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Effect of multi-walled carbon nanotubes on the morphology
evolution, conductivity and rheological behaviors of poly(methyl
methacrylate)/  poly(styrene-co-acrylonitrile) blends during

isothermal annealing

Hui-hui Li, Min Zuo," Ting Liu, Qi Chen, Jifei Zhang and Qiang Zheng

Abstract

The effect of multi-walled carbon nanotubes (MWNTs) on the morphological evolution,
conductive and viscoelastic behaviors for partially miscible blends of poly (methyl
methacrylate)/poly(styrene-co-acrylonitrile) (PMMA/SAN) upon annealing above the
phase-separation temperatures was investigated via microscopic technology, melt rheology and
simultaneous measurement of rheological and conductive properties. The well-dispersed MWNTs
in the homogeneous matrix preferentially migrated into the SAN-rich phase after the occurrence
of phase separation and then further agglomerated in the SAN-rich phase to form the conductive
pathway. The effect of MWNTSs on the phase separation temperatures of PMMA/SAN blend was
found to depend on the composition of blend matrix, as a result of the composition difference
between surface layer of MWNTSs and polymer matrix induced by the selective absorption of SAN
on the surface of MWNTs. Thermal-induced dynamic percolation was observed for both the
resistivity p and dynamic storage modulus G’ as a function of annealing time. The respective
contribution of phase separation and MWNTSs aggregation to the variation of G' was also clearly
distinguished during annealing. The influence of temperature and filler loading on the percolation
time of p was investigated and the activation energies of dynamic conductive (DC) percolation
were determined, independent on the volume content of MWNTs. The activation energies of DC

percolation for the nanocomposites were found to be close to those of viscous flow for SAN.
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1. Introduction

Conductive polymer composites (CPCs) have received considerable interests in the polymer
composite research field for their tunable properties and multifunction performances, such as
electromagnetic interference (EMI) shielding,' sensing, * flexible electronics and so on.” *
Typically, through the incorporation of conductive particles into polymer matrix, the CPC
materials would be provided with conductive property originating in its conductive network. The
conductivity of CPC jumps greatly when the filler content reaches the static electrical percolation
threshold (p.). In general, more conductive fillers are incorporated into the CPC materials for
greater conductivity, but this often causes poor processibility and mechanical properties at the
same time. However, building a conductive network within an insulated polymer matrix does not
necessarily require a high filler concentration and a well distribution state of filler particles, the
conductivity of CPC materials can be also enhanced by controlling the selective distribution of
conductive fillers with small loadings.1

Incorporating conductive fillers into multiphase polymer blends is considered as a simple but
efficient way to obtain the excellent conductivity and reduce the p. through controlling the relative
distribution of filler network.” In this case, the conductivity of CPCs basically depends on the
morphology of polymer blends and the distribution state of fillers, which is governed by the
process method and the filler affinity to a certain polymer or the interface. When the filler-rich
phase percolates in the blends and the fillers form a network within the percolated blend phase, the
conductivity of CPCs can be greatly enhanced. The phenomenon is called double percolation.
Recently, carbon black (CB), carbon nanotubes (CNTs), graphene have been introduced into a
number of immiscible polymer blends, such as poly(lactic acid)/poly(e-caprolactone) (PLA/PCL),°
polyethylene/polycarbonate (PE/PC),” acrylonitrile-butadiene-styrene/polyamide-6 (ABS/PAG6),*
polystyrene/poly(methyl methacrylate) (PS/PMMA),9 to achieve the optimal balance between high
electrical performance and low fillers loading. Thermal-induced phase separation of partially
miscible polymer blend matrix could be used as an efficient tool to control the dispersion state of
conductive fillers and further enhance their conductive performance as well.'’ Furthermore, the
distribution of fillers is affected by the morphology of blend matrix, but in turn may become a
factor on their morphology not to be ignored. Many studies have reported that the introduction of
nanoparticles may change the compatibility of immiscible polymer blends and stabilize their

11-14
Hence, for a

morphology, especially when the fillers locate at the interface of different phases.
better comprehension of the relationship between the morphology and conductivity of double
percolated nanocomposites induced by phase separation, it is of great academic and industrial
significance to investigate the phase behavior of ternary nanocomposites with a partially miscibe
polymer blend matrix.

The aspect ratio of conductive fillers is another major factor that contributes to the p. of CPCs.

CNTs are considered as preferable conductive nanofillers due to their large aspect ratio and high

2
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electrical conductivity, which may form an interconnected network at a relatively low p..
Furthermore, the abundance of m-electron clouds and the large specific surface area of CNTs
facilitate the interactions with the polymer matrix. Based on the statement abovementioned,
multi-walled carbon nanotubes (MWNTs) are chosen as the conductive fillers to be incorporated
into a lower critical solution temperature (LCST) type polymer blend to explore the evolution
relationship between the morphology and conductivity of ternary nanocomposites. Notably, the
effect of CNTs which are rather flexible coiled rod-like particles needs more understanding on the
phase separation behavior of blend matrix. Then, the effective control for the morphology of blend
matrix and selective distribution of CNTs can be achieved to improve the electrical conductivity
of CPC materials.

Dynamic rheological measurement is often used to investigate the phase separation behavior
and the aggregation process of fillers because it is sensitive to the morphology evolution as well as

the dispersion variation of nanoparticles.'> '®

However, in the ternary filled nanocomposites with a
partially miscibe polymer blend matrix, the contributions from the phase separation of blend
matrix and the aggregation of nano-fillers to dynamic modulus are present at the same time and
hard to distinguish only by rheological measurement. Simultaneous measurement of rheological
and conductive properties could provide the real-time variation of viscoelastic and conductive
behaviors induced by the variation of microscopic condensed structure in the different external
field (thermal field, shear field).'”" In this paper, we adopt this method to record the synchronous
evolution of volume resistivity (p) and dynamic storage modulus (G’) for MWNTs filled partially
miscible blends of poly(methyl methacrylate)/poly(styrene-co-acrylonitrile) (PMMA/SAN)
subjected to annealing above the phase separation temperature, and then pursue the aggregation of
MWNTs and the morphology evolution of blend matrix. We attempt to clarify the effect of
MWNTs on the phase separation behaviors of PMMA/SAN blend matrix and distinguish the
respective contributions of MWNTs agglomeration and matrix phase separation on G'. The
variations in p and G’ as a function of filler content and temperature are also studied for
systematically understanding the interaction between the abovementioned two behaviors of the

nanocomposites during annealing.

2. Experimental
2.1. Materials

Poly (methyl methacrylate) (PMMA) (IF850, M,, = 7.5x10*, M,/M,= 1.5) was purchased from
LG Chemical, Ltd., Korea. Poly (styrene-co-acrylonitrile) (SAN) (PN-127H, AN = 32 wt%, M,, =
1.5x10°, M /M, = 1.7) was from Chimei Corporation, Taiwan. Multi-walled carbon nanotubes
(MWNTs) (NC7000, average diameter of 9.5 nm, average length of 1.5 um) were obtained from
Nanocyl, Belgium. Analytical grade of tetrahydrofuran (THF) was obtained from commercial

source and used as received.
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2.2. Sample preparation

PMMA and SAN were dried for 6 h at 80 °C in an oven and MWNTs were also dried for 24 h in
a vacuum oven before use to remove any moisture. MWNTs were dispersed in THF and the
suspension was sonicated for 1 h with a power of 385W to break up the MWNT bundles. PMMA
and SAN at different volume ratios were dissolved in the MWNT supensions at a weight fraction
of 10 wt% to form the mixture solutions by stirring for 12 h at room temperature. The mixture was
sonicated for another 1 h to achieve the uniform dispersion of MWNTs in PMMA/SAN blend
solution. Subsequently the solutions were cast onto the surface of horizontal glass plates at 30 °C
in an oven. After the solvent evaporated in an ambient environment of 30 °C for 1 day, the
samples were further dried with steps at 90, 110 and 130 °C, respectively in a vacuum oven for at
least 3 days to remove the residual solvent. These films with the thickness of about 100 pm were
folded up and compression molded into the discs with the dimensions of 25 mm in diameter and
1.2 mm in thickness at 10 MPa and 130 °C for rheological measurements. PMMA/MWNTs and
SAN/MWNTs binary nanocomposites were also prepared according to the similar procedures for
the simultaneous measurement of rheological and conductive behaviors.

The samples for phase contrast microscopy (PCM) observation were prepared in the same way
as above with an adjusted mixture solution weight fraction of 5 wt% and the solutions were
dropped on the cover slips to form uniform films. The drying procedures of the films are in accord
with the way above. The central thickness of the sample film was measured about 20um. In the
context below, we denote PMMA/SAN blends by A/B and PMMA/SAN/MWNTs nanocomposites
by A/B/x, where A and B are the volume fraction of PMMA and SAN in the blends, respectively,
and x is the volume content of MWNTs in the total polymer blends.

2.3 Characterization

The dispersion of MWNTs and morphological evolution of nanocomposites were observed by a
transmission electron microscope (TEM, JEM 1200EX, Japan). The rheological test samples
subjected to different isothermal annealing were quenched to maintain their morphology. TEM
specimens were made by ultramicrotoming with a diamond knife at room temperature.

The morphological evolution of PMMA/SAN blends and PMMA/SAN/MWNTs
nanocomposites was detected by phase contrast microscopy (PCM, B1-PH, Motic, China) in
combination with a digital camera (Nikon-4500, Nikon, Japan). The samples were isothermally
annealed at 190 °C. All the morphological images were recorded in real time online.

Dynamic rheological tests were performed on an advanced rheometric expanded system (ARES,
TA Instruments Corporation, USA) with parallel plate geometry of 25 mm in diameter. Isothermal
frequency sweeps ranging from 100 rad-s™' to 0.01 rad-s™' were performed at various temperatures

ranging from 150 to 180 °C. The strain in the tests was set to 1% ensuring that all the
4
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measurements were in the linear viscoelastic region.

The setup for simultaneous measurement of rheological and electrical behaviors was mentioned

21,22

elsewhere and wasn’t described in details here. The samples were annealed at 60 °C for 24 h

to relieve the internal stress before simultaneous measurements. Rheological measurements were
also performed on an advanced rheometric expanded system (ARES, TA Instruments Corporation,
USA) with parallel plate geometry of 25 mm in diameter and volume resistance was
simultaneously measured by a digital picoammeter (Keithley 6487, Keithley Instruments Inc.,
USA). Dynamic time sweep tests were conducted with a frequency (w) of 0.3 rad-s™" at 1% strain
and various temperatures ranging from 170 to 200 °C by a step of 10 °C and the applied direct
voltage was less than 10V. Previous experiments with various strain amplitudes confirmed that the
influence of 1% strain amplitude on resistance was negligible.23

3. Results and discussion
3.1 Dispersion of MWNTs and morphology evolution of nanocomposites

TEM micrographs of 0.2 vol% MWNTs filled PMMA, SAN and PMMA/SAN (57/43)
nanocomposites without annealing are shown in Figure 1. MWNTs are almost well dispersed in
the three nanocomposites and PMMA/SAN (57/43) matrix is homogenous, indicating that the
incorporation of MWNTs hardly destroys the homogeneity of blend matrix. With more refined
resolution, it can be found that MWNTs show pretty good and uniform dispersion in SAN and
PMMA/SAN two homogeneous matrices (Figure 1(a) and 1(c)) and most of them even exist in the
form of single tube. However, MWNTs in PMMA matrix are in a relative worse dispersion state
with some obvious agglomerates, indicating that PMMA is relatively difficult to wet the MWNTSs.
It may be addressed to the bulky methyl acrylate side groups in PMMA, which may hinder
infiltration and interactions of the polymer with the initial agglomerates.”* Such different
dispersion states of MWNTs in these three matrices may indicate that MWNTSs have more affinity
for SAN than for PMMA.

In order to explore the distribution variation of MWNTs during phase separation, the blend
morphology and the corresponding dispersion state of MWNTs for PMMA/SAN/MWNTs
(57/43/0.4) nanocomposites subjected to annealing at 180 °C for different time were also observed
by TEM, as shown in Figure 2. The bright region refers to the PMMA-rich phase and the dark
region refers to the SAN-rich phase in the bright-field TEM micrographs. The co-continuous
morphology can be observed in the PMMA/SAN blend matrix after being annealed for 100s,
1000s and 4h, indicating the emergence of phase separation according to the spinodal
decomposition (SD) mechanism. Furthermore, MWNTs are almost dispersed in the SAN-rich
domain (dark region) at the early stage of SD phase separation for PMMA/SAN blend matrix
(Figure 2a). With the evolution of phase separation, MWNTs are still located in the gradually
coarsening SAN-rich phase with a relatively aggregated state at the medium and late stages of SD
(Figure 2(b) and 2(c)). Lee also found that MWNTs are mainly located at SAN domain regardless

of the SAN compositions and the processing methods in PMMA/SAN blend.” Generally, from the
5
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perspective of structure similarity, it is considered that z-7 stacking caused by the interaction
between the phenyl-ring structure of SAN and the honeycomb of MWNTs is likely to increase the
thermodynamic affinity,” resulting in the selective location of MWNTs in the SAN-rich phase. On
the other hand, in an immiscible or partially miscible blend, the minimization of the interfacial
energy is the thermodynamic driving force for the filler to localize in a specific phase or at the
interface.”® A quantitative estimation of wetting coefficient may give the idea about the selective
localization of MWNTs in the blend matrix driven by the thermodynamic forces, providing the
surface free energy of the components. It is well-known that according to the Young’s equation,
the location of filler in a polymer blend matrix can be also predicted by evaluating the wetting

. 27
coefficient @,.

0, = Viiter-a — YfillerB (1)

VaB
where y;; is the interfacial tension between different components. The fillers are predicted to
locate in the A-rich phase when @, < -1, in the B-rich phase when @, > 1 and at the inter-phase in
the interval of @, value between -1 and 1. The harmonic mean equation is commonly used to

calculate the interfacial tension between component pairs:

7 ys L nr } @

A 4{7? +ys W+
Here, y;is the surface tension of component i, ;/,-d and ;/id are the dispersive part and polar part of
the surface tension of component i, respectivley. In this work, the surface tensions of PMMA,
SAN and MWNTs with the same grade are extrapolated to the investigated temperatures using the

2829 The interfacial tensions

temperature coefficients (-dy/d7) extracted from the literatures.
between component pairs and the wetting coefficients are calculated by using Egs. (1) and (2) and
summarized in Table 1. It is apparent that all the @, values are estimated to be higher than 1 in the
investigated temperature region. Hence, the localization of MWNTs is energetically favored
toward the SAN-rich phase. Such preferential location of one-dimensional MWNTs in the
SAN-rich phase is very similar with that of another two-dimensional fuller carbon group nanofiller,
graphene,”” attributed to their similar chemical structures.

The selective localization of MWNTSs in SAN-rich phase may enhance the effective volume of
conductive fillers. Besides, the morphology evolution of blend matrix should be investigated to
determine whether the double percolation can appear in the nanocomposites. Figure 3 shows the
PCM photographs of PMMA/SAN (57/43) blends and PMMA/SAN/MWNTs (57/43/0.2)
nanocomposites isothermally annealed at 190 °C for different time. The unfilled and filled systems
both exhibit a typical co-continuous structure at the early stage of SD phase separation and the
domain sizes of the filled systems are remarkably smaller than those of the unfilled systems during

the whole SD phase separation, indicating that the introduction of MWNTs may retard the

6

Page 6 of 34



Page 7 of 34

RSC Advances

concentration fluctuation at the early stage and suppress the domain coarsening at the late stage.
Furthermore, it can be found from Figure 3(b) and 3(d), the morphological pattern of unfilled
system transforms from co-continuous to droplet structure due to the influence of interfacial
tension between two polymer components,”’’ as it is generally recognized that the co-continuous
morphology is not a stable steady-state structure.””> However, the co-continuous structure could
exist in the filled system for a rather long time. Namely, the introduction of MWNTs stabilizes the
co-continuous morphology and inhibits the transformation from percolation to droplet. The
stabilizing effect of MWNTSs on the phase morphology of blend matrix can be also found in other

13, 33-35

filled systems. The stable existing of such co-continuous structure may ensure the

occurrence of double percolation.

3.2 Determination of the rheological phase diagram

Prior to the investigation on the effect of morphological evolution on the conductive property of
ternary nanocomposites, their phase diagrams should be firstly obtained to distinguish the unstable
regime (bicontinuous spinodal decomposition) and metastable regime (nucleation—growth-type
(NG) phase separation). Hence, the matrix composition and annealing condition can be
determined to ensure the continuous structure of MWNTs-rich domain. It is well known that for
partially miscible polymer blends, their storage modulus (G') shows different performances in the
homogeneous region and phase-separated region or pre-transition region, especially at low
frequencies (ws). Based on the sensitive response of viscoelastic change in polymer blends,
rheology is regarded as an efficient tool to determine the phase separation temperature with a
variety of protocols, regardless of the sample transparency.’® >’ It is reported that for the systems
with small difference in their glass transition temperatures, investigating the temperature
dependence of viscoelastic behaviors though dynamic frequency sweeps may be more appropriate
for the determination of phase separation temperature than that through dynamic temperature ramp
tests because the enhancement of G’ due to the interface and concentration fluctuation is relatively
small and easy to be covered by the decrease of G’ with the increasing temperature.”® In general,
the failure of time-temperature superposition (TTS) principle and the tail in the Cole-Cole curve
can be used to determine the binodal temperature (73). It is suggested that the tail in the Cole-Cole
curve is more sensitive to the phase separation behavior than the failure of TTS principle.’’” Such
method is also applicable for nanoparticle filled blends in which the fillers do not affect the
temperature dependence of moduli for blend matrix. In our work, the concentration (0.2 vol%) of
MWNTs chosen here is too low to form the effective agglomeration at the early stage of phase
separation which was determined by simultaneous measurement of rheological and electrical
behaviors (discussed later in the text). Hence, the effect of 0.2 vol% MWNTs aggregation on the

modulus of the nanocomposites at the early stage of phase separation can be neglected and the
7
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contribution of morphology evolution to their modulus for such nanocomposite can be used to
obtain their phase separation temperature. Here, the Cole-Cole curves of PMMA/SAN blends and
PMMA/SAN/MWNTSs nanocomposites are used to determine their Tys. Figure 4 shows the
Cole-Cole curves at different temperatures for PMMA/SAN (57/43) blends and
PMMA/SAN/MWNTs (57/43/0.2) nanocomposites. The Cole-Cole curve can be divided into two
parts by different relaxation mechanisms. In high @s region, the curve principally reflects the
viscoelastic relaxation behavior of polymers, while the relaxation behavior in low @s may
originate from the deformation of domain or particles. It is found that the Cole-Cole curves for the
unfilled and filled systems are arc-shaped at low temperatures, indicating that the systems are
homogeneous. When the temperature elevates, a tail emerges in low wregion, which indicates the
appearance of another relaxation behavior.”> As for the partially miscible systems, such
phenomenon also refers in particular to the occurrence of phase separation. The more accurate
determination of 7 can be reached by reducing the temperature interval of frequency sweep. It is
found that the tails appear near 165 °C for PMMA/SAN (57/43) blends and 167 °C for
PMMA/SAN/MWNTSs (57/43//0.2) nanocomposites. Hence, their T;s could be deduced as 165 °C
and 167 °C, respectively.

Besides, dynamic isothermal frequency sweep measurements are also taken to determine
another phase separation temperature, spinodal temperature (7;) and such 7,s are independent on
the heating rate. It is known that 75 is usually obtained by dynamic temperature sweep tests based
on the theoretical approach of Fredrickson and Larson.”” However, Tis obtained by this method are
obviously dependent on the heating rate and inconsistent with our abovementioned 7Tys are
obtained from the isothermal measurements. At the early stage of SD phase separation, the system
tends to form co-continuous structure, which is similar to the gel network structure. Hence, it is
adoptable to apply the criterion for the critical gelation behavior in the blend with the

11, 37, 40

co-continuous structure formed by SD mechanism. The criterion suggests that the critical

gel point is the temperature at which the tan 6 vs. w curve exhibits a zero-slope at low ws.*"*
Figure 5 shows the temperature dependence of tan ¢ at a series of frequencies for PMMA/SAN
(57/43) blends and PMMA/SAN/MWNTs (57/43/0.2) nanocomposites. At the investigated four
ws, their tano values all converge in a small temperature region, implying that tand becomes
independent of frequency at a certain temperature. Hence, considering the experimental errors, the
arithmetic mean of the intersections is used as 7.

Based on the obtained 7y, and 7, the apparent phase diagram of PMMA/SAN blends and
PMMA/SAN/MWNTSs nanocomposites is obtained, as shows in Figure 6. The effect of 0.2 vol%
MWNTs on the phase separation temperatures remarkably depends on the compositions of blend
matrix. When SAN is the minority of blend matrix (PMMA/SAN 57/43), the presence of 0.2 vol%

MWNTs causes the increase of 7}, and 7 for the nanocomposites; while when SAN is the majority,

their Ty, and 7 both decrease and their decline increases with the increasing SAN content. The
8
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composition dependence of variation trend in 7, and 7y would be mainly attributed to the
composition difference between the surface layer of MWNTs and blend matrix induced by the
selective absorption of SAN on MWNTs. Here, it should be noted that in our previous research,
PMMA/SAN 70/30 (w/w), namely PMMA/SAN 67/33 (v/v), is found to be the critical
composition for such blend.* Hence, it can be understood that for PMMA/SAN/MWNTs
(57/43/0.2) nanocomposites, the obvious increase of SAN content on the surface layer of MWNTSs
should result in the increase of their phase separation temperature. However, for
PMMA/SAN/MWNTs (47/53/0.2) and PMMA/SAN/MWNTs (37/63/0.2) nanocomposites, the
composition difference between the surface layer of MWNTSs and blend matrix gradually reduces
with the increasing SAN content and MWNTs may act as a nucleating agent to induce the
occurrence of phase separation, resulting in the decrease of their 7, and 7,. The similar
phenomenon is also reported by Huang'' and Gao’’ in PMMA/SAN/SiO,-OH system and by
Vleminckx* in PaSAN/PMMA/TRG system. Hence, the interaction between nanoparticles and
polymer chains, the selective distribution and concentration of nanofillers have considerable

impacts in thermodynamics of phase separation.
3.3 Evolution of frequency dependent dynamic moduli during phase separation

Dynamic time sweep test under a specified frequency is usually adopted to monitor the phase
separation and the aggregation of nanoparticles. However, time sweep can only give limited
information at just one frequency as compared to the frequency dependence of dynamic moduli.
Generally, cyclic frequency sweep and dynamic multiwave sweep can be used to follow the
evolution of frequency dependent dynamic moduli during phase separation.”” In our work,
isothermal cyclic frequency sweep from 100 rad/s to 0.01 rad/s is chosen to investigate the effect
of MWNTs on the phase separation behavior of PMMA/SAN blend matrix. It takes nearly 1 h for
each cycle and usually 9 cycles are measured at the investigated temperature (The moduli tend to
be constant after 9 cycles). Figure 7 (a) and 7 (b) show the evolution of storage modulus (G') as a
function of frequency at different cycles of PMMA/SAN (57/43) blends and PMMA/SAN/MWNT
(57/43/0.2) nanocomposites during annealing at 180 °C. Here, we only present the frequency
dependence of G', because the variation of G' is more remarkable than that of loss modulus (G")

3646 Ag it is clearly shown, the unfilled and filled system share the

during phase separation.
similarity that their G’ exhibits a distinct increment at high @s in the first two cycles and the
increment slows down in the following cycles, indicating that the systems gradually tend to
equilibrium. The variation of G’ for the blend at high ws may be just ascribed to the thermally
induced local composition fluctuations inside the domains (component’s contribution),” while
that for the nanocomposite may be attributed to the aggregation of MWNTs in the SAN-rich

domain as well.*’ On the other hand, the variation trends of G’ for the blend and nanocomposite at

low as with the increasing cycles are found to be just opposite. The platform of binary blend at

9
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low as is attributed to the emergence of co-continuous domain interface at the early stage of SD
phase separation, while the shape relaxation of domain and the dissipative relaxation due to the
space rearrangement of the aggregates could both behave as a second platform on the G’ curve of
ternary composites. The decrease of G’ at low ws for the blend at 9 cycles is ascribed to the
reduction of interfacial area with the increase of domain size (interfacial contribution),’® **
while the obvious increase of G’ at low as for the nanocomposite may be mainly caused by the
aggregation of MWNTs in the SAN-rich domain, which may fully conceal the influence of
growing domain on G P!

To clearly clarify the effect of MWNTSs on the frequency dependence of G’ variation, G' at
0.01 rad-s” and 0.25 rad-s™ as a function of annealing time for the unfilled and filled systems are
extracted from Figure 7(a) and 7(b), respectively, as shown in Figure 7 (c). It can be seen from
Figure 7(a) that there exists a crossover frequency (~0.045 rad-s") where the moduli at different
cycles are constant. The crossover frequency is thought as the boundary point to distinguish
whether G’ is dominated by the interfacial contribution or the components’ contribution.”” Here,
0.01 and 0.25 rad-s™ are below and above the crossover frequency, respectively. It is obvious that
the time evolution of G’ is strongly frequency dependent for the blend. G' dominated by the
interfacial contribution decreases slightly with the time at 0.01 rad-s™, while that dominated by the
components’ contribution increases with the time at 0.25 rad-s. For ternary nanocomposites, their
G’ values are much higher and the increments with the time are more obvious. Furthermore, the G’
values almost show the same increasing trend at two investigated frequencies, implying that the

interfacial contribution and the components’ contribution from the morphology evolution of blend

matrix can be neglected and the contribution of MWNTSs agglomeration may play the primary role.

Hence, the time evolution of G’ for the nanocomposites hardly presents the remarkable frequency

dependence.

3.4 Dynamic percolation of PMMA/SAN/MWNTSs nanocomposites during isothermal
annealing

Generally, the dispersion of nanoparticles in the molten polymer matrix is hardly in
thermodynamic equilibrium state and they always tend to aggregate together for the reduction of

21,22,52

excess interfacial energy. The driving force for the aggregation of fillers might be the strong

dispersive interaction between the filler and polymer matrix as well as the depletion interaction

between the adjacent nanoparticles.” **

In our study, simultaneous measurements of rheological
and conductive properties were carried out to track the real time evolution of the dynamic
modulus (G’) and the volume resistivity (p) for the unfilled and filled systems during isothermal
annealing. As mentioned above, MWNTs are selectively localized in the SAN-rich phase and the
minor SAN-rich domain should be maintained as continuous structure to ensure that small amount
of MWNTs can form the continuous conductive pathway in CPC preparation. Here, the

10
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composition of blend matrix was selected as PMMA/SAN 57/43 (near-critical composition) and
the samples were isothermally treated well above T (from Section 3.2). Figure 8 shows the time
evolution of p for neat PMMA, SAN, PMMA/SAN (57/43) blend and MWNTs filled
nanocomposites at 180°C. During annealing, the p value of PMMA shows about an order of
magnitude reduction and those of PMMA/SAN blend and SAN almost remain stable, indicating
that the presence of SAN may enhance the thermal stability of electrical property for the blends.
The initial p values of PMMA/SAN/MWNTs (57/43/0.2) and SAN/MWNTs (100/0.2)
nanocomposites are in the same magnitude with their corresponding polymer matrices. With the
extension of annealing time, the p value drops sharply after a critical time defined as dynamic
percolation time (#yr), at which the first conductive pathway forms. Such sharp decline in p is
referred to dynamic conduction (DC) percolation.52 There is no initial platform for
PMMA/MWNTs (100/0.2) nanocomposite and its p value reaches an equilibrium value after 300 s,
indicating that a relatively perfect conductive network of MWNTs may form in the sample
preparation. SAN/MWNT (100/0.2) nanocomposite possesses a much gradual reduction rate and a
higher equilibrium p value. The difference mainly results from a combination of the dispersion
state of MWNTs, interfacial tension between the polymer and MWNTs as well as the interaction
between adjacent MWNT particles. As we know from the Section 3.1, MWNTs are in a worse
dispersion state in PMMA matrix with a lot of aggregates. Therefore, a much advanced
percolation behavior happens in PMMA/MWNTs (100/0.2) nanocomposite. It can be found in
Figure 1(b) and (c), the dispersion state of MWNTs in homogenous blend matrix is very similar to
that in SAN. Compared with SAN/MWNTs (100/0.2) nanocomposite, the p values of
PMMA/SAN/MWNTs (57/43/0.2) ternary nanocomposite decrease more rapidly at a shorter fr
and finally reach a far lower equilibrium volume resistivity. The formation of double percolation
in ternary nanocomposites, namely, the selective location for MWNTs in SAN-rich phase of a
co-continuous polymer blend to form a percolated network in the selected phase, brings about an
enhancement of effective loading and contributes to the reduction of final equilibrium p.

The filler content in SAN/MWNTs (100/0.4) nanocomposites is close to the effective content
for PMMA/SAN/MWNTs (57/43/0.2) systems and the f,r of ternary system falls in between those
of 0.2 and 0.4 vol% MWNTs filled SAN systems. Such phenomenon suggests that phase
separation might emerge before £z, and most MWNTs migrate into the SAN-rich phase with the
evolution of phase separation and then agglomerate to form the conductive network. The selective
dispersion of MWNTs in the SAN-rich domain is just due to the better affinity between SAN and
MWNTs, confirmed by the TEM characterization and the estimation of wetting coefficient.
Furthermore, the exact sequence for phase separation of blend matrix and dynamic conduction
percolation should be further confirmed by the TEM observation for the samples annealed above
T prior to #yr. In brief, apart from the effect of thermal treatment on the aggregation of conductive
fillers, the phase separation and morphology evolution of blend matrix may also play a role in the
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conductive behavior of ternary nanocomposites.

The simultaneous evolution of rheological response for MWNTs filled SAN nanocomposites,
PMMA/SAN (57/43) blends and PMMA/SAN/MWNTs (57/43/0.2) nanocomposites during
annealing at 180 °C and 0.3 rad's” is shown in F igure 8(c) to clarify the contributions of phase
separation and filler agglomeration, respectively, to the evolution of modulus. Owing to the
migration and aggregation of MWNTs in the SAN-rich phase during phase separation, the time
evolution of G’ for SAN/MWNTs systems are just given and set as a comparison. The G’ values in
the first 100s were removed due to the turbulence of heat transmission between the environment
and the sample. For all the systems, G’ values gradually raises with the annealing time before they
approach a steady value, which is defined as dynamic modulus (DM) percolation and #,g is the
critical time above which G’ varies markedly.”’ 2

the DM percolation for such four systems. For PMMA/SAN (57/43) blends, G’ increases after f,G

However, there are different origins resulting in

at the frequency of 0.3 rad-s™ (above the crossover frequency) due to the thermally induced local
composition fluctuations inside the domains (component’s contribution), as mentioned in Section
3.2. SAN/MWNTs (100/0.2) nanocomposites show marked DM percolation behavior due to the
agglomeration of MWNTSs. The interaction between MWNTs and SAN restricts the aggregation of
MWNTs in the SAN matrix, which leads to a gentle increment of G'. Compared with
SAN/MWNT (100/0.2) nanocomposites, PMMA/SAN/MWNTs (57/43/0.2) nanocomposites
reveal a more remarkable DM percolation behavior with a shorter #,, and a tremendous increase
in G'. For ternary system, G’ starts to increase dramatically at about 500 s, which is close to the #,g
of PMMA/SAN (57/43) polymer blends (<500 s), while G’ for SAN/MWNTs (100/0.2)
nanocomposites increases remarkably after 700 s, suggesting that the presence of MWNTs may
slightly retard the SD phase separation of blend matrix and the increment of G’ (# < 700 s) may be
ascribed to the components’ contribution induced by the SD phase separation of blend matrix.*’
The following increment of G' for PMMA/SAN/MWNTs (57/43/0.2) nanocomposites is regarded
as the superimposition of phase coalescence for blend matrix and MWNTs agglomeration.'® *°
Here, the modulus increment due to MWNTs aggregation may be mainly attributed to the
reduction in the macromolecular mobility of blend matrix induced by the direct bridging of single
chains adsorbed on different MWNTSs aggregates, the entanglement between chains adsorbed on
separate aggregates and the entanglement of non-adsorbed bulk chains.”® >*
PMMA/SAN/MWNTs (57/43/0.2) system at the late stage of annealing is higher than that of
SAN/MWNTs (100/0.2) system and close to that of SAN/MWNTs (100/0.4) system. Here, it

should be noted that the selective distribution of MWNTSs in the SAN-rich domain results in the

Moreover, G’ of

condensed agglomeration network of MWNTs with the effective volume content of 0.465. In order
to specifically clarify the respective contribution of phase separation and MWNTs aggregation, G’
evolution curves for the unfilled and filled systems are normalized in the insert plot of Figure 8 (c).
It is clearly observed that the increase amplitude of G’ for the blend is the smallest and those for

12
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MWNTs filled SAN nanocomposites increase with the increasing loadings of MWNTs. However,
the increase amplitude for ternary nanocomposites, especially at the medium and late stage of
annealing is almost the superimposition of those for the blend and SAN/MWNTs (100/0.4), rather
than SAN/MWNTs (100/0.2) nanocomposite. Furthermore, the contribution of modulus increment
mainly comes from the agglomeration of MWNTSs and the contribution from phase separation of
blend matrix just presents fairly at the initial stage of annealing.

The formation of conductive network in a filled system also depends on the annealing
temperature.55 Figure 9 exhibits the synchronous evolution of p and G' for PMMA/SAN/MWNTs
(57/43/0.2) nanocomposites at various annealing temperatures. When the annealing temperature
elevates, their f,r and #,c reduce markedly and their p and G’ values tend to approach the
equilibrium state more quickly, reflecting that high temperature can accelerate the DC and DM
percolation behaviors. Nevertheless, the variation of £, with temperature is less obvious than that
of f,r, indicating a limited acceleration effect of annealing temperature on the DM percolation.

Due to the weak contribution of phase separation for blend matrix to dynamic modulus, it is
difficult to determine the order for the phase separation of blend matrix and the aggregation of
MWNTs into conductive network only by simultaneous measurement of rheological and electrical
behaviors. TEM micrographs of the samples annealed prior to #,r should be provided to further
confirm the sequence of two abovementioned behaviors. Figure 10 (a), (b) and (¢) show the TEM
images of PMMA/SAN/MWNTs (57/43/0.2) nanocomposites after being annealed for 500 s at
170 °C 300s at 180 °C and 200 s at 190 °C, respectively. It can be found that the blend matrix
shows co-continuous morphology and most MWNTs migrate into the SAN-rich phase before 7,z at
all the investigated annealing temperatures, implying that the phase separation of matrix occurs
prior to the DC percolation. Krasovitski et al. proposed that for the particles with high aspect ratio,
even very small differences in wetting behavior are sufficient for complete penetration into the
better wetting liquid.”® Hence, it is easy for MWNTs to migrate into the SAN-rich phase even
being annealed for a rather short time period. The aggregation of MWNTs in the SAN-rich phase
plays a predominant role in the conductivity evolution. It may account for the self-similarity of p-¢
curves of ternary nanocomposites at different temperatures, which is commonly found in the
nanocomposites with unitary polymer matrix. Furthermore, it can be found from Figure 8(b) that
the absolute value for the slope of p reduction of ternary system is larger than those for 0.2 and 0.4
vol% MWNTs filled SAN systems, indicating that the restriction of MWNTs in the fine SAN
domain at the early stage of SD phase separation may lead to an increment of the contact
randomness and opportunity between adjacent MWNTs. Hence, the real content of MWNTs and
tor for PMMA/SAN/MWNTSs (57/43/0.2) system are both smaller than those for SAN/MWNTs
(100/0.4) system, but the further agglomeration of ternary system is much faster and more
effective than that of SAN/MWNTSs (100/0.4) system, resulting in the lower equilibrium p value.

Filler content is also thought to play an important role on #,z, p and dynamic modulus of the

13
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nanocomposites. Figure 11 shows the DC and DM percolation behaviors of PMMA/SAN/MWNTs
nanocomposites with various filler volume fractions at 180 °C. The thermal DC percolation is
related to the rearrangement of MWNT aggregates to form continuous conductive pathways after
for and t,r decreases sharply with increasing ¢. Meanwhile, the DM percolation behavior becomes
more intensive and #,g reduces with increasing ¢@. It is known that the incorporation of nanofiller
may stabilize the phase structure of blend matrix through the retardation of macromolecular

diffusion and the hinder effect may enhance with the increase of filler loadings.*"*>°">*

Hence,
the effect of MWNTs content on the contribution of modulus increment arising from the phase
separation of blend matrix can be neglected. At a given time, especially in the medium and late
stages of annealing, the increment of G’ with increasing ¢ may be mainly ascribed to the
hydrostatic reinforcement effect. The decline of #,r and #,g indicates that the increase of MWNTs
content may accelerate the dynamic percolation.'’

The time evolution of p for PMMA/SAN/MWNTs (57/43/x) nanocomposites with the filler
loadings of 0.1 and 0.4vol% at different annealing temperatures were also investigated (Figure 12
(a) and 12 (b)) to explore the temperature dependence of their DC percolation behavior. The g
values for PMMA/SAN/MWNTs (57/43/0.1) and PMMA/SAN/MWNTs (57/43/0.4)
nanocomposites can be easily obtained from Figure 12 (a) and 12 (b). Figure 12 (c) shows the
critical time g as a function of reciprocal temperature (1/7) for PMMA/SAN/MWNTs (57/43/x)
nanocomposites. It is obvious that the In #,r vs. 1/T plots for three nanocomposites show good
linearity and are parallel to each other. The activation energy of the DC percolation, AER is
determined from the slope of #r against 1/7 and shown in Figure 12 (c). AER is nearly
independent on ¢ at ¢ = 0.1-0.4 vol% and the value of AEgs with 13% maximal error are close
with each other. It is reported that the aggregation of CB in unitary polymer melts has a close

relationship with polymer dynamics.” ®

Although the polymer matrix is a binary blend in this
work, the phase separation of PMMA/SAN blend matrix occurs prior to the DC percolation and
then MWNTs migrate rapidly and aggregate in the SAN-rich phase. To compare the activation
energies of DC percolation for the nanocomposites and viscous flow of SAN, we measured the
dynamic modulus for SAN as a function of wat the temperature range of 150-200 °C. Figure 13 (a)
shows the master curves of G' and G” for SAN at the reference temperature of 170 °C. Figure 13
(b) shows the horizontal shift factor, ar, used for constructing the master curves, as a function of
1/T, indicating that the temperature dependence of ar for SAN fits the Arrhenius equation with the
activation energy of flow (AE,r) of 181.9 = 6.3 kJ-mol". It is observed that the AEg for the DC
percolation is very close to AE,r for the viscous flow of SAN, indicating that the DC percolation
is related to the mobility and the structure of SAN matrix. Such phenomenon is similar with some
earlier results reported by other researchers in the composites with unitary polymer matrix.>” %
Wu et al. investigated the DC percolation of CB-filled polymers and revealed that AEy is closely

related to activation energy of zero-shear rate viscosity (7,) of the matrix.”® Otherwise, Zhang et al.
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revealed that AEy approaches the activation energy of 7, of filled polymer composites.”” Here, the
contact process between two MWNTs is equivalent to the excluding process of polymer molecules
between two particles essentially.”” Hence, the mobility of MWNTs in the phase-separated blend
matrix could reflect the mobility of polymer layer, SAN, surrounding MWNTs, while it is hardly
related to the mobility of PMMA.

Obviously, the morphology evolution of PMMA/SAN blend matrix might facilitate the
redistribution and effective agglomeration of MWNTs in the SAN-rich phase during SD phase
separation process to increase the effective volume content of MWNTSs in ternary nanocomposites.
Furthermore, the MWNTs in the minor SAN phase can retard its morphology transition from
percolation to droplet structure and maintain the continuous dispersion in the phase separated
blend matrix. The DC and DM percolations for PMMA/SAN/MWNTs nanocomposites result
from different mechanisms. The DC percolation just reflects the formation of MWNTs conductive
network in PMMA/SAN blend, while the DM percolation reflects the total contributions from the
morphology evolution of blend matrix, the MWNTs migration and agglomeration in the SAN-rich
phase. Although both the DC percolation and the DM percolation are involved in the movement of
MWNTs aggregates, the temperature dependence of #, for such system is more complicated and

will be further explored in our next work.

4. Conclusions

The morphology evolution, conductive and viscoelastic behaviors of PMMA/SAN/MWNTs
nanocomposites have been monitored during annealing by melt rheology, simultaneous
measurements of rheological and conductive properties and microscopic techniques. With the
occurrence of phase separation for PMMA/SAN blend matrix upon annealing, the MWNTs
well-dispersed in homogeneous blend matrix rapidly migrate into the SAN-rich domains and then
gradually form the MWNTs conductive network, owing to the affinity of MWNTs to SAN. The
effect of MWNTSs on the phase separation temperatures of PMMA/SAN blend depends on the
composition of blend matrix. Namely, when SAN is the minority of blend matrix, the presence of
0.2 vol% MWNTs causes the increase of Ty, and T for the nanocomposites; while when SAN is
the majority, their 7, and T, both decrease and their decline increases with the increasing SAN
content. Such composition dependence may be the result of the composition difference between
surface layer of MWNTSs and polymer matrix induced by the selective absorption of SAN on the
surface of MWNTs. Furthermore, the introduction of MWNTs significantly depresses the
morphology evolution of blend matrix and effectively maintains the initial co-continuous phase
structure for ensuring the formation of double percolation.

Synchronous evolution of G’ and p for PMMA/SAN/MWNTSs nanocomposites upon isothermal
annealing well above 7 shows the more remarkable DM and DC percolation behaviors. The

origin of their DM percolation is more complicated than that of DC percolation, which is a
15
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combined effect of morphology evolution of polymer matrix and the aggregation of MWNTs.
Further investigation may distinguish the respective contribution of morphology evolution of
matrix and MWNTs agglomeration to their dynamic modulus, in which phase separation
predominates in the initial stage of annealing and the flocculation of MWNTSs accounts
dominantly in the following stage. The activation energies of 7,z for ternary nanocomposites are
found close to that of viscous flow for SAN, suggesting that the mobility of MWNTs in the
phase-separated blend matrix is indeed controlled by the mobility of SAN surrounding MWNTs.
Hence, the redistribution of MWNTs in the matrix induced by SD phase separation of
PMMA/SAN blend results in the formation of double percolation and the dramatic
insulation-to-conduction transition at the lower percolation threshold. Thermal-induced phase
separation of partially miscible blend matrix may provide a simple and effective way to fabricate

CPCs with the desired electrical performance.
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Figure Captions

Figure 1. TEM micrographs of (a) PMMA/MWNT (100/0.2), (b) SAN/MWNT (100/0.2) and (c)
PMMA/SAN/MWNT (57/43/0.2) nanocomposites without annealing.

Figure 2. TEM micrographs of PMMA/SAN/MWNT (57/43/0.4) nanocomposites annealed at 180
°C for (a) 100 s, (b) 1000 s and (c) 4 h.

Figure 3. Morphology evolution of (a) (b) (¢) (d) PMMA/SAN (57/43) blend and (a") (b") (¢")
(d") PMMA/SAN/MWNT (57/43/0.2) nanocomposite under annealing at 190 °C for different time.
Figure 4. Cole-Cole plots of (a) PMMA/SAN (57/43) blend and (b) PMMA/SAN/MWNT
(57/43/0.2) nanocomposite at different temperatures.

Figure 5. Temperature dependence of tan ¢ under different frequencies (0.01~0.040 rad-s™) for (a)
PMMA/SAN (57/43) blend and (b) PMMA/SAN/MWNT (57/43/0.2) nanocomposite.

Figure 6. Apparent phase diagram of PMMA/SAN blends and 0.2 vol% MWNT filled
PMMA/SAN nanocomposites.

Figure 7. Dynamic storage modulus (G') under cyclic frequency sweeps at 180 °C for (a)
PMMA/SAN (57/43) blends and (b) PMMA/SAN/MWNT (57/43/0.2) nanocomposites; (c) G' for
the unfilled and filled systems as a function of time (¢) at 180 °C at 0.25 rad-s” and 0.01 rad-s™.
Figure 8. Time evolution of volume resistivity p for (a) unfilled PMMA,SAN, PMMA/SAN
(57/43) systems, (b) MWNT filled PMMA, SAN, PMMA/SAN (57/43) nanocomposites; (c) time
evolution of dynamic storage modulus G' at 180 °C. The insert plot shows the normalized
dynamic modulus G'/ G'y at 180 °C.

Figure 9. Time evolution of (a) p and (b) G' for PMMA/SAN/MWNT (57/43/0.2) nanocomposites
at different annealing temperatures.

Figure 10. TEM micrographs of PMMA/SAN/MWNT (57/43/0.2) nanocomposites annealed at (a)
170 °C for 500 s, (b) 180 °C for 300 s and (c) 190 °C for 200 s.

Figure 11. Time evolution of (a) p and (b) G' for PMMA/SAN/MWNT (57/43/x) nanocomposites
with different MWNT volume fractions ¢ at 180 °C.

Figure 12. Time evolution of p for (a) PMMA/SAN/MWNT (57/43/0.1) and (b)
PMMA/SAN/MWNT (57/43/0.4) nanocomposites at different annealing temperatures. (c) Int,g as
a function of 1/7 for MWNT filled PMMA/SAN (57/43) nanocomposites.

Figure 13. (a) Master curve of G' and G” at the reference temperature (7.¢= 170 °C) for SAN, (b)

Inar as a function of 1/T for SAN.
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Table 1. Interfacial tension and wetting coefficient calculated by using the harmonic mean

equation
Interfacial tension (mN/m) wetting
Temperature Location
coefficient o
O YPMMA-MWNT YSAN-MWNT YPMMA-SAN (@) predication
W,
170 10.04 5.02 1.56 3.23 SAN
180 10.05 5.01 1.54 3.28 SAN
190 10.08 5.02 1.52 3.33 SAN
200 10.13 5.03 1.51 3.38 SAN
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Figure 1. TEM micrographs of (a) PMMA/MWNT (100/0.2), (b) SAN/MWNT (100/0.2) and (c)
PMMA/SAN/MWNT (57/43/0.2) nanocomposites without annealing.
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Figure 2. TEM micrographs of PMMA/SAN/MWNT (57/43/0.4) nanocomposites annealed at 180
°C for (a) 100 s, (b) 1000 s and (c) 4 h.



Page 23 of 34 RSC Advances

Figure 3. Morphology evolution of (a) (b) (c) (d) PMMA/SAN (57/43) blend and (a") (b") (c")
(d") PMMA/SAN/MWNT (57/43/0.2) nanocomposite under annealing at 190 °C for different time.
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(57/43/0.2) nanocomposite at different temperatures.
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Figure 5. Temperature dependence of tan & under different frequencies (0.01~0.040rad"s™) for (a)
PMMA/SAN (57/43) blend and (b) PMMA/SAN/MWNT (57/43/0.2) nanocomposite.



RSC Advances Page 26 of 34

175
[ -~ —a—T_ solid:filled
o -o- —e—T_ open:unfilled

170}
&)
o
~
I~

165}

35 40 45 50 55 60
o
@yppn | VOI%

Figure 6. Apparent phase diagram of PMMA/SAN blends and 0.2 vol% MWNT filled
PMMA/SAN nanocomposites.
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Figure 7. Dynamic storage modulus (G') under cyclic frequency sweeps at 180 °C for (a)
PMMA/SAN (57/43) blends and (b) PMMA/SAN/MWNT (57/43/0.2) nanocomposites; (¢) G' for
the unfilled and filled systems as a function of time (¢) at 180 °C at 0.25 rad-s” and 0.01 rad-s™.
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Figure 8. Time evolution of volume resistivity p for (a) unfilled PMMA,SAN, PMMA/SAN
(57/43) systems, (b) MWNT filled PMMA, SAN, PMMA/SAN (57/43) nanocomposites; (c) time
evolution of dynamic storage modulus G' at 180 °C. The insert plot shows the normalized

dynamic modulus G'/ G at 180 °C.
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Figure 9. Time evolution of (a) p and (b) G' for PMMA/SAN/MWNT (57/43/0.2) nanocomposites
at different annealing temperatures.
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Figure 10. TEM micrographs of PMMA/SAN/MWNT (57/43/0.2) nanocomposites annealed at (a)
170 °C for 500 s, (b) 180 °C for 300 s and (c) 190 °C for 200 s.
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Figure 11. Time evolution of (a) p and (b) G' for PMMA/SAN/MWNT (57/43/x) nanocomposites

with different MWNT volume fractions ¢ at 180 °C.
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Figure 12. Time evolution of p for (a) PMMA/SAN/MWNT (57/43/0.1) and (b)
PMMA/SAN/MWNT (57/43/0.4) nanocomposites at different annealing temperatures. (c) Int,g as
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a function of 1/7 for MWNT filled PMMA/SAN (57/43) nanocomposites.
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Figure 13. (a) Master curve of G' and G" at the reference temperature (7.¢= 170 °C) for SAN, (b)
Inar as a function of 1/T for SAN.
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MWNTs migrate and aggregate in SAN-rich phase to form the double percolated structure with
thermal-induced phase separation of blend matrix.

Early Stage Late Stage




