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Abstract

We perform comprehensive rheological and morphological investigations of multicomponent system of polypropylene (PP)/
ethylene vinyl acetate copolymer (EVA)/Clay/N-alkoxy hindered amine type flame-retardant (NOR) in the presence of two
types of compatibilizers. Effects of each component on the relaxation mechanisms were discussed in detail and correlated
with the microstructural evolution governed by physical and chemical interactions between the components. Temperature
sweep experiments indicated that in the blend nanocomposites, viscosity always increases by increasing temperature. This
was found to be related to the migration of nanoclay in the system, originated from new thermodynamic state at the elevated
temperatures. Differences in kinetics of morphological evolutions in the blend nanocomposites were explained based on the
initial location of clay platelets, Stokes—Einstein relation in association with the rheological properties of the counterpart
flame-retarded blend systems, and presence of chemical reactions. Moreover, enhanced miscibility/compatibility between
PP and EVA phases at high temperatures was inferred from time sweep rheological data and then visualized using scanning
electron microscope.

Keywords Rheology - Morphology - Filled polymer - Polymer blend - Relaxation time spectrum

Introduction

Polymers are a unique class of modern materials that pro-
vide numerous advantages such as strong mechanical per-
formance and light mass density. Despite their various
supremacies, polymers are weaker than conventional met-
als and ceramics in some aspects such as fire and chemical
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resistance at elevated temperatures. As a result, various types
of heat stabilizers (Murphy 2003b) and flame retardants
(Murphy 2003a) have been developed in order to improve
their drawbacks concerning high-temperature applications
and flame resistance properties. Flame retardants and heat
stabilizers can be organic or inorganic in their nature. It
was indicated that the highest efficiency is achieved when a
hybrid system of organic and inorganic additives is imple-
mented (Hsiue et al. 2001; Qian et al. 2011; Tan et al. 2015;
Yu et al. 2014). One of the problems associated with the
conventional organic flame retardants such as aluminum
hydroxide and magnesium hydroxide is their adverse effects
on processability and mechanical performance of the host
polymer (Guan et al. 2015; Sain et al. 2004; Zhao et al.
2017). In addition, application of some types of flame retard-
ants such as halogenated compounds are limited/inhibited
in the European Union and some parts of the USA due to
their adverse environmental and health impacts (Aznar-
Alemany et al. 2018; Blum et al. 2019; Hull et al. 2014;
Shaw et al. 2010; Venier et al. 2015). Besides, some other
types of heat stabilizers and flame retardants are chemistry
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Scheme 1 a Degradation of (a)
nitroxylether groups. b Principal
free radical reactions in the gas
phase (flame); reaction 3 is the
most exothermic one which can
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specific, i.e., they will only be effective when added into a
specific type of polymers (Hoang and Kim 2008; Schmitt
2007; Weil 1978; Yang et al. 2016). Thus, selection of an
efficient flame retardant which can also pass the regulative
rules is an important step in designing flame-retarded and
heat-stabilized polymeric compounds.

Among different types of polymers, polyolefins as the
widely used commodity polymers have the largest share in
applications such as home appliances, and cable and automo-
tive industries (Galli 1999; Galli and Vecellio 2004; Sinclair
2001) where there is a high risk of fire and high temperature
degradation (Tolinski 2015). In order to attain the desired
properties, in most of these applications, polymers are used
in blend form rather than individually. Blends of polypro-
pylene (PP) and ethylene vinyl acetate copolymer (EVA) are
among widely used polyolefin blends which offer a balanced
stiffness/toughness mechanical properties (Faker et al. 2008;
Razavi et al. 2015a). Studies regarding fire retardancy and
heat stability of PP (Enescu et al. 2013; Seidi et al. 2020;
Shao et al. 2014) and EVA (Bourbigot et al. 1999; Camino
et al. 2000; Feng et al. 2015; Shi 2000; Szép et al. 2006; Yen
et al. 2012) form an important area of the academic research
in polymer science and technology. Numerous studies have
been carried out over the years on the chemistry and process-
ing aspects of PP/EVA flame-retarded and heat-stabilized
multicomponent systems (Goodarzi et al. 2010; Rafiee et al.
2016; Ren et al. 2018). Recently, it has been found that
N-alkoxy hindered amine which was conventionally used
as a light stabilizer for polyolefins (Galbo et al. 2002; Win-
ter et al. 1993), abbreviated as HALS (hindered amine light
stabilizer) (Goedderz et al. 2020, Zhang et al. 2018), can
significantly increase the fire resistance of polymers (Roth
2013). These flame retardants, commercially known as NOR
(Goedderz et al. 2020; Nicolas et al. 2006; Pfaendner 2006,
Roth 2013), contain nitroxylether groups which on degrada-
tion, produce highly reactive radicals (Scheme 1a) (Entezam
et al. 2013). Those radicals can enter the gas phase and sup-
press the exothermic reactions (reaction 3 in Scheme 1b)
(Green 1996; Lewin and Weil 2001) and thereby act as an
efficient flame retardant. The mechanism of flame retardancy
of these materials in the gas phase is similar to that of halo-
genated flame retardants; however, they do not contain any

@ Springer

halogenated and toxic compounds and are environmentally
safe (Rault et al. 2015; Tirri et al. 2019). Another advantage
of NOR is that as they are organic compounds, it is easy to
process and mix them with polymers. Chemical structure
of NOR 116, which has been used in this study, is shown in
Fig. 1d. This flame retardant can also be effective in solid
phase by causing extensive dripping and whereby protect-
ing the polyolefin from flame (Klatt 2014). As mentioned
before, flame retardant systems are usually introduced as a
hybrid system of organic and inorganic mixtures into poly-
mers where the synergistic effects can be expected (Wang
et al. 2019; Xie and Qu 2001). Nanoclay has been found to
be an effective inorganic additive that in addition to improv-
ing mechanical and barrier properties of polymers can also
serve as an efficient flame retardant by influencing physical
and chemical mechanisms in the solid phase (Beyer 2002;
Kiliaris and Papaspyrides 2010). Mechanism of flame retar-
dancy of organo-modified nanoclay in PP has been studied
in detail by Qin et al. (2005).

Flame retardant properties of PP, EVA, and their blend
nanocomposites containing nanoclay have been extensively
studied by introduction of different types of flame retardants.
These studies mainly focus on thermal measurements, mech-
anisms of degradation in absence and presence of oxygen,
and flammability and fire properties through fire retardancy
experiments including limiting oxygen index (LOI) and cone
calorimeter measurements (Dikobe and Luyt 2010; Haurie
et al. 2007; Li and Qu 2003; Nie et al. 2013; Valera-Zaragoza
et al. 2006; Wu and Qu 2001). The missing piece of all these
studies is the microstructural investigations regarding the
initial morphology in such a complex multicomponent sys-
tem containing two polymeric phases (PP and EVA), flame
retardant, nanoclay and possibly a compatibilizer which can
be used to achieve uniform dispersion and distribution of
different components and to improve interfacial properties
between two polymeric phases. Also, evolution of viscosity
and initial morphology in sublayers of the burning sample
during temperature rising are other important aspects which
need to be carefully investigated.

In this paper, we study the effects of N-alkoxy hindered
amine (NOR116), as an environmentally friendly flame
retardant, nanoclay, and two types of compatibilizers, on
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Fig. 1 Chemical structures of
a compatibilizer 1: polypropyl-
ene-graft maleic anhydride C,,
b compatibilizer 2: Elvaloy®
PTW C,, ¢ organo-modifier

of clay, and d flame retardant:
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the microstructure of the PP/EVA flame-retarded blend
nanocomposites. Changes in viscosity, morphological, and
rheological properties of the system over the wide range of
temperatures, from room temperature to degradation onset,
are precisely investigated. The study also provides a rich
physical insight into the correlation between rheology and
morphology of complex multicomponent polymeric sys-
tems, in addition to a specific case study on the PP/EVA/
Clay/NOR blend nanocomposites.

Experimental
Material

PP (Moplen HP501H; density =0.9 g/cm?, MFI at 230 °C
and 2.16 kg=2.1 g/10 min) from Basell, EVA (Escorene
Ultra UL00218CC3; density =0.94 g/cm3, MFI at 190 °C
and 2.16 kg=1.7 g/10 min, vinyl acetate content= 18 wt.%)
from Exxon Mobile Chemical Company, Polypropylene-
graft maleic anhydride (Polybond 3200, density =0.91 g/
cm?®, MFI at 190 °C and 2.16 kg= 115 g/10 min)—which
will be called compatibilizer 1, C; hereinafter—from

Chemtura, and Elvaloy® PTW (density =0.94 g/cm?, MFI
at 190 °C and 2.16 kg =12 g/10 min) which is a terpolymer
of ethylene, butylacrylate (BA) and glycidylmethacrylate
(GMA)—compatibilizer 2, C,—from DuPont, commercial
nanoclay Nanofil® 5 (MMT-Na+ modified with dimethyl,
dehydrogenated tallow, quaternary ammonium) from Siid-
Chemie, and a specific type of N-alkoxy hindered amine
(NOR 116, M,,=2261, melting range = 108-123 °C) from
BASF which is specified as a new generation of eco-friendly
flame retardants for polyolefins, were used in formulation
of samples. Prior to melt blending, all the materials were
dried for 16 h at 80 °C in a vacuum oven. Chemical struc-
tures of compatibilizers, organo-modifier of nanoclay, and
flame retardant (NOR116) are presented in Fig. 1. Scheme 1
represents the degradation pathway of nitroxylether groups
and mechanism of flame retardancy in NOR type materials.

Sample preparation
A twin-screw micro compounder MC 15 (Xplore, Nether-
land) was employed to mix all the components for 5 min

under screw speed of 200 rpm. Set-point temperature for
compounding was 190 °C. However, because of drifts in the
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temperature and also shear heating during compounding,
temperature can increase to 200 °C. The compounded mate-
rials were submerged in a cold-water pool and then dried in a
vacuum oven at 50 °C for 24 h. The compositions of the pre-
pared samples and their representative codes are presented
in Table 1. Samples included pure PP, pure EVA, their pure
blend, and also composites of PP/EVA with compatibilizer,
clay, and NOR. Weight ratio of PP to EVA was kept equal
to 75 to 25 in all the composites while weight percentage
of other ingredients were varied between 2.5 and 5 wt. %.

Characterization

Morphology

Scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM and EDX) Scanning electron microscopy
(SEM; Cambridge S360, 20 kV, UK) was employed to char-
acterize the morphology of blends, while energy dispersive
X-ray spectroscopy (EDX) (Oxford Inca Energy350, UK)
was used in order to determine the dispersion state of flame-
retardant molecules. A compounded strand of each sample
after proper drying was cryofractured in liquid nitrogen.
Samples were then sputter coated with gold for good con-
ductivity of electron beam prior to observation under the
SEM-EDX.

Transmission electron microscopy (TEM) Transmission elec-
tron microscope (TEM; Philips EM208 microscope, 100 kV,
Netherlands) was used to investigate the dispersion state of
nanoclay and its partitioning between polymeric phases. The
samples were microtomed at — 120 °C.

Linear rheology

Dynamic rheometry in the melt state was carried out using
stress-controlled rheometer (Anton Paar MCR301, UK)
equipped with parallel plate geometry (diameter =25 mm,
gap=1 mm). The samples were prepared as discs of
25-mm diameter and 2-mm thickness by compression
molding at 200 °C. All measurements were done in a dry
nitrogen atmosphere to suppress oxidative degradation. To
achieve thermal equilibrium and structural relaxations, a
waiting time after loading was applied before any meas-
urement. Dynamic strain sweep data showed that rheologi-
cal measurements performed at the strain of 5% safely fall
within the linear viscoelastic limit of all samples. Rheo-
logical experiments were done in three different ways as
follows:

I. Dynamic frequency sweep experiment in the fre-
quency range of 0.01 to 100 rad/s and fixed tempera-
ture of 200 °C.

II. Temperature sweep experiment with the heating
rate of 2 °C/min from 200 to 300 °C in the fixed
frequency of 0.03 rad/s.

III. Three-stage time sweep experiment at 290 °C as
shown in Fig. 2. After this protocol, the sample was
immediately submerged in liquid nitrogen and then
cryofractured in order to observe its morphology at
the elevated temperatures near its degradation onset.
This experiment was performed with the aim of
assessing the miscibility state of PP and EVA at the
elevated temperatures.

Table 1 Composition and

g Sample code
representative codes of the

Composition (wt. %)

studied samples PP EVA PP-g-MA PTW Nanofil5 NOR116
PP 100 0 0 0 0 0
EVA 0 100 0 0 0 0
B 75 25 0 0 0 0
B/C, 71.25 23.75 5 0 0 0
B/C, 71.25 23.75 0 5 0 0
B/Nf5 71.25 23.75 0 0 5 0
B/NOR5 71.25 23.75 0 0 0 5
B/NORS5/C, 67.5 225 5 0 0 5
B/NOR5/C, 67.5 225 0 5 0 5
B/NOR-Nf5 71.25 23.75 0 0 2.5 25
B/NOR-Nf5/C, 67.5 225 5 0 2.5 25
B/NOR-Nf5/C, 67.5 22.5 0 5 2.5 2.5
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Fig.2 Rheological protocol used to assess miscibility state of PP and
EVA at the elevated temperatures

Thermogravimetric analysis (TGA)

To investigate thermal degradation of PP, EVA, and their
blend, TGA measurements were performed under Nitrogen
atmosphere using TGA analyzer (TA instruments, Q500).
About 15 mg of each sample was heated from room tem-
perature up to 700 °C with the rate of 10 °C/min.

Results and discussion

In analogy with the experimental section, the results and
discussion part is arranged in the same order but with
an additional sub-section (“Comments on the origins of
elasticity and relaxation in the multicomponent polymeric
systems”) to offer an experimentally driven view point on
the origin of elasticity and relaxation in multicomponent
polymeric systems.

Morphological studies

SEM was used to study the effect of different ingredients
on the blend morphology, droplet size, size distribution,
and dispersion quality of flame retardant in samples, while
TEM were implemented to investigate the nanoclay mor-
phology and its partitioning in the blend nanocomposites.

SEM

Figure 4a shows the morphology of neat PP/EVA 75/25
blend, in which EVA droplets are dispersed in the PP

matrix. Later it will be shown that all the other multicom-
ponent samples have the same dispersed/matrix type of
morphology, regardless of their composition. In order to
have a better comparison between different samples and
quantify the effect of different components on morphol-
ogy, morphological parameters in terms of number average
diameter (D,), volume average diameter (D,), and polydis-
persity (PD) of the droplet size of different samples, except
for B/Nf5 sample in which EVA does not have droplet
shape, were calculated according to Eqgs. (1-3).

_ E n;D;

D,= S 6]
> D}
D‘7=Zn<D3 @
150
B
B/C,
120+ B/C,
B/NORS
B/NORS/C,
> 90 B/NORS/C,
§
5 60-
~
30
O' T T T
00 01 02 03 04 05

D (um)

Fig. 3 Particle size distribution of different samples as fitted by nor-
mal distribution function. The Y-axis has been scaled by the number
of measurements for an individual sample

Table 2 Morphological parameters of samples with droplet/matrix
morphology: number average diameter D, and polydispersity PD

Sample D, (pm) PD

B 0.27 1.32
B/C, 0.23 1.24
B/C, 0.22 1.19
B/NORS 0.20 1.11
B/NORS/C, 0.22 1.22
B/NOR5/C, 0.24 1.18
B/NOR-Nf5/C, 0.17 1.10
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Fig.4 SEM micrographs representing the effect of compatibilizer on the morphology of blend: a B, b B/C,, and ¢ B/C,

D, (scaled by the number of measurements in each case) to the

PD = D € particle size distribution of different samples. It is seen that
the different components meaningfully affected the morphol-

where n; is the number of droplets having diameter D;.  ogy. To have a better comparison, values of D, and PD as
Figure 3 shows the fitting of normal distribution function  the two important parameters are tabulated in Table 2. It is

n

Fig.5 SEM micrographs
representing the effect of flame
retardant and its simultaneous
presence with compatibilizer on
morphology of the blend: a B, b
B/NORS, ¢ B/NORS/C, and d
B/NOR5/C,
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Fig.6 SEM-EDX results indi-
cating uniform distribution of
flame retardant in the blend: a
SEM of B/NORS5, b EDX spec-
tra taken from EVA droplet,

¢ EDX-spectra taken from PP
matrix, and d EDX 2D-map of
Nitrogen atoms

Sum Spectrum

(b)

Full Scale 2921 cts Cursor: 16818 (4 ct=)

Fig.7 SEM micrographs rep-
resenting the effect of nanoclay
(Nf) on the morphology of
blend: a B and b B/Nf5

to be noted that extracting of the morphological parameters
was based on large number of particles, ca. at least 150 par-
ticles, where SEM images with less magnification than what
are presented in Figs. 4, 5, 6, 7, and 8 were considered in
calculating D; values.

1 Nitrogen map

From Table 2 and SEM images of Fig. 4, it is seen that
addition of C, and C, results in reduction of droplet size
and improvement in size uniformity. Compatibilizers can
migrate into the interphase during processing due to their
chemical affinity to both phases (like dissolves like), and
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Fig.8 SEM micrographs repre-
senting the effect of simultane-
ous presence of nanoclay and
flame retardant in the presence
and absence of compatibilizer
on the morphology of the blend:
a B, b B/NOR-N{5, ¢ B/NOR-
Nf5/C;, and d B/NOR-Nf5/C,

having relatively lower molecular weight compared to long
polymeric chains and by reducing surface tension, they
can result in reduction of particle size (Ajji and Utracki
1996). It can be inferred from the results that C, is more
effective than C, in this regard. The reason behind higher
compatibilization efficiency of C, will be discussed using
the rheological measurements in the next sections.

The SEM images presented in Fig. 5 show the effects
of flame retardant (NOR) in the presence and absence of
the compatibilizers on the morphology of PP/EVA blend.
Incorporation of NOR only to the blend results in reduction
of particle size and its uniformity, similar to what have been
seen for compatibilizer (Table 2). Plausibly, NOR molecules
were initially localized in the matrix, but over the course of
blending they migrate toward EVA, due to their more polar
nature and chemical affinity to the EVA phase. Since the
molecular weight of NOR is significantly lower than poly-
mer, it is possible that its entry to the EVA droplets reduce
the viscosity of dispersed phase and accordingly make it
easier for the PP matrix to break up the EVA droplets to
smaller sizes. Presence of NOR molecules in both phases is
indicated in Fig. 6 where the EDX spectra taken from droplet
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and matrix indicate the presence of Nitrogen atoms in both
phases. EDX 2D-map of Fig. 6d demonstrates uniform dis-
tribution and dispersion in the sample.

NOR is more effective than C, and C, regarding reduction
of particle size. But its effect is less significant when added
simultaneously with compatibilizer. This can indicate that
the compatibilizer prevents NOR concentration in EVA by
promoting its uniform distribution in the system. Results of
EDX for compatibilized flame-retarded samples (not shown
here), i.e., B/NORS5/C, and B/NORS5/C,, indicate a uniform
distribution of flame retardant in the sample, similar to
uncompatibilized one.

Prediction of nanoclay morphology and its partitioning
in polymer blend nanocomposites have been systematically
studied in the recent years (Razavi et al. 2016, 2017, 2018,
2015b). Partitioning of nano particles between different
phases and their final location in a polymer blend nanocom-
posite are controlled via combination of thermodynamic
and kinetic parameters (Razavi et al. 2018). Difference in
polarity and interfacial tension of individual components
are the key thermodynamic parameters while viscosity
ratio of phases and mixing time are the governing kinetic
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factors. Using Young’s equation and geometric mean value
of Wu (Razavi et al. 2018), wetting coefficient (the details
of wetting coefficient calculation is presented in the discus-
sions regarding temperature sweep rheological data in the
section “Temperature sweep”) of the system comprised of
PP, EVA, and clay (Nanofil) at the processing temperature
estimated to be equal to 0.89 (EVA is the second phase),
implying that in the absence of any kinetical effect, clay
(Nf) is preferentially localized at the interface with more
tendency toward EVA phase. However, during the limited
processing time, the thermodynamic equilibrium state may
not be achieved. By introduction of clay into the blend in
SEM images of Fig. 7, we can see that most of the EVA
spherical particles disappear and some of them become very
tiny in size. Similar change in morphology has been reported
in the vicinity of phase inversion composition (Steinmann
et al. 2001); however, in this case, the morphology change is
barely related to phase inversion as the composition of blend
is far away from phase inversion composition. The elongated
morphology and disappearance of EVA particles circular
shape could result from localization of clay nanoplatelets at
the interface or inside the EVA domains. Reduction of size
of dispersed particles is due to the compatibilization role of
nanoclay which has been reported in other studies (Ammar
et al. 2017; Salehiyan et al. 2016). The TEM results in the
next section will verify the accuracy of our prediction about
nanoclay location in the blend.

Simultaneous presence of flame retardant and nanoclay
(NOR and Nf) refines the morphology more than before and
generates a uniform morphology with hardly distinguishable
boundary between the phases (Fig. 8b). The same effect is
preserved when compatibilizer C, is added into the system
(Fig. 8d). While, addition of compatibilizer C, into B/NOR-
Nf5 retrieves the matrix-dispersed morphology again albeit
with smaller dispersed phase domains. Recovering of drop-
let-matrix type of morphology upon addition of C, could
be a result of localization of the larger portion of nanoclay
in the matrix compared to B/NOR-Nf5 and B/NOR-Nf5/
C, where higher portions of clay have been localized at the
interface or EVA phase. Among the samples with spherical
shape of dispersed phase, it can be inferred from Table 1
that B/NOR-Nf5/C, has the finest EVA particle size. In addi-
tion to the compatibilization effect of C, the localization of
clay in the matrix and subsequent increased viscosity of this
phase is an additional factor that inhibits the coalescence of
EVA particles during processing and yields a finer morphol-
ogy upon addition of C; to B/NOR-Nf5.

TEM

Nanoclay distribution/dispersion, intercalation/exfoliation
state, and partitioning in the blend were directly visualized
using TEM micrographs, shown in Figs. 9 and 10. In these

figures, each row illustrates the morphology of individual
sample in three different magnifications. The scale bars are
representative of length scale equal to 500 nm, 200 nm, and
100 nm, from left to right, respectively. The observed mor-
phologies in TEM images are consistent with the predic-
tions made using SEM micrographs in the preceding sec-
tion. In Fig. 9 which is related to the B/Nf5, B/NOR-Nf5
and B/NOR-Nf5/C,, it can be seen that clay platelets have a
combination of intercalated and exfoliated states which are
preferentially localized in the EVA domains and at the inter-
face, as predicted. Because of clay localization in the EVA
phase, elongated shape of clay platelets has been induced
on the EVA domains. Red arrows indicate the presence of
clay platelets inside the EVA domains and at the interface
whereas, no clay particles are observed in the matrix.

In B/NOR-Nf5/C,, unlike other nanocomposites, addition
of C, into B/NOR-Nf3, as previously predicted from SEM
results and can also be seen by the blue arrows in Fig. 10,
results in localization of higher portions of clay platelets
inside the matrix, and thus, constraining the entrance of
nanofiller into the EVA domains. Consequently, as it was
observed in Fig. 8c, the EVA phase appears as spherical
domains unlike the other nano-filled samples, in which
localization of clay inside EVA phase resulted in formation
of elongated and non-spherical domains.

Rheology

Study of the linear rheological properties of polymeric
multicomponent systems could be a powerful approach to
acquire extensive knowledge regarding interaction of dif-
ferent components with each other and resulting morphol-
ogy of the system. Moreover, at higher temperatures during
flame where temperature of layers underneath the burning
surface increases and sample melts and flows due to gravity
(gravity mimics low shear rate deformation in the sample),
measurement of rheological properties is important and can
help us in material design and modeling of degradation and
burning in polymers. The rheological data are studied in
three main parts; first part aims to understand the micro-
structure of multicomponent systems and interactions of dif-
ferent components with each other through frequency sweep
studies in the linear region. A major part of discussions is
devoted to analyzing the relaxation spectra of samples. In the
second part, temperature sweep measurement of rheological
properties is performed with the aim to understand the rheo-
logical properties in the degradation pathway and evolution
of microstructures and interaction of different components
with each other. The final section is designated to attest the
speculation which is made about the miscibility of PP and
EVA at the elevated temperatures based on the changes in
the interfacial tension of blend. Before proceeding to analyze
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Fig.9 TEM micrographs of a, a’, a’” B/Nf5; b, b’, b” B/NOR-Nf5;
and ¢, ¢, ¢”” B/NOR-Nf5/C,, at three different magnifications. Scale
bars from left to right are indicative of distance equal to 500 nm,

the rheological data, we are going to have a separate section
about the origins of elasticity and different types of relaxa-
tions in complex polymeric systems. This sub-section could
be very informative regarding understanding the rheologi-
cal properties of multicomponent polymeric systems and
will significantly help us to precisely analyze the relaxation
spectra of different samples.

@ Springer

200 nm, and 100 nm, respectively. Red arrows and dashed boundaries
demonstrate the preferential localization of clay nanoplatelets at the
interface or inside the EVA domains

Comments on the origins of elasticity and relaxation
in the multicomponent polymeric systems

Different sources can contribute to the overall elasticity of a
multicomponent polymeric system in the melt state (Razavi
et al. 2016, 2018). Consider a multicomponent polymeric
system composed of polymer 1, polymer 2, and filler. In
such a system, there are other sources that determine the
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Fig. 10 TEM micrographs of B/NOR-Nf5/C, at three different mag-
nifications. Scale bars from left to right are indicative of distance
equal to 500 nm, 200 nm, and 100 nm, respectively. Blue arrows

final magnitude of elasticity, in addition to the individual
components. Generation of new interface/interphase (Lee
and Park 1994) and possible existence of higher order struc-
tures could be the new sources of elasticity in this complex
system (Almdal et al. 1992). Assuming a case where a small
perturbation at the linear region, e.g. small amplitude oscil-
latory shear (SAOS) experiment, is exerted on a filled-multi-
component sample, we could face the following phenomena:

i. Relaxation of the polymeric chains at the bulk of indi-
vidual polymer: this relaxation is not different from
the relaxation of the single-phase polymer that takes
place through reptation.

ii. Relaxation of polymer chains at the interphase: the
structure of the interphase depending on the compat-
ibility/miscibility of the chains at this region or exist-
ence of reaction at the interface (e.g., in reactive com-
patibilization) could be significantly different from the
bulk. Therefore, the chains at the interphase can have
different relaxation times than in the bulk. In other
words, a single chain at the interphase can relax in the
media that its mean-field properties are different from
the chain in the bulk.

iii. Relaxation of the deformed particles: in an incompat-
ible or immiscible blend, after removal of perturba-
tion source, the deformed droplets of the dispersed
phase return back to their original shapes (phenom-
enon known as shape relaxation (Bousmina 1999)), in
order to minimize the free energy. The driving force
that acts on the surface of a deformed droplet to push
it back to its original shape depends on the interfacial
area (size of particle) and interfacial tension. There-
fore, the smaller the particle size and the interfacial
tensions, the longer the time needed for shape relaxa-

show the localization of nanoclays at PP matrix and dashed bounda-
ries indicate the clays localized at the boundaries. No clay is detect-
able inside the EVA domains

tion to take place. An important conclusion is that
at a constant droplet size, the shape relaxation time
is longer in a compatibilized blend than in its non-
compatibilized counterpart.

iv. Relaxation of filler/polymer network: the direct con-
nection of the filler particles to one another or their
indirect connection through bridging chains can make
a three-dimensional network of filler/polymer. The
relaxation of chains involved in this network, or shape
relaxation of the network as an individual unit, is the
other types of relaxations that may exist in nanocom-
posites. However, it is usually impossible to experi-
mentally observe these relaxations at the accessible
time and temperatures of the rheological experiments.

Among the different types of relaxation mechanisms
mentioned above, usually i has the shortest relaxation
time, and in the absence of significant difference in
the chain architecture and molecular weights between
polymers, the bulk relaxation of the individual poly-
mers take place at the comparable time scales. In the
absence of reactive compatibilization, chains at the
interphase relax at the time scale comparable to i, as
well. Shape relaxation time is usually one to two orders
of magnitudes longer than chain relaxation time. The
longest relaxation time relates to the relaxation of the
filler/polymer network, iv.

Frequency sweep
Figure 11a and b show the complex viscosity Il and stor-

age modulus G’ of the neat polymers and their blends in
the absence and presence of two types of compatibilizers.
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Fig. 11 Results of SAOS
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The neat polymers, PP, and EVA indicate typical linear melt
behavior at the terminal region. Zero shear viscosity of EVA
is higher than PP and its values for blends fall in between of
corresponding pure components. For compatible and incom-
patible blends, it has been observed that when there is a
notable viscosity difference between polymers, zero shear
viscosity of blend has an intermediate value in between pure
polymers, while when the viscosities of pure polymers are
comparable, usually the viscosity of blend is higher than
pure polymers and its curve locates above the curve of pure
components (Kontopoulou et al. 2003; Wu et al. 2008). On
the other hand, for miscible polymeric pairs with a compa-
rable melt index, the viscosity of blend is always between
the pure polymers (Hameed and Hussein 2004). At higher
frequencies, viscosities of different samples are comparable
due to the higher shear-thinning behavior of EVA and blend
systems.

Storage modulus is a more sensitive material function that
can highlight the structural differences of polymeric sys-
tems. It has been observed that polymer blends have higher
elasticity at the terminal region and their behavior deviates
from linear melt with dependency of G’ ~w?. The increased
elasticity of blend at this region is the consequence of shape
relaxation, i.e., the relaxation of the droplets of dispersed
phase. The relaxation times of the dispersed particles are
usually longer than the reptation time of the individual
polymer chains; therefore, by the time that polymer chains
have already been relaxed through reptation, the unrelaxed
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droplets keep the elasticity of the blend high and conse-
quently less dependency of G’ on w at the terminal region is
observed. The arrow on Fig. 11b indicates increased elas-
ticity resulting from relaxation of the deformed dispersed
phase. Addition of compatibilizer into the system results in
higher elasticity. This effect is more pronounced when the
blend is compatibilized with C, compatibilizer. Reduction of
particle size and increased interaction between the phases at
the interface are the two means by which addition of a com-
patibilizer can increase the elasticity at the lower frequency
limit. As it was mentioned in the previous section, longer
times are required for the smaller droplets to relax to their
original shapes. This is due to their smaller surface areas and
consequently less driving force from the interface to push
them back to their original shapes. Alternatively, when there
are strong interactions between phases at the interface, i.e.,
smaller interfacial tension, there will be less driving force
to push the droplets back to their un-deformed states, and
therefore, the shape relaxation time will be again longer.
As it can be noticed from Fig. 11b, the shape relaxation in
B/C, is more pronounced than in B/C;. In SEM images,
we observed that particle sizes of the dispersed phase in B/
C, and B/C, are almost the same; therefore, the increased
elasticity in B/C, compared to B/C, is mainly due to the
difference in the quality of interface rather than particle
size of dispersed phase. In other words, since the interfacial
interactions in B/C, is stronger, i.e., less interfacial tension,
so the shape relaxation time in this sample is longer than
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B/C,, resulting in the larger elasticity of this sample in a
same range of frequency. Calculation of interfacial tensions
of blends based on morphological and rheological meas-
urements, e.g., using Palierne emulsion model (Graebling
et al. 1993; Razavi et al. 2018), could be very helpful for
quantitative comparison of interfacial tensions between dif-
ferent samples; however, our focus in this study is on the
phenomenological and qualitative aspects.

Cole—Cole equation and its corresponding plot are widely
used for analyzing the dielectric data in materials science
(Metzler and Klafter 2002). Similar approach was adopted
to interpret SAOS rheological data by plotting imaginary
viscosity = G'/w versus real viscosity n'=G"/w (Frie-
drich and Braun 1992). This plot can also be used to visu-
ally assess the state of miscibility and compatibility in
polymeric blends. For a single-phase linear polymer with
a Maxwellian behavior, the Cole—Cole plot has semicircu-
lar (arc) shape (Han and Kim 1987) indicating the absence
of complex relaxation mechanisms. The same shape is also
observed for the miscible blends where the curve of blend
is located between that of pure components. As it was men-
tioned in the section “Comments on the origins of elasticity
and relaxation in the multicomponent polymeric systems,”
different mechanisms can contribute to the elasticity of a
multicomponent system. Those additional sources of elas-
ticity will affect the shape of Cole—Cole plot in a particular
way. In Cole—Cole plots of blend samples and corresponding
polymers presented in Fig. 11c, it can be seen that curves
of PP and EVA have semicircular shape. This indicates the
presence of a single group of relaxation times in these sam-
ples. The two humps observed in the curves of the blend
samples, from left (corresponding to higher frequencies) to
right (corresponding to lower frequencies), are related to
the bulk relaxation of chains in the blend and shape relaxa-
tion of dispersed phase, respectively. Presence of strong
interactions at the interface of B/C, deviates the curve from
arc shape and causes flattening and emergence of tail at the
lower frequencies.

To get deeper insights into the relaxation of samples, dis-
crete relaxation time spectrum for each sample is obtained
by fitting generalized Maxwell model to the experimental
storage G' and loss G"” moduli obtained from SAOS meas-
urement by using Eqgs. 4 and 5:

, v (@A)

Gw)=Y H— " 4
@)= X, Hir @ @
" N wjﬂl

In these equations, H; is elastic modulus corresponding
to relaxation time of 4;. In other words, H is the contribution

of relaxing species having the relaxation time of A into the
elastic modulus. Relaxation spectra are usually represented
as H(A) vs A or AH(Z) vs A, where the X-axis is usually in log
scale and Y-axis is in linear scale. In the latter representa-
tion, the Y-axis is multiplied by A in order to magnify the
relaxations at the long times that may have less contribution
to the overall elasticity and may be harder to be detected
in H(A) vs A curve. The details of calculation of relaxation
spectrum based on SAOS experiment have been presented
in our previous publication (Razavi et al. 2017).

Figure 11d shows AH(A) vs 4 for the PP, EVA, and their
non-compatibilized and compatibilized blends. Pure poly-
mers have unimodal distribution of relaxation times indicat-
ing the presence of a unimodal distribution of molecular
weight in the corresponding samples. The two peaks visible
in the spectra of blend samples indicate two dominant relax-
ation mechanisms; the one at shorter times located between
pure components relates to the relaxation of polymer chains
at the bulk and interphase, which we will call it blend relaxa-
tion here in after, and another one at longer times is related
to the shape relaxation of the dispersed phase. There is not
much difference between relaxation spectrum of B and B/C;
however, the shape relaxation time of the blend that is com-
patibilized with C, is significantly longer than other blends
which as mentioned before, are related to the presence of
strong interactions at the interface of this sample. As previ-
ously stated, H(4) shows the contribution of relaxing species
having the relaxation time of 4 into the elastic modulus. One
should notice here that in Fig. 11d the heights of the peaks
are displaying AH(A), that is, the contribution of relaxing
species with relaxation time A into the elasticity is magnified
by their corresponding 4; therefore, in order to consider the
absolute effect of each relaxing mechanism on elasticity of
the system, one should exclude the effect of multiplication
in A. In other words, Fig. 11d presents higher peaks for shape
relaxation than blend relaxation. However, after normaliz-
ing the heights with the corresponding relaxation times, the
contribution of droplets into the overall elasticity should be
much lower than the contribution of polymer chains.

Effect of NOR and its simultaneous presence with two
types of compatibilizers on the rheological data are indicated
in Fig. 12. Addition of NOR into the blend results in increase
of viscosity and elasticity. The increase in elasticity/viscos-
ity is lower when NOR is added to the blend together with
C, (Fig. 12a and b). SEM images noted that the particle size
in B/NOR is smaller than B/NOR/C,. Smaller particle size,
i.e., larger interface between two phases at a same concentra-
tion of dispersed phase, results in higher elasticity/viscos-
ity of B/NOR compared to B/NOR/C,. On the other hand,
despite comparable particle size of B/NOR/C, and B/NOR/
C,, the latter has higher elasticity/viscosity than B/NOR.
The increased elasticity/viscosity in B/NOR/C, can be due to
the reaction between C, and NOR, and production of bulky
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and high molecular weight chains. The secondary amine in
NOR and epoxy group of C,, as it is indicated in Fig. 12d,
can react with each other. Reaction between tertiary amines
of NOR and epoxy groups in C, is also possible; however,
the steric hindrance of bulky groups in NOR may decrease
the probability of such reactions.

A better insight regarding interactions between different
phases and components of compatibilized flame-retarded
samples is feasible using relaxation time spectra in Fig. 12c.
Similar to blend, B/NORS and B/NORS5/C, both have two
peaks: one representing the relaxation of chains and the
other one denoting shape relaxation. Both of the peaks have
a slight shift to the longer relaxation times which in the case
of first peak is due to the higher interaction between phases
after addition of NOR and C; and in the case of second
peak is due to the reduction in the size of dispersed phase.
And as it can be noticed, the shift of second peak to longer
times is slightly higher in B/NORS than B/NORS/C,. The
height difference between various samples relates to their
viscosity differences. An interesting behavior is observed
when NOR and C, are simultaneously presented. In this
case, the peaks of polymer chains and shape relaxation of
dispersed phase converge together and merge into one wide
peak with a plateau in between. An enormous increase in
the tail of AH(A) curve at longer times is also noticed. The
appearance of tail with large AH(A) values is indicatory of
generation of new relaxation mechanism with a very large
relaxation time that is not possible to observe their peak
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at the experimental time window. In order to monitor the
aforementioned peak, one needs to run the experiment for
longer times (lower frequencies). The emergence of the new
relaxation mechanism with long relaxation times is related
to the reaction between NOR and C, chains, and generation
of bulky and high molecular weight new species. Generation
of these new molecules could induce more restrictions on
the reptation of linear PP and EVA chains and accordingly
move the bulk relaxation peak to longer relaxation times.
Meanwhile, the shape relaxation in B/NORS/C, is affected
in a way that the dispersed particles relax faster compared
to the other flame-retarded samples, i.e., B/NORS and B/
NORS5/C,. Shorter shape relaxation time for B/NOR5/C,
compared to B/NORS5/C, and B/NORS is intelligible due to
larger particle size of B/NORS5/C, (Table 2). On the other
side, despite smaller particle size of B/NORS/C, compared
to the neat blend B, it can be perceived that the shape relaxa-
tion time in this sample is shorter than neat blend. The rea-
son of this apparent discrepancy could be the difference in
the interfacial tension between B and B/NORS/C,. It was
reported that the increase in molecular weight results in an
increase in polymers surface tension (Park et al. 2007). In
B/NORS/C,, the interfacial tension can increase as a result
of generation of new molecules with high molecular weight,
and consequently, we can observe shorter shape relaxation
time in B/NORS5/C, in comparison to the neat blend.
Figure 13a and b demonstrate the effect of concurrent
presence of different components on the viscosity and
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Fig. 13 Effects of presence of 10°
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elasticity of the blend. Addition of 5 wt. % nanoclay into
the blend has the highest effect on increasing elasticity and
viscosity of the system. It has been reported that the com-
plete independency of G’ from frequency is an indication
of generation of filler network in nanocomposites. So, as a
consequence, G’ stays above G” curve in all the frequency
ranges, known as solid-like behavior. By comparing G’ and
G" curves of B/Nf5 (inset image of Fig. 13b), it can be seen
that the two curves cross each other at lower frequency
region and G’ increases over G"; however, it does not stay
completely above G” curve. This behavior is a representa-
tion of the fact that in this nanocomposite, the filler network
is about to get established but despite higher elasticity, the
network has not been fully created yet. Elasticity of B/NOR-
Nf5/C, is slightly higher than B/NOR-Nf5/C,; and B/NOR-
Nf5. Despite close elasticity and viscosity of B/NOR-Nf5/C,;
and B/NOR-Nf5, deviation of the behavior from liquid-like
in the latter is more than former which is due to the higher
concentration of filler near the interface and inside the EVA
domains where there is higher possibility of generation of
filler network whereas in B/NOR-Nf5/C, fillers are sparsely
distributed at the interface and matrix.

Comparison of relaxation time spectra between these
samples in Fig. 13c can provide more details regarding
microstructure of samples. Three groups of relaxation times
for B/Nf5, B/NOR-Nf5, and B/NOR-Nf5/C, and two groups
for B and B/NOR-Nf5/C, are observed. As previous, the
smallest relaxation peak is related to the bulk relaxation of

polymeric chains in PP and EVA. In the case of samples with
nanofiller (Nf), the dominant relaxation peak of first group
of relaxations has been shifted to the longer times. This
effect is a result of interactions between polymeric chains
and filler, and consequent slowdown of the chain dynamics.
The second relaxation mechanism is related to the relaxa-
tion of dispersed phase. For B, B/Nf5, B/NOR-Nf5, and
B/NOR-Nf5/C,, this relaxation time is in the same order.
Compatibilizing effect of nanoclay has been widely reported
in the polymer blend nanocomposite (Razavi et al. 2015b).
Although the interface of EVA domains in B/Nf5, B/NOR-
Nf5, and B/NOR-Nf5/C, is covered by Nf and it is expected
to observe a delay in their relaxation time, but the deforma-
tion, i.e., distortion from un-deformed state during oscil-
latory test, of the EVA domains, is probably not as strong
as the deformation of spherical domains in the neat blend.
Therefore, less deformation of the elongated EVA domains
could compensate over slower relaxation of the compati-
bilized interface in these samples. On the contrary, the
second relaxation of B/NOR-Nf5/C, has been significantly
increased compared to the neat blend. As it can be noted
from the SEM and TEM micrographs and Table 2, the aver-
age size for the EVA spherical particles in this sample is the
minimum among all the other samples. Also, since less filler
has been localized at the interface of these samples, there-
fore, no significant compatibilization effect from nanoclay
is expected. In addition, there are very small particles that
can significantly push the shape relaxation of the disperse
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particles to the longer times. Therefore, a slow and tailed
relaxation of dispersed phase is observed for this sample,
where the tail could relate to the less perfect filler network.
Unlike B and B/NOR-Nf{/C,, all the other nanocomposites
demonstrate huge increase in AH(4) at long times. In these
three samples, as it was observed in the TEM images, nano-
clays mainly localize at the interface and dispersed phase;
thus, a rigid network of filler/polymer is generated. Genera-
tion of strong physical network can significantly enhance the
relaxation time beyond that of experimental window. In B/
NOR-N{f5/C,, the onset of huge increase in AH(A) is earlier.
This is primarily because of the existence of another enhanc-
ing mechanism, which is the reaction between NOR and
C,. Figure 13d correlates the interesting contrast observed
between relaxation spectra of B/NOR-Nf5/C; and B/NOR-
Nf with that of the nanoclay localization and morphology of
samples. It indicates how the migration of nanoclay toward
matrix as a result of presence of C, can affect the morphol-
ogy of sample and the associated relaxation spectrum.

0 T T T T T T T T T I
200 220 240 260 280 300
Temp. (°C)

Fig. 14 Complex viscosity Iyl vs temperature of neat polymers and
blends in the absence and presence of compatibilizer

Temperature sweep

Temperature sweep rheological experiments were performed
aiming to study viscosity changes in the bulk of samples
during temperature increase that happens over the course of
degradation and burning of polymer. Figure 14 shows the
complex viscosity vs temperature for neat polymers along
with their uncompatibilized and compatibilized blends. The
viscosity of all samples decreases uniformly with increas-
ing temperature. Viscosity values are around 500 Pa s
near 300 °C. This viscosity is equivalent to the viscosity
of melt at 200 °C when it is under 100 rad/s oscillatory
shear. To gain better sense of these values, one can think of
a tomato paste which has viscosity around 250 Pa s at room
temperature.

Effect of NOR and its simultaneous presence with com-
patibilizer on the viscosity of blend is shown in Fig. 15a.
Degradation of nitroxyether groups of NOR can take place
around 250 °C as it was indicated in the Scheme la. The
resulting highly reactive radicals can extract tertiary hydro-
gens from PP chains and facilitate its thermal degradation.
The reaction between radicals of NOR and PP (shown in
Fig. 15b) takes place around 250 °C and causes the viscos-
ity to drop to as low as 20 Pa s, which is approximately
the viscosity of chocolate syrup at room temperature. The
same effect is also observed when NOR is added to the
blend together with C,. This significant drop in viscosity is
probably due to the flame retardancy mechanism of NOR
which is known as extensive drippage. The viscosities of
B/NORS and B/NORS5/C, decay until 285 °C and then start
to increase. This upturn in viscosity was not observed for
the neat (B) and compatibilized blends (B/C; and B/C,) in
Fig. 14. Therefore, the increase in viscosity at higher tem-
peratures for B/NORS and B/NORS5/C, could be the result of
the reaction between NOR and other components in the sys-
tem. In these samples, NOR can act as a crosslinker through
its multiple reactive sites of amine groups. In the case of B/
NORS5/C, viscosity starts to increase around 250 °C after an
initial decay, then stays constant and finally around 280 °C
upsurges to the larger values. As previously noted in the
discussions regarding frequency sweep data of B/NORS/

Fig. 15 a Effects of NOR and 40000] _o_p
compatibilizer on the complex —v—B/NOR5
viscosity Iyl vs temperature. 300001 "4 B/NORS/C|
b A possible reaction between a B/NORS/C,
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C, (Fig. 12c and d), the reaction between epoxy groups of
C, and NOR molecules could be another possible reaction
in this sample that can result in increase in the molecular
weight. Therefore, presence of these reactions outweighs
over the adverse effect of the degradation of NOR on the
molecular weight of PP. Viscosity of B/NORS/C, is more
or less constant between 265 and 280 °C. This could stem
from the balanced effect of PP degradation and branching
of NOR and C, molecules. The second increase in viscosity,
but with a delay and less amplitude, is also observed for B/
NORS5/C, and B/NORS. The severe increase in the viscosity
of B/NORS5/C, at the second step, in addition to the reaction
of epoxy groups of PTW (C,), could be a result of the reac-
tion between ester groups of C, and NOR that is facilitated
at higher temperatures.

Introduction of clay into the blend results in an unex-
pected increase of viscosity with increasing temperature
independent of presence of other components such as com-
patibilizer or flame retardant (Fig. 16a). This is particularly
evident in the sample with the highest clay content, i.e.,
B/Nf5. One may initially think that the presence of some
chemical effects such as reaction between modifier of filler
and polymeric phases is responsible for the observed phe-
nomena, but considering the unreactive nature of organo-
modifier of Nanofil (Fig. 1c), this hypothesis is invalidated.
Therefore, the observed behavior must be originated from
some physical changes associated with nanoclay, during the
temperature raise in the system.

The preferential localization of filler in a polymeric blend
can be predicted according to the difference between inter-
facial tensions of the individual blend components. The
method is based on the fact that every loaded polymeric
blend tends to reach a minimum interfacial energy (Bagheri-
Kazemabad et al. 2012). Young’s equation (Eq. 6) (Davoodi
et al. 2016, Gomari et al. 1989), evaluating the wetting coef-
ficient (w,) at thermodynamic equilibrium, is mainly used
to estimate the position of filler (here organoclay) in a blend
nanocomposite:

w, = Yelay-A — Yclay-B (6)
Ya-B

Here v,y and v,y are interfacial tensions between
clay and polymer A and B, respectively, and y, 5 is the
interfacial tension between polymer A and B. For wetting
coefficients higher than 1 clay will be located in polymer B,
while for the amounts lower than — 1 clay will be selectively
distributed in polymer A, and it will be located mainly at the
interface of two phases if the coefficient has values between
1 and— 1. For 0 <, < 1 localization will be at the interface
but with more tendency to phase B, and for—1<w, <0 it
will be at the interface but with more tendency to phase
A. The interfacial tension between components can also be
calculated from their surface tensions using the geometric
mean equation of Wu (Eq. 7) (Bagheri-Kazemabad et al.
2012, Gomari et al. 1989):

Y12 =11 +y2—2[ y;’r;’ﬂ/yfyg] @)

where y,, 7, are surface tensions of components 1 and
2, y]d and yg represent the dispersive parts of the surface
tensions of components 1 and 2, and yf and yg stand for the
polar parts of the surface tensions of components 1 and 2,
respectively. The surface tension values of polymers at a spe-
cific temperature can be obtained by linear extrapolation of
literature values using the related temperature coefficients.
Considering EVA as polymer 2 in Eq. 6, we calculated w, in
the temperature range of 200-300 °C (shown in Fig. 16b). It
should be noted that the wetting coefficients in Fig. 16b have
not been experimentally measured. They have been extrapo-
lated using temperature coefficients based on the interfacial
data at room temperatures (Gomari et al. 1989, Hosseiny
et al. 2020; Picard et al. 2007; Razavi et al. 2018; Roe 1965).
However, they can provide a rough estimation of the trend of
variations in o, values versus temperature. This parameter
shows that clay (Nf) does not have strong preferential ten-
dency to the individual polymeric phases, so in the absence
of kinetic effects, it prefers to locate at the interface with

Fig. 16 a Effects of presence of --B 0.9
clay (Nf), NOR, and compatibi- 60000 B/Nf5 ’ 6.6
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slightly higher tendency to the EVA phase. This predic-
tion is in complete agreement with the experimental TEM
observations of Fig. 9a. Regardless of the accuracy of the
absolute values of wetting coefficient in Fig. 16b, the trend
of variations of this parameter is decreasing with increasing
temperature. This implies that by increasing temperature,
tendency of filler to PP phase increases. Therefore, there is
a possibility of migration of clay platelets from interface and
EVA domains towards PP phase. This can provide uniform
dispersion and distribution of filler platelets in the blend.
The evolved filler morphology can positively contribute to
the changes of viscosity with temperature. The heating rate
during temperature sweep is 2 °C/min, so it will take 50 min
to reach from 200 to 300 °C. This can provide enough time
for the clay platelets to migrate in the blend. For other sam-
ples, B/NOR-Nf5, B/NOR-Nf5/C;, and B/NOR-Nf5/C,,
after an initial decrease of viscosity, an increase in viscos-
ity similar to the one observed for B/Nf5 is noticed. The
less clay content in these samples can be responsible for the
delayed increase in viscosity.

Since G'is more sensitive to the morphological changes,
we compared normalized G’ (regarded to G’ value at 200 °C)
of different samples in Fig. 17. This representation provides
better comparison of the morphological evolution. As it can
be concluded, the trend of changes in elasticity is increas-
ing for all the samples, representing the occurrence of clay
migration from beginning, at 200 °C. In the case of B/NOR-
Nf5 and B/NOR-Nf/C,, there is a minimum in elasticity
before it starts to increase sharply at around 260 °C. As
discussed in the results of Fig. 15, as a result of generation of
active radicals of NOR molecules, PP chains are degredated

81 - BN
74 —a—B/NOR-Nf5
o] v BNORNISC,

—<—B/NOR-Nf5/C,

Normalized G' (G'/G',,..)

240 260 280

Temp. (°C)

220

200 300

Fig. 17 Comparison of the elasticity change between nanocomposites
during temperature sweep SAOS experiment. Storage moduli have
been normalized regarding the storage modulus of each sample at
200 °C
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in the matrix. In B/NOR-Nf5 and B/NOR-Nf5/C,, the mini-
mum in elasticity/viscosity is due to the same effect. How-
ever, after degredation of the polymer chains in matrix,
since the viscosity of polymer chains around clay platelets
significantly decreases, therefore clay platelets diffuse with
significantly faster rate. This faster migration results in
steep change in the normalized G’ values of B/NOR-Nf5
and B/NOR-Nf5/C, in Fig. 17. On the other hand, in B/
NOR-Nf5/C,, the reactions of NOR and C, which mainly
take place at the interface increase the local viscosity and
therefore make it harder for clay platelets to migrate toward
PP matrix. As a consequence in this sample, we observe
sluggish increase in elasticity vs temperature as compared to
B/NOR-Nf5 and B/NOR-N{/C,. Sharper increase of elastic-
ity in B/NOR-Nf5 compared to B/NOR-Nf5/C; is due to the
higher concentration of the filler at the interface and EVA
domains in B/NOR-Nf5, while in B/NOR-Nf5/C; a main
portion of clay platelets is already localized in the matrix.
To put it in another way, greater contrast between concentra-
tion of filler at the interface/EVA domains and matrix in the
case of B/NOR-Nf5 compared to B/NOR-Nf5/C,; generates
more driving force for the Fickian (Berthier et al. 2004) and
non-Fickina (Hallinan Jr et al. 2010, Rehage et al. 1970)
diffusion of the clay platelets in the blend. To have a better
insight about the effect of surrounding medium viscosity on
the filler diffusion, we can consider Stokes—FEinstein relation
Dgg =kgT/fainR (Zwanzig and Harrison 1985), where 7 is
the pure solvent viscosity, T is the absolute temperature, kg
is the Boltzmann constant, and fis a constant depending on
the hydrodynamic boundary conditions (B.C.) at the solute
surface; stick B.C. f=6 or slip B.C. f=4. As suggested by
this relation, the diffusion coefficient is inversely propor-
tional to the viscosity of solvent. Considering the viscosity
contrast between B/NORS and B/NORS/C, at ca. 270 °C
(70 Pa s for B/NORS and 12,300 Pa s for B/NORS/C,), we
can roughly estimate that the diffusion coefficient of clay can
be 180 times higher in B/NOR-Nf5 than in B/NOR-Nf5/C,.
Besides, in low molecular weight polymers—in our case,
degraded chain in B/NOR-Nf5—real diffusion rate can be up
to 200 times higher than the predicted values by Stokes—Ein-
stein relation when the size of filler is smaller than the poly-
mer chain radius of gyration R, (Liu et al. 2008).

Miscibility analysis and time sweep

In addition to the interesting observation regarding the
changes in the viscosity/elasticity of different samples, we
are curious to realize the effect(s) of increasing temperature
on the miscibility of PP and EVA phases. The decreasing
trend of the interfacial tension between PP and EVA ypp_ya
(shown in the right-hand side of Fig. 16b) implies the pos-
sibility of increased compatibility between these polymers
at higher temperatures. To achieve deeper insight regarding



Rheologica Acta (2022) 61:25-47

43

1500{ —B
1000
s
=
O 500
2um’
o4 —

1300 400 500 600 700 800 900 1000
Time (s)

Fig. 18 Elastic modulus G' vs time for 75/25 PP/EVA blend at high
temperature (290 °C) obtained in the SAOS experiment based on a
protocol which has been visualized in Fig. 2. The inset SEM image
depicts the morphology of sample at the temperature of the rheologi-
cal experiment

high temperature miscibility of PP and EVA, we tested the
blend under the rheological protocol of Fig. 2 at 290 °C. In
order to observe the blend morphology at high temperatures
using SEM, the melt between parallel plates of rheometer
was quenched into liquid nitrogen immediately after finish-
ing the experiment. During oscillatory experiment (shown in
Fig. 18), the elastic modulus G' are in the same order before
and after high shear and remain constant over time. The
constant elasticity vs time indicates that at this temperature,
morphology of blend has been already established and does
not evolve over time. The inset SEM image of Fig. 18 visual-
izes the established morphology of PP/EVA 75/25 blend at
high temperature (290 °C). SEM image and G’ data demon-
strate that higher compatibility and miscibility for PP and
EVA blend are achieved at higher temperatures and accord-
ingly the matrix dispersed morphology disappears, so we
observe a uniform morphology. Likewise literature reports
about miscibility of EVA and polyethylene PE (Hemmati
et al. 2013, 2014a, b) and other polyolefin pairs (Niu and

Wang 2006), we observed a similar enhanced compatibility
at higher temperatures for the specific case of PP and EVA.
Dynamic rheological experiments have been identified
as an indirect method to probe morphological changes and
phase separation in polymer blends (Kapnistos et al. 1996;
Sharma and Clarke 2004; Vlassopoulos et al. 1997). In these
studies, a single-phase miscible polymer blend is quickly
brought into unstable or metastable region in its phase dia-
gram, in order to measure the kinetics and mechanism of
phase separation; at the same time, evolution of rheological
material functions is measured over time. To determine the
phase transition temperatures, material functions are meas-
ured versus temperature over the course of temperature
change from miscible region toward unstable or metastable
region. At the phase transition temperatures some character-
istic changes appear in the associated curves. The main qual-
itative conclusions of the kinetic studies are as follow: when
the phase separation results in co-continuous structures
through spinodal decomposition, the elasticity at of lower
frequency region in SAOS experiment decreases over time.
On the other side, development of dispersed droplet phase
leads to an increase in elasticity at low frequencies (Vinckier
and Laun 1999). Two competing behavior is observed in
the temperature ramping experiments; Elasticity decreases
by increasing temperature and moving away from 7|, due to
the associated increase in mobility. On the contrary, in the
vicinity of phase separation temperature, thermodynamic
forces appear, and the elasticity of the system increases due
to the generation of new interfaces. Therefore, phase tran-
sition region is usually detectable as a slope change in the
elasticity vs. temperature curve (Kapnistos et al. 1996).
Having the brief background in the preceding paragraph,
now we are interested to monitor the temperature depend-
ency of the SAOS material functions in PP/EVA 75/25 blend
(at a fixed low frequency) when, unlike previous studies,
the sample is heated form phase-separated region at 200 °C
toward higher temperatures (Fig. 19a). By increasing tem-
perature, elasticity decreases due to increase in chain mobil-
ity. Around 270 °C an unexpected upturn appears in G’ being
the indication of enhanced elasticity. One may initially

Fig. 19 Storage G' and loss G”
moduli and loss tangent tand
vs temperature for a PP/EVA
75/25 blend and b EVA

80

40 100 60

-40 s

200 220 240 260
Temp. (°C)

g S
IS
120 5 “
20
i ()
: 0 T . : T
280 300 200 220 240 260 280 300
Temp. (°C)

@ Springer



a4

Rheologica Acta (2022) 61:25-47

1004

—-2-G"

G', G" (Pa)

240 260 280

Temp. (°C)

220

200 300

Fig.20 Storage G' and loss G” moduli vs temperature for PP

correlate this increased elasticity with phase separation in
the system. However, the direct morphological observation
in the inset SEM image of Fig. 18 suggests the reverse, i.e.,
at higher temperatures the blend is more homogenous rather
than being immiscible. This puzzling contrast is resolved
by checking the same parameters for the pure EVA in
Fig. 19b in which a similar trend is noticeable for the pure
EVA. On the other hand, this feature is absent for the pure
PP as it is seen in Fig. 20.

There are several studies on the EVA/PE blends (Hem-
mati et al. 2014b, 2015) and their nanocomposites (Hemmati
et al. 2013, 2014a) which associate the similar changes in
the slope of G' curve of blend to the phase transition tem-
peratures. In these studies, some changes in the slope of
G’ curve are observed, instead of a sharp minimum. Such
behavior may not necessarily be a sign of phase transition
and can essentially be the same effect that we spotted here
but with a smaller amplitude. The difference in the ampli-
tude of the change in the slope of G’ curve in our study and
other reports could be related to the difference in the content
of vinyl acetate groups, molecular weight of polymers, and

structure of the copolymer. Detailed characterization needs
to be done in order to understand the origin of such transi-
tion in the rheological data. Our preliminary investigations
based on TGA data in Fig. 21 shows that the degradation
onset temperatures for EVA and blend are much lower than
that for PP. It was indicated that EVA has two-step thermal
degradation process with the earlier one onsetting around
300 °C and relating to the loss of acetic acid and forma-
tion of double bonds and free radicals in the main chain
(Costache et al. 2005). Physical or chemical association of
such degraded structures might be the reason for increase in
the elasticity and peak at tand in EVA and the neat blend.
The transition temperatures detected by rheological data
are around 30 °C and 50 °C lower than degradation onset
detected by TGA for the neat blend and EVA, respectively.
This could be because of the slower temperature ramping in
rheological measurements (2 °C/min) compared to tempera-
ture ramping at TGA measurements (10 °C/min) and more
sensitive nature of rheological measurements compared to
thermogravimetric measurements. The delayed rheological
transition in the neat blend compared to pure EVA could
be due to the lower concentration of EVA chains in blend.

Conclusion

In-depth studies were conducted on the effects of different
components including compatibilizers, nanoclay, and flame
retardant (NOR) on the morphology and rheology of PP/
EVA 75/25 blend. Correlations were established between
the initial morphology of sample, studied by SEM and TEM
techniques, and frequency sweep small amplitude oscillatory
shear rheological properties. We offered a universal discus-
sion on the origins of elasticity and relaxation mechanisms
in the multicomponent polymeric systems by detailed analy-
sis of PP/EVA/Clay/NOR/Compatibilizer system. Presence
of reactions between compatibilizer and NOR was found to
result in tremendous increase of viscosity which could nega-
tively affect the extensive drippage flame retardancy mecha-
nism of NOR in polyolefins. On the other hand, nonreactive

Fig.21 TGA data of PP, EVA,
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compatibilizer provides better dispersion of flame retard-
ant without interruption of the extensive drippage flame
retardancy mechanism in the solid state, evidenced by tem-
perature sweep rheological data. The reactive compatibi-
lizer and NOR both increased the preferential localization
of clay at the interface and in the dispersed EVA domains
in the blend nanocomposite samples. In the nanocompos-
ite samples, viscosity increased by increasing temperature,
regardless of presence of reaction between NOR and com-
patibilizer. The increasing trend of viscosity vs temperature
curves, and the decreased wettability parameter at higher
temperatures were associated to the possible migration of
clay platelets from interface and EVA droplets toward PP
phase at elevated temperatures. Rate of clay diffusion and
thus the overall viscosity of blend nanocomposites at higher
temperatures were decidedly controlled by the viscosity of
the surrounding medium of clay platelets, a parameter which
itself was highly depended on the reaction between NOR and
compatibilizer. Therefore, unlike flame-retarded blends (PP/
EVA/NOR) where presence of additive reactions between
NOR and compatibilizer might suppress the extensive drip-
page due to generation of longer/bulkier chains, in the nano
clay filled-flame-retarded blends (PP/EVA/NOR/Clay), one
could observe the opposite behavior, i.e., extensive drip-
page of blend nanocomposite samples becomes easier in the
presence of additive reactions. Increased miscibility between
PP and EVA at higher temperatures was the other finding
made through SEM observations. It was indicated that the
rheological changes at higher temperatures in EVA blends
cannot be directly associated to the morphological changes;
rather, it is mainly due to the degradation of EVA at those
temperatures.
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