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ABSTRACT: Polypropylene (PP)-ethylene vinyl acetate (EVA)/clay nanocomposites were prepared via reactive blending using dicumyl

peroxide (DCP) as an initiator with the goal of enhancing the interaction between both phases and modified nanoclay. The effect of

the reactive blending and clay incorporation strategies (direct and masterbatch) on the blend and nanostructure morphology, and

chain mobility of nanocomposites were studied. The chemical analysis showed the chemical bonding of PP-EVA, which helped to

enhance the interaction in the nanocomposites. The nanocomposites obtained from the direct clay strategy presented a co-continuous

morphology of bordering intercalated and agglomerated nanoclay sheets, while the nanocomposites obtained from the masterbatch

strategy showed that blend morphology change from droplet to co-continuous with the increase of EVA concentration, with interca-

lated/exfoliated nanoclay sheets located in the EVA domains and at the interface. The dynamic mechanical and creep-recovery results

showed different behavior for the both strategies in terms of chain mobility and relaxation. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2014, 131, 40897.
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INTRODUCTION

Polymer-clay nanocomposites are a new class of materials which

have attracted attention for novel applications in different

industrial sectors such as automotive. This interest has increased

because these materials often show better mechanical, thermal,

physical and chemical properties than the pure polymers.1,2

However, the improvement in these properties largely depends

on the dispersion and exfoliation of the individual nanoclay

layers in the polymer matrices, improving the interaction

between the clay platelets and polymer chains.2,3 The exfoliation

of individual clay nanosheets can be easily achieved for polar

polymers such as polyamides;4,5 however, in the case of non-

polar polymers such as polypropylene (PP), the interactions

between the polymer and the polar nanoclay sheets is difficult,

decreasing their possible intercalation-exfoliation.6 An alterna-

tive has been to blend polypropylene with a polar polymer,

such as poly(ethylene vinyl acetate) (EVA), and a modified clay

to obtain an intercalated–exfoliated ternary polymeric nano-

composite, because EVA has been satisfactorily used to generate

highly exfoliated nanostructures.7,8 Additionally, ion-exchanged

nanoclays can help the process of polymer chains intercalation

within the nanoclay galleries. It has been reported that the

molecular characteristics of ion-exchanged surfactants (e.g. the

number and length of substitute molecules) can help to exfoli-

ate the clay nanolayers in polymer matrices.9,10 However, the

chemical structure of PP and EVA chains is completely different

and therefore the miscibility and compatibility of both macro-

molecular chains is difficult. It has been reported that the PP/

EVA blends are immiscible because they exhibit two or more

phases on entire composition and temperatures range.11–14

Nevertheless, the interfacial adhesion between these immiscible

polymers has been enhanced by using different types of compa-

tibilizers. Blend compatibilizers such as maleated Polypropylene

(PP-g-MA)14,15 or acrylate Polypropylene (PP-g-AA)16 has been
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used to improve the blend compatibility of PP/EVA blends and

between PP/EVA and organoclay. Goodarzi et al.,14 for example,

study the effect of different concentration of PP-g-MA compati-

bilizer on the nanostructure (i.e. intercalated/exfoliated) of PP/

EVA blends nanocomposites with different contents of organo-

clay (OMMT). They reported that blend-based nanocomposites

mainly presented intercalated/partially exfoliated structures

placed at the EVA phase of the nanocomposites, even at the

highest concentration of compatibilizer. In addition, these

authors reported that OMMT acted as a compatibilizer reducing

the average size of the EVA dispersed phase by preventing coa-

lescence. There are also reports about the action of the OMMTs

as compatibilizer of immiscible PP/EVA blends13 and in differ-

ent immiscible polymer blend systems such as polystyrene (PS)/

polypropylene (PP),17,18 polypropylene (PP)/ethylene propylene

diene monomer rubber (EPDM),19 and polystyrene (PS)/poly-

methyl methacrylate (PMMA), polycarbonate (PC)/poly(sty-

rene-co-acrylonitrile) (SAN), and polymethyl methacrylate

(PMMA)/polyethylene vinyl acetate (EVA).20 On the other

hand, in previous studies on polypropylene (PP)/ethylene vinyl

acetate (EVA) and heterophasic polypropylene–(ethylene-propyl-

ene) copolymer (PP-EP)/EVA blends, our research group found

that there is a compatibility zone at certain composition of PP/

EVA and PP-EP/EVA blends. The existence of a disperse EVA

phase, in the form of spherical or elongated domains, within a

continuous PP and PP-EP phase was observed, correlating the

compatibility between the two phases with the size and form of

the EVA domains.12,21 It was also proposed, that the domains

size and form depends on the amount of interfacial interactions

between the two polymers, affecting the glass transition temper-

ature of both polymers.22 The morphology of these EVA

domains was similar to the morphology of PP-EP/EVA blends,

where an organoclay was incorporated.23–27 However, despite

strong interactions between the PP/PP-g-MA or PP-EP polymers

with EVA, the PP/PP-g-MA/EVA/clay and PP-EP/EVA/clay com-

posites have mainly shown intercalated structures, because the

compatibility between thermoplastic and elastomeric phase is

not high enough to increase the interaction of both phases with

nanoclay sheets.14–16,23–27

The dynamic crosslinking of elastomer phase in polypropylene

blends using DCP as reaction initiator has been also used to

increase the compatibility of PP and elastomer polymers such

as EVA11 or EPDM28 polymers. The increase of compatibility

between elastomer (EVA or EPDM) and thermoplastic (PP)

phases has been related with the broadening in damping sig-

nals of both phases. Additionally, it has been demonstrated

that the morphology and dynamic mechanical properties of

PP/EVA and PP/EPDM blends was influenced by the reactive

blending and blend ratio of thermoplastic and elastomer

phases. Particularly, Thomas and George11 observed that the

two phase blend morphology of PP/EVA changed with the

blend ratio from droplet morphology at 80/20 ratio to an

interpenetrated network (co-continuous) morphology at a 50/

50 ratio. Conversely, Katbab et al.28 reported a two-phase mor-

phology at all PP/EPDM ratios for the dynamically cured sam-

ples in which rubber (EPDM) particles are dispersed in the

thermoplastic (PP) matrix.

Additionally, the incorporation of clay into polymer matrices

modifies the mobility of macromolecular chains due to the inter-

facial interaction between polymer chains and nanoparticle surfa-

ces. This phenomenon has a significant effect on the rheological

(MFI) and dynamical mechanical properties of PP/clay and EVA/

clay nanocomposites.29,30 Comparable behaviors has been

reported for ternary systems of PP/PP-g-MA/EVA/clay and PP-EP/

EVA/clay nanocomposites.14,27 Recent work, also show the effect

on the stress relaxation behavior of organically modified montmo-

rillonite filled natural rubber/nitrile rubber nanocomposites.31

Thus, we proposed that the reactive blending of PP and EVA,

using DCP as the initiator, could produce composites with a

high degree of clay nanostructure exfoliation within the polymer

matrix due to strong interactions between the PP-EVA chains

and nanoclay sheets. Moreover, the reactive blending modified

the blend morphology and the mobility and relaxation of PP

and EVA chains. Therefore, the main aim of this study was to

determine the effect of the PP-EVA reactive blending reaction

on the interaction between PP-EVA and nanoclay sheets. Addi-

tionally, the effects of PP-EVA reactive blending and the clay

incorporation strategy on the blend morphology, nanostructure

morphology and chain mobility of PP-EVA/clay nanocomposites

were studied. For this purpose, direct clay incorporation and

masterbatch clay incorporation were tried. The chain mobility

of PP-EVA/clay nanocomposites was analyzed using dynamic

mechanical analysis and creep-recovery behavior.

EXPERIMENTAL

Materials

PP (MFI 38) of Indelpro, Mexico; EVA (ELVAX 250, MFI25)

with 28 wt % of VA from DuPont Co., USA; organoclays (I30E)

of Nanocor, Inc., modified with octadecylamine; and dicumyl

peroxide, DCP, (98% purity) of FATTA Mexicana were used.

The following sections describe the preparation strategies for

PP-EVA and PP-EVA/clay nanocomposite samples.

Preparation of PP-EVA/Clay Nanocomposites. Two incorpora-

tion strategies for the preparation of PP-EVA/clay reactive blend

nanocomposites were used. These are referred as direct and

masterbatch strategies and will be described separately in the

following sections. A co-rotating, twin-screw extruder (Thyssen)

with five heating zones (T1, T2, T3, T4, and T5) was used. The

extrusion conditions were a feed rate of 60 rpm and an extru-

sion rate of 100 rpm.

Direct strategy. The PP-EVA reactive blend (PPEVAx) with a

PP:EVA weight ratio of 50:50 and 0.5 wt % of initiator DCP

was previously prepared in a twin-screw extruder (see Table I).

Then, this sample was used to directly blend two weight con-

centrations (2 and 6% by weight) of commercial nanoclay

(PPEVA2D and PPEVA6D samples, respectively) in a twin-screw

extruder. The heating zones profile was T1 5 165�C,

T2 5 T3 5 170�C, T4 5 T5 5 160�C for the PPEVAx sample and

T1 5 165�C, T2 5 T3 5 T4 5 T5 5 170�C for both PP-EVA/clay

nanocomposites.

Masterbatch strategy. First, a single masterbatch of EVA with

10% by weight of organoclay (MB10C) was prepared using a

twin-screw extruder. Subsequently, proportional parts of this

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4089740897 (2 of 14)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


masterbatch were taken and diluted in PP at different PP : EVA

weight ratio (80 : 20, 60 : 40, and 40 : 60, respectively) to

obtain nanocomposites with 2, 4, and 6 wt % of clay. Then, 0.5

wt % of DCP was added to each sample, and finally, all compo-

nents were reactively blended in a twin-screw extruder under

the same extrusion conditions as the direct strategy samples.

Table I contains descriptions of the formulations used to pre-

pare the PPEVAx and respective nanocomposite samples (PPE-

VA2MB, PPEVA4MB, and PPEVA6MB).

PP-EVA Extractions

The methodology used to extract unreacted polymers from the

PPEVAx sample was performed in two parts: In the first part,

the PPEVAx sample (18 g) was put into a jar containing 150

mL of toluene and was left without agitation for 7 days at room

temperature. The solid was separated (S1), and the solution was

concentrated in a rotary evaporator under vacuum and then

precipitated in methanol. The precipitated polymer (E1) and

the solid (S1) were dried in a vacuum oven (70�C, 5 hours).

Then, the solid (S1) was again put into a jar containing toluene

and left without agitation for 4.5 days at 40�C. The solid (S10)
was separated, and the solution (E10) was concentrated in a

rotary evaporator and precipitated in methanol. The extracted

polymer (E10) and the solid (S105 14.3g) were dried in a vac-

uum oven. The extracted polymer samples (E1 and E105 3.7 g)

were combined for analysis. The second part was realized using

a soxhlet extraction device. The solid S10 (14.3 g) was put into

a soxhlet extraction device using THF as the solvent. The

extraction was performed over 30 h, obtaining a third extracted

polymer (E2 5 0.9 g) and solid (S2 5 13.4g), which were dried

in a vacuum oven. Later, the solid S2 was again placed into the

soxhlet device with toluene for 30 h, obtaining the precipitated

polymer (E3 5 0.35g) and the residual solid (S3 5 13.05g),

which were dried under the same conditions as the first sam-

ples. Finally, the solid S3 was separated into two parts, R1

(translucent solid) and R2 (opaque solid).

Characterization

Crosslinking Degree. The degree of crosslinking of PPEVAx

and PP-EVA/clay nanocomposite samples obtained through

masterbatch strategy was determined according to ASTM-

D2765. A 120 mesh wire cage with 0.500 g 6 0.020 (Ws) of

every sample was placed into a 200 mL jar with 100 mL 6 0.1

mL of xylene, and they were boiled for 12 h. Afterwards, the

wire cages were removed and placed in a vacuum oven at

100�C until the xylene was completely removed. Finally, the

samples were weighed again (Wd). The crosslinking degree was

determined as a function of the gel content (%) presented in

each sample:

Gel %5 12
Ws2Wd

W0

� �
3100% (1)

where Ws 5 weight of specimen being tested, Wd 5 weight of

dried gel, and Wo 5 original polymer weight.

Melt Flow Index. The melt flow index (MFI) of raw polymers

(PP, EVA), PPEVAx, and all PP-EVA/clay nanocomposites was

determined according to ASTM-D1238 using a Melt Flow

Indexer LMI 300 from Dynisco (USA). A brief protocol used in

MFI determination according to ASTM-D1238 is described: It

was firstly selected the conditions of temperature (230�C) and

load (2.16 kg) accordance with material specifications. Then, it

was charged the cylinder within 1 min with a weighed portion

of the sample (4.0–8.0 g) in accordance with the expected flow

rate and then purges some melted material. Finally, for all tests,

the timed extrudate was collected to the required piston

position.

Fourier-Transformed Infrared (FT-IR) Spectroscopy. The FTIR

analysis of PPEVAx, MB10C, and PP-EVA/clay nanocomposite

samples obtained by the masterbatch strategy was performed in

a Nicolet spectrometer using Attenuated Total Reflectance

(ATR) of Pike, with a germanium crystal, at a resolution of 4.0

cm21 over a wave number range of 400 to 4000 cm21.

Differential Scanning Calorimetry (DSC). Thermal experi-

ments of the PPEVAx sample extractions (E1 and E2) and resi-

dues (R1 and R2) were performed in a differential scanning

calorimeter DSC-2029 from TA instrument. This calorimeter

was calibrated with an indium standard under a constant nitro-

gen flow in both the sample and reference chambers. All sam-

ples weighted 8 6 1 mg and were sealed within aluminum pans

before positioning them in the sample holder. Samples were

heated from room temperature at 10�C/min up to 190�C.

Small-Angle X-ray Scattering (SAXS). The nanostructure anal-

ysis was developed using the SAXS technique. This study was

performed in a SAXSess mc2 system from Anton Paar, using

Imaging Plates as the X-ray detector. SAXS 2D patterns were

obtained at exposure times of 10 min. Each 2D pattern was

integrated from 0� to 180� to obtain 1D SAXS patterns.

Scanning Electron Microscopy (SEM). To study the blend mor-

phology of different PP-EVA/clay nanocomposites, the surface

of cryogenically fractured injection-molded samples was etched

with toluene at 40�C for 2 h to remove the EVA phase and then

observed using a JSM-7401F Field Emission Scanning Electron

Microscope (FESEM) from JEOL. Before imaging, samples were

sputter-coated with a mixture of Au-Pd. The SEM micrographs

were taken at an accelerating voltage of 6 kV.

Transmission Electron Microscopy (TEM). This technique was

used to observe the nanoparticle dispersion within the polymer

matrix and the nanocomposite structure. Pieces of EVA/clay

masterbatch and different PP-EVA/clay nanocomposites with

dimensions of 1 cm 3 1.5 cm 3 0.08 cm were prepared. Each

Table I. Summary of Samples Formulation

Sample
PP
(wt %)

EVA
(wt %)

DCP
(wt %)

Clay
(wt %)

PPVAx 49.75 49.75 0.5 –

PPEVA2D 48.75 48.75 0.5 2

PPEVA6D 46.75 46.75 0.5 6

MB10C – 90 – 10

PPEVA2MB 79.75 17.75 0.5 2

PPEVA4MB 59.75 35.75 0.5 4

PPEVA6MB 39.75 53.75 0.5 6
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sample was cut cryogenically to an approximate thickness of 90

nm with a microtome. Both a JEOL TEM 1200EX with a Lan-

thanum Hexaboride glass as an electron source and a FEI TEM

Titan 80–300 were used. The operating voltages used were 100

keV (JEOL TEM 1200EX) and 300 keV (FEI TEM Titan 80–

300).

Dynamic Mechanical Analysis (DMA). Dynamic mechanical

properties for PPEVAx and the different PP-EVA/clay nanocom-

posites, obtained using the two different clay incorporation

strategies, were determined. To perform this analysis, rectangu-

lar sections of molded parts (3 cm 3 1.2 cm 3 0.3 cm) were

used. The analysis was performed at a heating rate of 3�C/min

from 280�C to 80�C, at amplitude of 3�C and a frequency of 1

Hz in a dynamic mechanical analyzer DuPont TA-983.

Creep and creep-recovery test. Creep and creep–recovery tests

were conducted in tensile mode at 30�C using a dynamic

mechanical analyzer (DuPont TA-983). The size of the speci-

mens for creep and recovery tests was 25 mm x 5 mm x 0.7

mm. The creep and recoverable strain were determined as func-

tions of the time (tcreep 5 30 min and trecovery 5 60 min). The

stress level was fixed at 1 MPa to ensure that the creep measure-

ments remained in the linear viscoelastic deformation regime.

Theoretical background. During a typical creep test, the stress,

r is applied at t 5 0 and is kept constant until t 5 t0, when the

stress is removed. In the general case, the strain response (e)

consists of three components:

e t ;rð Þ5ee rð Þ1eme t ; rð Þ1emp t ; rð Þ (2)

where indexes e, ve, and vp correspond to the elastic, visco-

elastic and viscoplastic strain components, respectively. Usually,

polymer composites exhibit a nonlinear viscoelastic response,

which appears in a stress-dependence of the creep compliance

J(t). This response is defined as:

J tð Þ5e tð Þ=r (3)

where e(t) 5 strain at t 5 t and r 5 applied stress.

On the other hand, viscoplastic effects are observed as irreversi-

ble strains remaining for a certain amount of time after the

stress is removed. The recovery time should normally be at least

three times longer than the creep time. Equation (2) is possible

only by assuming that the viscoelastic and viscoplastic responses

are decoupled.

RESULTS AND DISCUSSION

Chemical Aspects of PP-EVA Reactive Blends

During the reactive blending of PP and EVA using DCP as the

initiator, the crosslinking of the EVA phase and/or the degrada-

tion of the PP phase by b-scission have been reported.11 These

reactions have been highly influenced by several parameters,

such as the blend composition and viscosity ratio.11,32–35 There-

fore, the blend composition and viscosity ratio used in this

study for PP-EVA reactive blending were almost 1 : 1 to

decrease these reactions. In this work, the reactive blending of

PP and EVA using DCP as the initiator produced different

products to be analyzed. Therefore, solvent extractions with

toluene and THF were performed, obtaining two different

extractions (E1 and E2) and two residue products (R1 and R2).

The FTIR spectra of the extractions and residues are presented

in Figure 1. The FT-IR spectra of the E1 and E2 samples show a

characteristic EVA infrared spectrum, which is related to car-

bonyl group (C 5 O) (1737 cm21), C-O group associated with

the vinylacetate (VA) unit (1241 and 1021 cm21) and CH2

group associated to ethylene unit (2919 and 2851 cm21). Addi-

tionally, the R1 sample presented an infrared spectrum with

characteristic bands of polypropylene (2951, 2867, and 1376

cm21) and EVA (2919, 2851, 1737, 1241 and 1021 cm21), while

the R2 sample mainly presented a polypropylene IR spectrum.

This behavior indicates that the PPEVAx sample was mainly

composed of a PP-EVA copolymer, with some uncrosslinked

and crosslinked EVA and polypropylene. Therefore, the PP and

EVA ratio used in this work significantly decreased the EVA

crosslinking and PP b-scission reactions and enhanced the

bonding between the PP and EVA chains.11,34 This behavior has

also been observed before for grafting copolymerization of PP

with unsaturated functional monomers such as maleic anhy-

dride using DCP as the initiator.36,37

The heating thermograms of DSC for residues and extractions

are shown in Figure 2. Here, it is observed that both extractions

(E1 and E2) present endothermic two peaks related to polyeth-

ylene section of EVA (Tm � 50 and 66�C).38 However, the R1

sample presents two endothermic peaks at approximately 50

and 65.5�C, related to the melting of EVA phase, and an endo-

thermic peak at 164.3�C, corresponding to the melting of PP

phase. This thermal behavior indicates the immiscibility of the

polymers, while their compatibility, in the amorphous region,39

remained due to the reactive blending of PP and EVA polymers.

Finally, the R2 sample presented a DSC melting trace of poly-

propylene with a melting peak at 165.5�C. Last thermal

Figure 1. FT-IR spectra for extracted samples (E1 and E2) and residues

samples (R1 and R2) of PPEVAx sample after the toluene and THF

extractions.
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behavior corroborated the results observed by the FT-IR spectra

for different extractions (E1 and E2) and residues (R1 and R2).

However, it was necessary to determine the possible crosslinking

degree of the elastomer phase due to the reactive blending of

PP and EVA polymers. This crosslinking degree can be associ-

ated with the gel content. The gel content for the PPEVAx sam-

ple was 13.42% (see Table II). The results of the gel content

showed that the reactive blend PPEVAx produced a low degree

of crosslinking. This result is in agreement with different obser-

vations from various authors, where a 1 : 1 weight ratio of PP

and EVA reduced the EVA crosslinking reaction.11,34 Conversely,

the gel content of PP-EVA/clay nanocomposites prepared

through the materbatch strategy increase with the EVA concen-

tration in the blend. The chemical composition of all gels is

shown in the ATR-FT-IR spectra (Figure 3). This figure shows a

typical FT-IR spectrum of EVA for all samples. According with

the results showed in this section, a probable reaction progress

of the polypropylene (PP) and ethylene vinyl acetate (EVA)

using DCP as initiator is showed in Scheme 1.

Blend Morphology

The reactive blend morphology of PP-EVA/clay nanocomposites

prepared through the direct strategy with 2 and 6% of organo-

clay was analyzed by SEM. Figure 4 presents the SEM micro-

graphs of PPEVA2D and PPEVA6D samples. These figures

shows that for PP-EVA/clay nanocomposites prepared through

direct strategy, the un-crosslinked EVA formed a co-continuous

phase (interpenetrated network, IPN) with a blend of PP-EVA

copolymer, crosslinked EVA and PP. This blend morphology has

been previously related to some grade of compatibility between

PP and EVA phases in dynamical crosslinking PP/EVA blends11

and in PP/EVA/clay nanocomposites systems using PP-g-MA as

compatibilizer.14,15 In the case of this work, the compatibility is

attributed to the dynamic crosslinking reaction which increases

the interfacial interaction between PP and EVA phases. How-

ever, there is not observed a significant effect of the organomo-

dified clay introduction on the compatibility of the PP and EVA

phases, in disagreement to that reported for different immiscible

polymer blends nanocompounded with nanoclays,13,14,17–20

where an average size reduction of the dispersed phase was

reported. This effect has been attributed to the localization of

nanoclay sheets in the interface between the dispersed and con-

tinuous phases.

Conversely, Figure 5 shows the SEM micrographs of PP-EVA/

clay nanocomposites prepared through masterbatch strategy.

Figure 5(a) shows that PPEVA2MB presents irregularly joined

droplet morphology of the un-crosslinked EVA phase dispersed

into the continuous blend of PP, PP-EVA copolymer and cross-

linked EVA phase, as it was observed in PP/PP-g-MA/EVA/clay

based blend nanocomposites14 and PP-EP/EVA/clay nanocom-

posites at PP/EVA ratio of 80/20.24 However, when the propor-

tion of EVA increases to �36% (PPEVA4MB sample) and 54%

(PPEVA6MB sample), the uncrosslinked EVA tends to form a

continuous phase until to be in a co-continuous IPN morphol-

ogy with the PP and PP-EVA copolymer. The co-continuous

nature of these phases is due to the higher proportion of EVA

and the low melt viscosity of PP and PP-EVA copolymer.11

In this work, the composition and viscosity ratio of the PP-EVA

reactive blend generated a blend morphology, which helped to

disperse nanoclays and enhanced the interaction of nanoclay

sheets with PP and EVA domains. Figure 6 presents the TEM

micrographs of PPEVA2D and PPEVA2MB samples at low mag-

nifications. Figure 6(a) shows that the PPEVA2D sample mainly

presents a co-continuous morphology bordered by intercalated

Figure 2. DSC heating traces of extractions samples (E1 and E2) and resi-

dues samples (R1 and R2) of PPEVAx sample after the toluene and THF

extraction.

Table II. Gel Percentage (%) for PPEVAx Sample and PP-EVA/Clay

Nanocomposites Obtained by Masterbatch Strategy with 2, 4, and 6 wt %

of nanoclay After the Extraction with Boiled Xylene

Sample %Gel

PPEVAx 13.42

PPEVA2MB 11.90

PPEVA4MB 23.95

PPEVA6MB 43.72

Figure 3. FT-IR spectra of gel residues for: a) PPEVAx, b)PPEVA2MB, c)

PPEVA4MB and d) PPEVA6MB samples.
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and agglomerated nanoclay sheets,14,38,40 where the irregular

domains are conformed by PP-EVA copolymer chains and by

uncrosslinked and crosslinked EVA chains. Additionally, Martins

et al.16 reported that the presence of clay platelets at the

interface between PP and EVA led to the irregular shape of the

EVA particles by hindering the rounding promoted by the inter-

facial tension in the neat PP/EVA blend. Nevertheless, the nano-

composites obtained using the masterbatch clay introduction

Scheme 1. Possible reaction progress of the polypropylene (PP) and ethylene vinyl acetate (EVA), using DCP as initiator. The possible chemical structure

bond of E1, E2, R1, and R2 samples is shown.
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strategy presented different morphologies as a function of the

PP/EVA concentration ratio. Figure 6(b) presents the irregularly

joined droplet morphology of the EVA phase dispersed into the

continuous PP phase for the PPEVA2MB sample, previously

observed in Figure 5(a).26,40–43 The reaction of PP and EVA

using DCP and the previous introduction of nanoclay into the

EVA matrix (masterbatch) caused the joined anisotropic mor-

phology for this nanocomposite. Figure 6(a0,b0) show a sche-

matic representation of the different blend morphologies for

PPEVA2D and PPEVA2MB samples.

Nanostructure Morphology

Direct Incorporation Strategy. Figure 7 shows the SAXS pat-

terns of nanoclay I30E and the PPEVA2D and PPEVA6D sam-

ples. For both nanocomposites, the d001 peak shifted to lower

angles (37.6 Å and 35.4 Å)with respect to the peak of the I30E

organoclay (22.7 Å), suggesting the intercalation of PP-EVA

molecules into the clay galleries in agreement to values reported

in the literature for different nanocomposites of PP-EVA/orga-

noclay and PP-EP/EVA/organoclay.14,16,23,27 The larger d-spacing

for the PPEVA2D nanocomposite (37.6 Å) than for the PPE-

VA6D nanocomposite (35.3 Å), see Table III, suggested greater

intercalation at low clay concentrations. However, the intercala-

tion degree for both nanocomposites was of the same order of

magnitude. This result suggested that the incorporation of EVA

macromolecules to PP macromolecules through the previous

reactive blending, the high d-spacing of I30E nanoclay (22.7 Å)

and the nature of the clay modifier (octadecylamine) helped to

intercalate some PP chains into the clay galleries.

TEM micrographs of the PPEVA2D and PPEVA6D nanocompo-

sites at different magnifications are presented in Figure 8. Figure

8(a,b) shows an intercalated morphology for the nanoclay I30 E

Figure 4. SEM micrographs of PP-EVA/clay nanocomposites prepared

through the direct strategy: a) PPEVA2D b) PPEVA6D.

Figure 5. SEM micrographs of PP-EVA/clay nanocomposites prepared

through the masterbatch strategy: a) PPEVA2MB, b) PPEVA4MB,

c) PPEVA6MB at high magnification.
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into the PP-EVA matrix for both clay concentrations (2 and 6

wt %) at low magnifications (53). Some tactoids of nanoclay

sheets (see arrows) are also observed. Moreover, higher magnifi-

cations TEM micrographs (203) shown in Figure 8(c,d) cor-

roborate the intercalated morphology observed at lower

magnifications. However, the intercalation degree was not highly

dependent on nanoclay concentration. This behavior is consist-

ent with the previous SAXS results and with the morphologies

reported for different types of PP/EVA/clay nanocomposites.14,16

Masterbatch Incorporation Strategy. Figure 9 shows the SAXS

patterns of nanoclay I30E, EVA/clay masterbatch and the nano-

composites of PP-EVA with 2%, 4%, and 6% of nanoclay pre-

pared using the masterbatch incorporation strategy. For the

EVA/clay masterbatch and all nanocomposites, the d001 peak

shifts to lower angles with respect to the peak of the I30E orga-

noclay and the nanocomposites prepared by direct incorpora-

tion strategy, suggesting a higher intercalation degree of the PP-

EVA molecules into the clay galleries. The d-spacing for the

EVA/clay masterbatch (38.2 Å) is similar to values reported in

the literature for different nanocomposites of EVA/organo-

clay.14,16,24,27 However, the d-spacing of PP-EVA nanocompo-

sites with 2, 4, and 6% of clay (46.2, 42.0, and 42.0 Å,

respectively) obtained for the masterbatch strategy was higher than

the values reported for the PP/EVA/clay nanocomposite,14–16 and

the larger d-spacing for the PPEVA2MB nanocomposite with

respect to PPEVA4MB and PPEVA6MB nanocomposites, sug-

gests greater intercalation of PP-EVA molecules into the clay

Figure 6. Low magnification TEM micrographs and schematic draw of blend morphology for: a and a0) PPEVA2D and b and b0) PPEVA2MB.

Figure 7. SAXS patterns of nanoclay I30E and PP-EVA/clay nanocompo-

sites obtained through direct strategy.
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galleries at lower clay concentrations. Moreover, the scattering

intensity of the MB10C and the three nanocomposites of PP-

EVA decreased significantly with respect to the scattering inten-

sity of nanoclay I30E, indicating that the MB10C sample and

the PP/EVA/clay nanocomposites prepared via the masterbatch

strategy have an intercalated/exfoliated nanostructure, according

to the observations of Vaia and Giannellis44 and Morgan and

Gilman.45 To probe this proposition, the structural nanocompo-

site morphology was determined using TEM observations.

TEM micrographs of the EVA/clay masterbatch, PPEVA2MB,

PPEVA4MB and PPEVA6MB nanocomposites at different magni-

fications are presented in Figure 10. Low magnification micro-

graphs [Figure 10(a–d)] mainly show intercalated/exfoliated clay

morphology in the MB10C sample; however, a high exfoliation

degree is observed. Additionally, the nanostructure at low clay

concentration (2 wt %) present an intercalated/exfoliated mor-

phology with a high amount of exfoliated clay sheets, while an

increase in the nanoclay concentration (i.e., 4 and 6 wt %) leads

to the formation of a mixed nanostructure (intercalated/exfoli-

ated) with few tactoids. Espinoza-Mart�ınez et al. reported the

presence of two nanoclay populations (intercalated/exfoliated and

tactoids) in PP-EP/EVA/clay systems as a function of the VA con-

centration in EVA polymers,26 and they also noticed the disap-

pearance of tactoids at the highest VA concentrations in EVA.

High magnification TEM micrographs of the EVA/clay master-

batch and all nanocomposites are shown in Figure 10(e–h).

These figures corroborate the highly exfoliated and intercalated/

exfoliated nanostructures observed at lower magnifications for

MB10C, PPEVA2MB, PPEVA4MB, and PPEVA6MB samples.

Chain Mobility and Relaxation

Figure 11(a,b) shows the storage modulus (E0) versus tempera-

ture results for direct and masterbatch strategy nanocomposites.

Table III. d-Spacing of Organoclay I30E, MB10C, and PP-EVA/Clay Nano-

composites Obtained by Direct (D) and Masterbatch (MB) Strategies,

After Lorentz Correction

Sample d (Å)

CLAY I30E 22.7

PPEVA2D 37.6

PPEVA6D 35.3

MB10C 38.2

PPEVA2MB 46.2

PPEVA4MB 42.0

PPEVA6MB 42.0

Figure 8. TEM micrographs at low and high magnifications of PP-EVA/clay nanocomposites obtained by direct strategy: a) PPEVA2D (low), b) PPE-

VA6D (low), c) PPEVA2D (high), and d) PPEVA6D (high). Tactoids are pointed out with arrows.
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Figure 11(a) shows that clay introduction within the PPEVAx

sample increased the storage modulus at low temperatures

(280�C) from 2050 MPa to 2200 and 2450 MPa for nanocom-

posites with 2 wt % and 6 wt %, respectively. Goodarzi et al.14

proposed that the simultaneous incorporation of nanoclay and

compatibilizer (PP-g-MA) leads to a monotonous increase in E’

values for PP/EVA/clay samples due to the penetration of both

PP and PP-g-MA chains into the nanoclay layers and their

immobilization inside the silicate galleries. On the other hand,

Valera-Zaragoza et al.,27 reported an increase of E’ with the con-

centration of nanoclay in a PP-EP/EVA system, attributing to

the confinement of the polymer chains within the clay interlayer

space and by the interactions with the clay nanolayers. In agree-

ment, the increase of storage modulus, in this work, could be

attributed to the decrease of chain mobility of PPEVAx macro-

molecules because their high interfacial interactions with

Figure 10. TEM micrographs at low (a–d) and high magnifications (e–h) of PP-EVA/clay nanocomposites obtained by masterbatch strategy: a) and e)

MB10C, b) and f) PPEVA2MB, c) and g) PPEVA4MB, d) and h) PPEVA6MB samples.

Figure 11. Storage modulus (E’) versus temperature of: a) PPEVAx

and PP-EVA/clay nanocomposites obtained by direct strategy and b) PP

homopolymer, PPEVAx and PP-EVA/clay nanocomposites obtained by

masterbatch strategy.

Figure 9. SAXS patterns of nanoclay I30E, EVA/clay masterbatch and PP-

EVA/clay nanocomposites obtained through masterbatch strategy.
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intercalated clay sheets, which act as a non-melting crystalline

phase.46–48 On the other hand, the mechanical behavior of both

nanocomposites at temperatures greater than the Tg of both

polymers is nearly identical. However, the chain mobility of PP-

EVA matrix in the melt state conditions was increased due to the

introduction of clay nanoparticles,29,30 such as the MFI values

(Table IV) showed. This table reported that the PPEVAx sample

has an MFI 5 5.4 g/10 min, while the PPEVA2D and PPEVA6D

samples have MFI 5 13.6 and 10.1 g/10 min, respectively. Last

behavior indicates that the introduction of nanoclay can enhance

the processability of PPEVAx during different plastic manufactur-

ing processes such as injection or compression molding.

The E 0 versus T results presented in Figure 11(b) show that the

PPEVA2MB sample presents a higher storage modulus, in brittle

and leathery regions, than nanocomposites with 4 and 6 clay %

because the amount of EVA phase was lower than in PPE-

VA4MB and PPEVA6MB samples. The storage modulus decrease

has been previously related to increase of elastomer phase in

dynamically cured PP/EPDM thermoplastic elastomer.28 How-

ever, the differences in the storage modulus at low temperatures

(280�C) between samples (2645, 2581, and 2545 MPa, respec-

tively) are lower because PPEVA4MB and PPEVA6MB nano-

composites have an intercalated/exfoliated nanostructure, which

helps to decrease the chain mobility in the melt state (see MFI

index in Table IV), compared to the PPEVA2MB sample

(mainly exfoliated structure). Additionally, the storage moduli

for all nanocomposites obtained via the masterbatch strategy

are higher than the PPEVAx sample over all temperature ranges.

Table IV. Melt Flow Index (MFI) of PP and EVA Homopolymers, PPEVAx

Sample, and PP-EVA/Clay Nanocomposites Obtained by Direct (D) and

Masterbatch (MB) Strategies

Sample MFIa (g/10 min)

PP 90.4

EVA 59.5

PPVAx 5.4

PPEVA2D 13.6

PPEVA6D 10.1

PPEVA2MB 81.1

PPEVA4MB 25.4

PPEVA6MB 1.0

a ASTM-D1238.

Figure 12. Tan d versus temperature of: a) PP homopolymer, PPEVAx

and PP/clay nanocomposites obtained by direct strategy and b) PPEVAx

and PP-EVA/clay nanocomposite obtained by masterbatch strategy.

Figure 13. Creep-recovery strain versus time of: a) PP homopolymer,

PPEVAx and PP-EVA/clay nanocomposites obtained by direct strategy and

b) PP homopolymer, PPEVAx and PP-EVA/clay nanocomposites obtained

by masterbatch strategy.
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Figure 12 shows the Tan d results for both types of PP-EVA/clay

nanocomposites. Figure 12(a) corroborates the immiscibility of

PPEVAx sample, however some compatibility between phases

was also observed due to the dynamic crosslinking reaction,

especially in the PPEVA6D sample. In addition, it is observed

that the peak corresponding to the EVA Tg (around 219.4�C)

decrease with the introduction of the modified nanoclay

(221.4�C) and the Tan d peak intensity of this sample

decreased due to the increase of chain mobility at low nanoclay

concentration and the reduction of this property at higher

nanoparticles concentration.27 On the other hand, the Tan d
results of PP-EVA/clay nanocomposites prepared through mas-

terbatch strategy [Figure 12(b)] show that as the EVA content

increases, the peak corresponding to the EVA Tg (around

220.2�C) increased their intensity. Additionally, the Tg of PPE-

VA6MB sample increased (18.9�C), indicating a reduction in

the chain mobility of this sample due to the high degree of

crosslinking and high nanoclay concentration.

The analysis of the creep-recovery behavior of PP-EVA/clay

nanocomposites obtained using direct and masterbatch clay

introduction strategies was performed with the strain (%) ver-

sus time (min) traces. Figure 13(a) displays the creep and recov-

ered strain as a function of time for PPEVAx and PP-EVA/clay

nanocomposites obtained from the direct strategy. In the experi-

mental tests, 1 MPa was selected as the applied stress within the

elastic range. These curves present typical viscoelastic–viscoplas-

tic behavior (instantaneous deformation, primary and secondary

creeps). As expected, the creep strain reduced with increased

clay concentration.49 This improvement in creep can be attrib-

uted to a restriction in the slippage, reorientation and motion

of the PP-EVA polymer chains due to the presence of the nano-

particles.50–53 For example, the elastic creep strain (ee
cr) and

maximum creep strain (emax
cr) were reduced from 0.25% and

0.69% for the PPEVAx sample to 0.21% and 0.62% for the PPE-

VA6D sample, respectively.

The sequence of the recovered strain as a function of time is

also presented in Figure 10(a). These curves indicate that the

incorporation of nanoclays improved the elastic recovery; how-

ever, the nanoclays slightly decreased the recovered strain. It was

found that the elastic recoverable strain (ee
rec) and the viscoplas-

tic recoverable strain (evp) of the nanocomposites were not

highly influenced by the clay concentration (e.g., 0.36% and

0.23% for the PPEVAx sample and 0.33% and 0.20% for both

PP-EVA/clay nanocomposites, respectively). This behavior can

be due to the high flexibility of the PP-EVA macromolecular

chains; even at high concentrations of nanoparticles,54–56 or due

to the decrease in the polymer-filler interactions, such as it was

recently reported in a stress relaxation analysis of natural rub-

ber/nitrile rubber/clay nanocomposites.31 Creep recovery is par-

ticularly significant in engineering applications. For example, if

the unrecovered strain is large after removing the applied stress,

the material would suffer unpredictable damage. In this sense,

the results of creep recovery obtained for PP-EVA/clay nano-

composites prepared through the direct clay introduction strat-

egy indicate that these materials have low possibilities to suffer

unpredictable damage during their possible engineering

applications.

Figure 13(b) shows the creep-recovery strain as a function of

time for PP-EVA/clay nanocomposites obtained via the master-

batch strategy. The experiment was also performed at an applied

stress of 1 MPa, and all curves presented a viscoelastic-

viscoplastic behavior. However, it is observed that the creep

strain for these nanocomposites presents an inverse relation to

clay concentration. For example, the elastic creep strain (ee
cr)

and maximum creep strain (emax) for the PPEVA2MB sample

were 0.15% and 0.34%, respectively, while for the PPEVA4MB

sample, they were 0.17% and 0.54%, and for the PPEVA6MB

sample, they were 0.29% and 0.84%. Nevertheless, this behavior

can be explained in terms of the different EVA concentrations

in each PP-EVA/clay nanocomposite. EVA chains have greater

mobility than PP chains; therefore, higher concentrations of

EVA enhanced the elasticity of the PP-EVA/clay nanocomposites

obtained using the masterbatch strategy. This chain mobility

was not greatly affected by the nanoclay presence, the possible

PP-EVA grafting or EVA crosslinking.

The sequence of the recovered strain as a function of time is

also presented in Figure 13(b). These curves indicate that incor-

poration of nanoclays improved the elastic recovery but slightly

decreased the recovered strain. It was found that the elastic

recoverable strain (ee
rec) and the viscoplastic recoverable strain

(evp) of the nanocomposites were highly influenced by the EVA

concentration (i.e., 0.23% and 0.10% for the PPEVA2MB sam-

ple, 0.19% and 0.32% for PPEVA4MB, and 0.54% and 0.36%

for PPEVA6MB). Finally, the creep-recovery behavior for PP-

EVA/clay nanocomposites obtained using the masterbatch strat-

egy indicated that the PPEVA2MB sample had better mechanical

stability under constant load and on removal of the load. The

behavior of this nanocomposite was close to the polypropylene

homopolymer behavior (see Table V).

CONCLUSIONS

The reaction of PP and EVA chains, using DCP as the initiator,

mainly generated a PP-EVA chemical bond, which helped to

enhance the compatibility between the PP and EVA phases, and

the interaction between nanoclay sheets and PP-EVA chains pro-

ducing nanocomposites with intercalated nanoclay sheets,

mainly located in the co-continuous EVA-PP interfaces, for the

direct strategy, and PP-EVA/clay nanocomposites with exfoliated

Table V. Creep and Recovery Strain Parameters for PP Homopolymer,

PPEVAx Sample, and the PP-EVA/Clay Nanocomposites Samples Obtained

by Direct (D) and Masterbatch (MB) Strategies

Sample ee
cr (%) emax

cr (%) ee
rec (%) evp (%)

PP 0.07 0.20 0.10 0.01

PPVAx 0.25 0.69 0.36 0.23

PPEVA2D 0.25 0.67 0.33 0.20

PPEVA6D 0.21 0.62 0.33 0.20

PPEVA2MB 0.15 0.34 0.23 0.10

PPEVA4MB 0.17 0.54 0.32 0.19

PPEVA6MB 0.29 0.89 0.54 0.36
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nanoclay sheets mainly located in the EVA domains of a droplet

(2 wt % clay) or co-continuous (6 wt % clay) blend morphol-

ogy, due to the high covalent interactions between EVA and

nanoclays sheets, for the masterbatch strategy.

The clay introduction strategy had also a significant effect on

the dynamic mechanical properties at low temperatures, the

melt flow and the creep-recovery behavior of PP-EVA/clay

nanocomposites in terms of the chain mobility and chain relax-

ation, generating PP-EVA/clay nanocomposites with a wide

range of mechanical (e.g. stiffness, creep resistant, and creep

recovery) and rheological properties. These properties can be

exploited by different engineering applications, such as automo-

tive industry, which usually required materials with high stiff-

ness where appearance, moldability, dimensional conformity, or

low weight can be promoted by the use of these materials.
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