viscous behavior of the blend still resmatowever, from 3.5
wt.% MWCNTSs the elasticity enhancement is so important tleaekdistic modulus, G
surpasses the viscous modulus, G”, and the crossover poieebetrem disappears. At

5 wt.% the gel-like nature of the composite blend is so stthag in the frequency
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range considered, Gesembles the equilibrium modulus which characterizes covalently
cross-linked polymer networks [26]. The high concentration of MWEMN the LDPE
phase shown in Figures 9B is responsible for the rheologicavimhobserved. Even
though full rheological percolation is achieved by 3.5 wt.% M\WGddition, the onset
of percolation formation can be observed in Figure 8B as a clear decrefsss in
tangent at the lowest frequencies upon 2 wt.% addition. Moredverydan Gurp-
Palmen diagrams shown in Figure 8C also demonstrate the effect ofNUIVEAdition
on the composites relaxation at large times (low frequencies). Aisagrtireduction in
the phase angle values is observed with addition of 3.5 antl% MWCNT as a
consequence of strong interactions between LDPE chains and nanwtubksinder
polymer long range motion. With regard to the electrical propertiesrdingao Figure
4B, the composite material is still an insulator at 2 wt.% MWWGnclusion. In fact, the
electrical percolation rises only when the nanotubes are in comtaaffwiently close
to each other (tunneling effect), a factor not necessary to dtiaihogical percolation
[7]. However, a dramatic decrease in the volume resistivityxarsiers of magnitude is

observed when the MWCNT concentration was increased from 2 to 34b wt

4. Conclusions

The localization of un-functionalized MWCNTs in PMMA/LDPHEehds was studied.
According to thermodynamic considerations, the PMMA is the rfaogirable phase
due to its higher chemical affinity for the nanotubes. In facterwhdded to pure
PMMA, their better dispersion yielded electrical and rheological pestioa at a lower

concentration when compared to pure LDPE. However, MWCNT phasatyafiin

much more complex when dealing with polymer blends. Experimentalk w
demonstrated the preferential localization of the nanotubes in tR& l[gbase, which is

the polymer first to melt. Upon entering the extruder, the CNTeeamdrated in the
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polymer phase with the lowest viscosity (LDPE) and, thenndidhave the chance to
migrate to the second polymer phase (PMMA) before exiting the extr&kgarding
electrical properties, the 80:20 blend became semi-conductive withoadof 2 wt.%
MWCNTSs. The “effective” CNTs concentration in the LDPE phase waglanough so
that the electrical percolation threshold was reached. Moreover, the diltéition
transformed the LDPE dispersed phase into a partially contimioase. This double
percolation morphology enabled a dramatic decrease in electrical registiierms of
linear viscoelasticity, no ‘solid-like’ plateau was observed at loweeqy because the
MWCNTs did not concentrate in the major phase (PMMA) which ctnttbe
composite bulk rheology. With increasing MWCNT concentratidre 6 and G~
curves moved vertically but their qualitative behavior, in teahghe viscous-elastic
properties balance, did not vary significantly. In contrast,2®&0 blend with 2 wt.%
MWCNTs showed enhanced elasticity at low frequency if compareds tanfilled
counterpart. At higher MWCNTSs contents, the gel-like nature of thgposite material
was so strong that the prevailing viscous behavior became elasttbeaeduilibrium
plateau which characterizes covalently cross-linked polymer networksadgu.
However, at 2 wt.% MWCNTS, the “effective” concentration was lmgh enough so
that the electrical percolation was attained and the material retainedsitiating
properties. With increasing MWCNTs concentration up to 3.5 wtlé electrical

resistivity decreased by six orders of magnitude.
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Table 1. PMMA/LDPE volume percentages and processing (extrusion, injeetioin

molding) temperatures for every blend ratio studied.

PMMA:LDPE wt. ratio | 100:0 | 80:20(60:40| 50:50| 40:60| 20:80| 0:100
vol.% PMMA 100 | 73.43| 50.8940.86| 31.54| 14.73 0
vol.% LDPE 0 26.57| 49.1159.14| 68.46| 85.27 100
Extrusion T (°C) 220 200 195 19% 190 185 180
Melt injection T (°C) 225 205 205 204 195 190 190
Molding T (°C) 100 90 90 80 75 75 75

Table 2. Surface free energy values and their dispersive and polar componefgg at 2
for the nanotubes, PMMA and LDPE.

,20°C ,20°C 0°C mN/m

Component | nymy | (mN/m) X Eé.. 3) :
MWCNTSs 17.6 10.2 27.8
PMMA 29.6 11.5 41.1
LDPE 35.7 0 35.7

Table 3. Temperature coefficients, and surface free energy values and their dispersive

and polar components, at 200°C, for the nanotubes, PMMA an&LDP

Component -dy/dT ,200°C ,200°C y2000C (mN/m)
(MN/m-K)| (mN/m) | (mN/m) Eq. (3)
MWCNTs 0 17.6 10.2 27.8
PMMA 0.076 19.75 7.67 27.42
LDPE 0.057 25.44 0 25.44

Table 4. Interfacial energy values, at 200°C, for the pairs MWCNTs-LDP®/ QW Ts-
PMMA and LDPE-PMMA, according to Fowkes (Eg. 4) and Wu (Eqth&ories,

respectively; their resulting wetting coefficients are included.

F,200°C

W,200°C

; 1-2 1-2
Pair \(/mN/m) y(mN/m)
MWCNTs-LDPE 10.92 11.63
MWCNTs-PMMA 0.24 0.48
LDPE-PMMA 8.03 8.39
Wetting coefficients
0, (unitless) | 133 1.33
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Figure captions

Figure 1. Evolution with frequency, at 180°C, of the lineascoelastic moduli (A) and loss
tangent (B) for unfilled blends, as a function 8ilRA:LDPE ratio. Evolution with LDPE wt.

percentage, at 180°C and 0.1 rad/s, of the logetarfC).

Figure 2. SEM micrographs corresponding to unfilled blendshvselected PMMA:LDPE
ratios: 80:20 (A), 20:80 (B) and 50:50 (C).

Figure 3. Evolution with frequency, at 180°C, of the lineascoelastic moduli for the pure
polymers (A) and the blends 80:20 and 20:20 (Biprieeand after 2 wt.% MWCNTSs addition.
Evolution with frequency, at 180°C, of the lossgamt for 2 wt.% MWCNTSs blends, as a
function of PMMA:LDPE ratio (C).

Figure 4. Evolution of the volume electrical resistivityt, @nbient temperature, with LDPE wit.
percentage for 2 wt.% MWCNTs samples (A) and witWUINTs wt. concentration for 80:20
and 20:80 samples (B).

Figure 5. SEM micrographs corresponding to 2 wt.% MWCNTs dkernwith selected
PMMA:LDPE ratios: 80:20 (A), 20:80 (B) and 50:50)(C

Figure 6. DSC cooling scans, at 10 K/min. for unfilled bler{d3 and 2 wt.% MWCNTSs blends
(B) as a function of the PMMA:LDPE ratio.

Figure 7. Evolution with frequency, at 180°C, of the lineascoelastic moduli (A) and loss
tangent (B), and van Gurp-Palmen plot (C), for 8880:20 as a function of MWCNTSs wit.

concentration.

Figure 8. Evolution with frequency, at 180°C, of the lineascoelastic moduli (A) and loss
tangent (B), and van Gurp-Palmen plot (C), for 820:80 as a function of MWCNTs wt.

concentration.

Figure 9. SEM micrographs corresponding to 5 wt.% MWCNTs tkerwith selected
PMMA:LDPE ratios: 80:20 (Al and A2), 20:80 (B1 aB@). Highlighted areas in A1 and B1

appear enlarged in A2 and B2, respectively.
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On the phase affinity of multi-walled carbon naris in

PMMA:LDPE immiscible polymer blends

Claudia Roman, Moisés Garcia-Moralekipal Gupta and Tony McNally

HIGHLIGHTS:
« MWCNTSs located in the thermodynamically less fabted DPE phase
« MWCNT localization governed by polymer phase ftostnelt
» Electrical conductivity determined by double peatmn

» Bulk linear viscoelasticity controlled by the mamwlymer phase



