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Abstract 

The interface between polymer matrices and nanofillers is critical for efficient interaction to achieve the desired final 
properties. In this work, block copolymers were utilized to control the interface and achieve optimum interfacial 
interaction. Specifically, we studied the compatibilizing effects of styrene-ethylene/butadiene-styrene (SEBS) and 
styrene-ethylene/propylene (SEP) block copolymers on the morphology, conductivity, and rheological properties of 
polypropylene-polystyrene (PP/PS) immiscible blend with 2 vol% multiwall carbon nanotube (MWCNT) at different 
blend compositions of PP/PS 80:20, 50:50 and 20:80.

MWCNTs induced co-continuity in PP/PS blends and did not obstruct with the copolymer migration to the interface. 
Copolymers at the interface led to blend morphology refinement. Adding block copolymers at a relatively low con-
centration of 1 vol% to compatibilize the PP/PS 80:20 blend substantially increased the electrical conductivity from 
5.15*10−7S/cm for the uncompatibilized blend to 1.07*10−2S/cm for the system with SEP and 1.51*10−3S/m for the 
SEBS system. These values for the compatibilized blends are about 4 orders of magnitude higher due to the intercon-
nection of the droplet domains. For the PP/PS 50:50 blend, the SEBS copolymer resulted in a huge increase in conduc-
tivity at above 3 vol% concentration (conductivity increased to 3.49*10−3S/cm from 5.16*10−7S/cm). Both the conduc-
tivity and the storage modulus increased as the SEBS copolymer content was increased. For the PP/PS 20:80 blend, 
we observed an initial decrease in conductivity at lower copolymer concentrations (1–3 vol%) and then an increase 
in conductivity to values higher than the uncompatibilized system, but only at a higher copolymer concentration of 
10 vol%. The triblock copolymer (SEBS), which had 60 wt% PS content, shows a more significant increase in rheological 
properties compared to the diblock copolymer (SEP). The morphology shows that the interaction between MWCNT 
and PS is stronger than the interaction between MWCNT and PP, hence there is selective localization of the nanofiller 
in the PS phase as predicted by Young’s equation and by molecular simulation.
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Introduction
The performance of the polymer blends greatly depends 
on the interfacial interaction and the interfacial tension 
of the constituent materials in the blend system and 
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morphology [1, 2]. Good understanding of the interfacial 
communication will help in the design of composites to 
obtain excellent electrical and mechanical performance. 
Some applications of these materials include electromag-
netic interference shielding such as those required in per-
sonal electronics, batteries, and electrostatic applications 
like electronics packaging [3–5].

Adding pre-made copolymers or creating copolymers 
via interfacial reaction are the major methods employed 
to enhance the phase compatibility in polymer blends 
[6, 7] and the copolymer changes the interface and 
blend rheology; and blend morphologies are affected 
by interfacial properties and rheological properties [8] 
of the blend components. The compatibilization mecha-
nism is used to develop the mixing of the phases and to 
controlem the morphology of an immiscible polymer 
blend. Polymer blends are generally immiscible and this 
results most times in poor performance of the system 
due to the large domains of the dispersed phase and 
poor adhesion between the phases [9]. The most popu-
larly used immiscible blends are compatibilized, and 
their final properties can be optimized by controlling 
the blend morphology [10]. Addition of nanofillers such 
as carbon nanotubes (CNTs), into immiscible blend sys-
tems results in a more complex system: polymer blend 
nanocomposites. In this system, polymer-polymer 
interaction, CNT-CNT interactions, and polymer-CNT 
interaction (see Fig.  1) are all important to determine 
the composites’ final properties [12].

CNTs is the most popular one dimensional nano-
filler used in polymers, due to its outstanding electri-
cal conductivity, mechanical and thermal properties, 
and high aspect ratio [13]. High aspect ratio may assist 
either or both phases to wet CNTs and it is possible 
that CNT will locate at the interphase region between 
the two polymers, and this is good a strategy to tune 
the properties of the final product. The coexistence of 

CNT-polymer and CNT-CNT interactions helps in 
designing the structure and general properties of the 
polymer nanocomposites [11, 14]. Factors that affect 
these interactions include filler arrangement, network 
structure, polymer chain mobility, polymer molecular 
weight and most importantly the interphase perfor-
mance. To enhance the adhesion among the different 
components in the polymer blend-CNT composites, a 
positive communication is required between the CNTs 
and the polymers to achieve some connection between 
the inorganic-organic interface, to increase electrical 
connectivity, have more efficient stress transfer, and 
enhance heat transfer [7, 8].

One way that has been shown to successfully promote 
this interaction between filler and polymer is use of com-
patibilizer. Compatibilizers are employed in the process-
ing of immiscible polymer blend, either through addition 
compatibilization (adding premade copolymer) or by 
in  situ compatibilization [9, 12]. Pre-made copolymers 
are made with different structural configurations, pro-
viding versatility for special target applications [15, 16]. 
These copolymers, which acts as polymeric interfacial 
agents [17] comprises of two or more repeat units and 
can be grouped based on the arrangement of the different 
units [18]. Consequently, we have four major categories 
of the copolymers: block, branched, random, and alter-
nate copolymers; block copolymers are extensively used 
for compatibilizing polymer blends. Block copolymers 
originated with the “discovery of termination free ani-
onic polymerization” [19] when blocks of polymer chains 
are connected together. These blocks are each made of 
chemically distinct repeat units [19] and are synthetized 
by polymerizing one polymer chain (polymer A) in tan-
dem with another polymer chain (polymer B), and so on 
for additional blocks, so we can have diblock copolymers 
(two blocks), triblock copolymers (three blocks), and so 
on [20].

Fig. 1 Schematic illustration of polymer blend carbon nanotube interactions. Figure adapted from Ref [11]
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Polymer blend compatibilization occurs at the inter-
phase, for addition compatibilization the pre-made 
copolymers tends to locate at the interphase between 
the immiscible blends. This process results to steric sta-
bilization of the droplet domain preventing coalescence, 
so we can achieve morphology refinement [10]. Bagh-
eri-Kazemabad et  al. [21] studied the relation between 
morphology and properties of polymer blends/clay nano-
composites. They found that in organo-modified nano-
clay, when copolymers are added, they selectively locates 
in the phase with higher polarity in a PP/ethylene-octene 
copolymer/clay composite. Velankar et  al. [22] mixed 
polyisobutylene (PIB) and polydimethylsiloxane (PDMS) 
compatibilized with several concentrations of diblock 
copolymer in 10:90 wt.% of PIB/PDMS blend composi-
tion. In their process, to allow for coalescence the shear 
rate was reduced from the initial rate of 4.8  s− 1 to 1.2  s− 1. 
They observed that the presence of copolymer into the 
blend increased the critical capillary number Cac when 
compared with the neat blend, which demonstrates that 
compatibilized droplet domains are more stable, and do 
not break up as easily as the uncompatibilized ones. The 
process of compatibilization was also shown by Bharati, 
A. et al. [23], where high molecular weight of the of the 
random or block copolymer of PS-PMMA results to 
increase in the electrical conductivity as it enhanced the 
continuity of the PαMSAN phase in which the nanofill-
ers is localized. Moreover, phase separation in immiscible 
polymer blend was also used by Bharati, A. et al. [24] to 
interfacially segregate compatibilizer to make bi-contin-
uous structures resulting to low percolation threshold of 
MWCNT.

Van Hemelrijck et al. [25] in their study with polyiso-
prene (PI)/PDMS copolymer, at 10/90 wt.% blend com-
position, the storage modulus against frequency plot 
showed an extra shoulder which indicates an extra relax-
ation mechanism. They also observed that, the relaxation 
mode is not easily noticeable when the copolymer con-
tent is increased, and non-linear regularization methods 
were used to confirm the presence of the two relaxa-
tion modes in the compatibilized blends. Furthermore, 
molecular simulation calculations using Hildebrand 
solubility parameters by Sundararaj and co-workers [26] 
showed that the block copolymer interacts better with 
the individual polymers, PP or PS than with MWCNT. 
This indicates that when copolymers migrate to the inter-
phase, they do not envelop the nanofiller, allowing it to 
localize at the thermodynamically preferred phase. Dur-
ing in situ compatibilization, there is a complex chemical 
interaction that takes place at the interphase between the 
two polymers, and hence, a copolymer is formed directly 
at the interface comprising of segments of each of the 
polymers in the blend. In some cases, graft copolymers 

are formed, as shown by Azubuike and Sundararaj [27], 
at the interface during mixing, and the copolymer is 
pinned at the interface, trapping and strategically locat-
ing the MWCNTs to achieve better network connection 
and enhanced properties. As the copolymer is trapped 
at the interphase, morphology stability is achieved but 
the viscosity is increased, and therefore increased energy 
input will be required to process the material [16].

Block copolymers was also shown to reduce the inter-
facial tension, this work by Macaúbas, P.H.P et  al. [28, 
29] compared the morphology and the interfacial ten-
sion emulsion curve of PP/PS (90/10) at different SEBS 
and SBS copolymer concentration. They inferred that the 
concentration of the compatibilizer at the interfacial ten-
sion levels off is lower than the concentration in which 
the average radius of the droplet levels off.

The rheological properties and interfacial proper-
ties are the key parameters that determine the size of 
dispersed phase during melt processing [10]; hence, for 
improved phase adhesion and stabilization of the blend 
morphology, block copolymers should be introduced as 
compatibilizer, and this will also enhance the final prop-
erties of the multiphase polymer system [18, 20]. More-
over, it has been shown that phase adhesion provides 
significant improvement in the mechanical properties 
of immiscible polymer blends [30]. In this study, multi-
wall carbon nanotubes (MWCNT) were incorporated 
as the nanofiller and styrene ethylene/butadiene styrene 
(SEBS) triblock copolymer and styrene ethylene/propyl-
ene styrene (SEP(s)) diblock copolymer were added as 
compatibilizer at different concentrations. The electrical 
conductivity and the rheological properties were investi-
gated at different blend compositions of PP/PS. This work 
showcases the different morphology evolution based 
on compatibilizer type, and how the copolymer impacts 
the MWCNT network connection. Forming a conduc-
tive nanofiller network leads to achieving good electrical 
conductivity and mechanical properties of the blend, and 
this structure and properties can be correlated to the rhe-
ological measurements in the linear viscoelastic region.

Experimental
Materials and methods
The polymers used in this study are polypropyl-
ene (PP) Lumicene® MR2001 from Total SA with 
MFI = 25 g/10 min and polystyrene (PS) Styron® 666D 
from Americas Styrenics LLC MFI = 8 g/10 min. Multi-
walled carbon nanotubes (MWCNTs) Nanocyl™ NC 
7000 were used as the nanofillers. SEBS A1535HU tri-
block copolymer (60 wt% styrene content) and SEP 
G1730VO diblock copolymer (22.5 wt.% styrene) were 
kindly provided by Kraton™ Corporation.
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Polymer blend Nanocomposites preparation
The polymer blends with and without copolymers were 
mixed in the Alberta Polymer Asymmetric Mini-mixer 
(APAM) [31]. All blend components were dried in an 
oven at 70 °C under vacuum for 24 h prior to mixing. The 
mixing procedure consisted of simultaneously blend-
ing the neat PP and neat PS with the copolymer and 
MWCNT. After mixing, the blended composite was 
allowed to cool in air at room temperature. These blended 
samples were used for microscopic characterization. The 
processing conditions were kept constant, T = 220 °C and 
N = 200 rpm, for all the samples during the mixing pro-
cess. Polymer blend ratios of 80:20, 50:50, and 20:80 PP//
PS were prepared, with different copolymer concentra-
tions of 1, 3, 5 and 10 vol% while the amount of MWCNT, 
2 vol% was kept constant in all composites. After mix-
ing, compression molding was performed for 10 min at 
45 MPa pressure, and the molded samples were used for 
rheological analysis.

Material characterization
The MWCNT localization in the blend nanocomposite 
was determined using transmission electron microscopy 
(TEM). Thin sections of the samples were prepared using 
an Ultracut E (Reichert-Jung) equipped with an FC4D 
(Reichert-Jung) cryomicrotomy attachment. Blocks were 
trimmed first with a Cryotrim 45 (Diatome, Hatfield, 
PA) and then sectioned with a cryo diamond knife (Dia-
tome, Hatfield, PA) at -60 °C to -80 °C. The trimmed sec-
tions were then picked up in 20% sucrose and transferred 
to a 200-mesh copper grid. The TEM images were then 
captured with a Gatan Orius CCD camera installed on a 
Philips – FEI (Thermo Fisher Scientific), Morgagni 268 
model, operating at 80 kV.

The morphology of the composites was studied using 
scanning electron microscopy (SEM). Images were cap-
tured using a FEI XM30 SEM (FEI Hillsboro OR, USA) at 
20 kV accelerating voltage. The samples were cryo-frac-
tured in liquid nitrogen, and then etched using tetrahy-
drofuran (THF) to selectively remove the PS phase from 
all the blend composites. The etched surface was then 
sputtered with platinum before imaging to prevent sam-
ple degradation due to the electron beam.

The rheological measurements were performed using 
Anton-Paar MCR 302 rheometer at 220 °C, using 25 mm 
diameter parallel-plate geometry with gap size of 0.5 mm. 
All experiments were carried out at a temperature of 
220 °C. Strain amplitude sweep was done on all the sys-
tems to demonstrate the linear viscoelastic regime (LVR). 
This test was performed over a range of applied strain 
amplitudes from 0.1% to 1000% at constant angular fre-
quency of 1 rad/s. Subsequently, frequency sweep experi-
ments at constant strain amplitude of 0.1% were done on 

the samples to investigate the structural evolution of the 
multiphase polymer blend nanocomposites, and to deter-
mine the extent of 3D network formation.

The DC electrical conductivity of all the complex blend 
systems was measured using a Loresta GP resistivity 
meter (MCP – T610 model Mitsubishi Chemical Co., 
Tokyo, Japan), connected to a four pin ESP probe (MCP, 
TP08P Model, Mitsubishi Chemical Co.). The measure-
ment was carried out at an applied voltage of 90 V on 
three different samples for each blend system, the result 
reported is the average for each system.

Results and discussion
MWCNT localization and morphology
The TEM micrographs, presented in Fig.  2 shows the 
localization of MWCNT in the PP/PS 80:20 immiscible 
blends with 5 vol% copolymer and without the copoly-
mers. We observed a significant amount of MWCNTs in 
the droplet phase (PS) in the absence of copolymers (see 
Fig.  2a1). Introducing SEBS triblock copolymer did not 
affect the localization of the nanofillers in the system as 
seen in Fig.  2b, but for the diblock (SEPs) we observed 
some of the fillers at the interphase and in the matrix 
(PP) in Fig.  2c. This could be the result of some of the 
copolymers forming micelles during the melt mixing 
process and these micelles tended to migrate to the inter-
phase. Subsequently, the nanofillers migration governed 
by shear induced collision [32] due to the shear gener-
ated during processing can result to its localization in the 
matrix. In addition, for the composite with the diblock 
copolymer, we also see localization of the nanofillers in 
the minor phase and some at the interface bridging two 
minor phases as shown in Fig.  2c1. Pötschke et  al. [33] 
and Nuzzo et  al. [34] attributed the bridge to the small 
phase size of the encapsulating domain compared to the 
length of MWCNT but this is not the case in our system. 
Since MWCNT is in the preferred phase, the bridging is 
less a result of migration but more of the large size of the 
dispersed phase, resulting in clustering of the dispersed 
domains and subsequently resulting to interfacial defor-
mation and bridging of MWCNT [35]. The localization of 
MWCNT at the interphase can be said to be because of 
the assembly of copolymer chains, which involves copol-
ymer chain movement that might affect the MWCNT 
migration between the phases.

Scanning electron microscope (SEM) images were 
captured to study the different morphological struc-
tures developed by the different blend compositions 
and are shown in Fig. 3 and Fig. 4. SEM confirms that 
the block copolymers significantly influence the domain 
sizes. The large droplet size formed in the system with-
out any copolymer can be seen to deform with addition 
of MWCNT. The interfacial deformation of the droplet 
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morphology can be attributed to nanofiller migra-
tion causing coalescence and elongation of the droplet 
domain [26]. Notably, the addition of triblock copoly-
mers (Fig.  3) resulted in significant interconnection of 
the droplet domain at low copolymer concentration of 
1 vol%. Upon increasing copolymer concentration to 
3 vol% for the PP/PS 80:20 blend composition, the PS 
domain size decreases. Increasing the triblock copoly-
mer in the 50:50 blend composition, we achieved a 
co-continuous morphology. The triblock has a higher 
styrene content of 60 wt% in the copolymer and thus, 
copolymer and MWCNT selectively localized in the 
PS phases. For the PP/PS 20:80 blend, the PP minor 
phase forms spherical droplets for all block copolymer 
concentrations, and there is a very significant effect 
on morphology at higher copolymer concentrations. 
These results show that the block copolymer controls 
the morphology development of the nanocomposite 
by halting the coalescence processes, especially in the 
80:20 blend composition. Copolymers can suppress 
coalescence by steric stabilization of the interphase [6, 
28] and/or Marangoni stresses [26, 28, 36–39].

It should be noted that at higher concentrations of 
block copolymer, it might act less like a compatibilizer 
between the two main phases (PP and PS) and rather 
like a third phase. In this work, our main purpose was to 
use the block copolymer as a compatibilizer, but we went 
up to 10 vol% copolymer to see the effect of concentra-
tion. We see from the SEM images in Figs. 3 and 4, that 
the compatiblization of the interface saturates at 1–3% 
copolymer concentration.

The block configuration (i.e. diblock or triblock) and 
the PS content in each copolymer influenced the mor-
phology evolution in each blend system. For the PP/
PS 80:20 system without copolymer, shown in Fig.  3a, 
we observe deformation of PS domains because of coa-
lescence of the droplets. However, upon adding triblock 
copolymer, the coalescence is reduced for the 80:20 blend 
composition, though morphology is slightly co-continu-
ous. Because a significant amount of nanofillers locate in 
PS domain, and the block copolymer locates at the inter-
face with the styrene segments of the triblock copolymer 
inside the PS droplet and the ethylene/butadiene seg-
ment in the PP matrix, droplet coalescence is suppressed 

Fig. 2 TEM Images of 2 vol% MWCNT and 5 vol% copolymer a-a1) PP/PS 80:20 b-b1) PP/PS 80:20/SEBS-A1535 HU, c-c1) PP/PS 80:20/SEPs- G1730VO
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Fig. 3 SEM micrographs of PP/PS/ 2 vol% MWCNT/ SEBS triblock copolymer. From left to right, the triblock copolymer concentration increases and 
from top to bottom, PS amount increases in the blend composition. PS phase was extracted in all the composites using THF

Fig. 4 SEM Micrograph of PP/PS/ 2 vol% MWCNT/ SEP diblock copolymer. Going from left to right, the diblock copolymer concentration increases 
and going from top to bottom PS amount increases in the blend composition PS phase was extracted in all the composites using THF
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as the copolymer content increases. That is, the copoly-
mer forms a barrier layer at the interphase and does not 
allow the PS molecules in adjacent droplets to interact 
and the MWCNT in the droplets increases the viscosity 
of the droplet phase not allowing PS to flow as easily.

At higher PS content in 50:50 blend, there is more 
interfacial area and the MWCNT content in PS phase is 
lower (though it is the same in the overall blend compo-
sition) and with triblock copolymer, the droplets tend to 
connect slightly as shown in Fig. 3(g-j). However, this is 
not the case when we add diblock copolymer (Fig. 4(g-j)), 
and we observe a reduced droplet domain size. This may 
be due to the lower PS content of the copolymer inside 
the PS droplet, keeping the copolymer at the interphase. 
The PS/MWCNT domain also significantly reduced, and 
the droplet shapes are more irregular and do not form a 
continuous phase like in the case of the blend with tri-
block copolymer. Increasing PS concentration to 80% in 
the 20:80 PP/PS blend system shows similar morphology 
evolution for diblock copolymer as that observed for the 
triblock.

Rheology
Some previous research has shown that addition of 
compatibilizers on the blend greatly affects the blend 
morphology during mixing [6, 29, 31] and the morphol-
ogy in turn affects the blend rheology. We studied the 
rheology of the blend components and viscosity ratio 
(ηd/ηm) at the processing condition and was calculated 
as 3.28 as shown in Fig. S1, this high viscosity ratio 
contributed to the interfacial deformation observed in 
Fig. 3a and 4a. In addition, the linear rheological tests 
of the polymer blend nanocomposite were conducted 
to study the effect of copolymers on the morphology 
of the immiscible blend systems. Fig.  5 shows the fre-
quency and strain amplitude sweeps of different PP/
PS/SEBS blend compositions, with 2 vol% MWCNT., 
In PP/PS 80:20 polymer blend nanocomposites (Fig. 5a, 
b), at 1 vol% concentration of the SEBS copolymer, 
we achieved about two orders of magnitude increase 
compared to the uncompatibilized blend nanocom-
posite and a corresponding plateau-like behavior in 
the low-frequency region. This can be explained by 
the interconnection of the droplet domains shown in 
Fig. 3b, and the formation of a 3-dimensional network 
structure of MWCNT [40]. Introducing SEBS block 
copolymer resulted in a significant increase in the 
storage modulus for the PP/PS 50:50 and 20:80 blend 
compositions shown in Fig.  5c-f, and generally, there 
is a increase in modulus with increasing copolymer 
content; hence, there is an associated increase in the 
stiffness of the nanocomposites. This can be linked to 
the formation of a 3-dimensional network structure of 

MWCNT with addition of SEBS and to the high elas-
ticity of SEBS copolymer as shown in Fig. S2. In addi-
tion, this increase can also be partly attributed to the 
transformation of the morphology from dispersed to 
co-continuous morphology induced by MWCNT local-
ized in the PS phase [41], as seen from the SEM micro-
graphs, Fig. 3(g-j). This can also explain the droplet size 
reduction and the corresponding increase of interfacial 
area in the PP/PS 80:20 blend nanocomposite. These 
changes are attributed to the increase in interfacial 
elasticity [32, 33] due to MWCNT and consequently, 
we see stabilization in the morphology. For the PP/PS 
80:20 blend nanocomposite, we see the highest stor-
age modulus for 1 vol% SEBS (Fig. 5a) and subsequently 
a drop in modulus at 3 vol% SEBS, we see the finest 
droplet morphology for this nanocomposite (Fig.  3c). 
Moreover, for the PP/PS 50:50 and 20:80 blend nano-
composites, the observed co-continuous morphology 
with additional SEBS copolymer contributed to the 
increase in storage modulus and loss modulus behavior 
shown in Fig. S3 of the blend system. Although the SEP 
diblock copolymer gives a more regular and reduced 
droplet size, and higher interfacial area, the SEBS tri-
block resulted in the highest moduli and impacted the 
linear viscoelastic properties more because of a more 
connected network due to SEBS having a higher PS 
content.

Figure  6 shows the frequency and strain amplitude of 
the storage modulus for the different blend compositions 
and copolymer concentrations for blend nanocompos-
ites made with SEP diblock copolymer. In general, we 
observed that higher concentration of 10 vol% of diblock 
copolymer, gave higher modulus at low strain and same 
also applies for the loss modulus in Fig. S4, and a lower 
critical strain amplitude compared to the other diblock 
concentrations. This can be attributed to the intercon-
nected PS-CNT domains, since at high copolymer 
concentration, there are more interconnections at the 
interface as the copolymer bridges the two phases [42, 
43]. The combined effect of MWCNT and copolymer in 
PS is to stretch the PS.

Domains until they link with each other. Consequently, 
we achieved a more connected network structure. To 
understand the individual effects of the copolymer on 
the blend system without CNTs, we carried out a strain 
sweep of the blend systems with 5 vol% of copolymers, 
shown in Fig. S5. In both cases, the increase in moduli 
is less without the MWCNT. However, a very significant 
increase in modulus and a low critical strain amplitude 
was observed for SEBS triblock (60 wt% PS), and this cor-
responded with the increased moduli observed for the 
PP/PS/SEBS/MWCNT blend nanocomposite systems 
compared to those made with SEP.
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Electrical conductivity
The DC conductivity for different blend nanocompos-
ite systems with different block copolymers, at different 
blend compositions of the PP/PS, were measured and 
plotted against the copolymer concentrations, and the 
plots are shown in Fig. 7. The PS/CNT single polymer 
nanocomposite shows a very high conductivity (just 
over  10− 2 S/cm) compared to the very low conductiv-
ity of PP/CNT (just below  10− 6 S/cm) in the absence of 
any compatibilizer. This result indicates that CNT has 
better affinity for PS and agrees with the molecular sim-
ulation done by Sundararaj and co-workers [26], which 
showed that PS has higher binding energy for CNT and 
hence will have a much better interaction. This higher 

binding energy between CNT and PS can be correlated 
to better dispersion and distribution of CNT in the PS 
matrix, resulting in high conductivity, and in selec-
tive localization of CNT in PS phase for PP/PS blends, 
although subsequent increase in copolymer concentra-
tion in the single polymer nanocomposite increases the 
conductivity as shown in Fig. S6.

Introducing block copolymers to PP/PS 80:20 
blend nanocomposites, we obtained a high conduc-
tivity at 1 vol% copolymer concentration for both 
copolymers. At this concentration, the PS/MWCNT 
domain interconnectivity is enhanced, as shown in 
the SEM micrographs in Fig.  3b and Fig.  4b, and as 
shown by the increased rheology at 1 vol% copolymer 

Fig. 5 Frequency and strain sweep of PP/PS/MWCNT/SEBS triblock at different concentration a-b) 80:20, c-d) 50:50, and e-f) 20:80 blend 
compositions
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in Fig.  5a and Fig.  6a. This better PS/MWCNT 
domain interconnectivity in the PP/PS 80:20 blend 
system led to the significant increase in conductiv-
ity (four orders of magnitude increase) over PP/
MWCNT nanocomposite, as seen in Fig. 7a. Increas-
ing the copolymer concentration at this same blend 
composition results in substantial reduction of the 
PS domain interconnectivity due to the stabiliza-
tion of the droplet morphology by the copolymer, i.e. 
high concentration of copolymer suppresses drop-
let coalescence and domain interconnectivity seen 
for 1 vol%. Since MWCNT selectively locates in PS, 
reduced PS interconnectivity results in a disruption 
of the CNT network, and hence, we see a very large 
drop in the conductivity of the blend system as the 
copolymer concentration increases beyond 1 vol%, 
and the conductivity is similar to the uncompatib-
lized PP/PS 80:20 system.

For the PP/PS 50:50 blend nanocomposite, we observed 
the opposite result upon adding copolymers, with a dra-
matic increase in conductivity at 3 vol% copolymer con-
centration for the system with the triblock copolymer. 
At higher concentrations (10 vol% copolymer), both the 
triblock and diblock systems show higher conductivity 
(three orders of magnitude increase). This agrees with 
the co-continuous morphology observed in the micro-
structure, shown in Fig.  3j and Fig.  4j and also in the 
frequency sweep and strain sweep results in Fig.  5c-d 
and 6c-d, respectively, where we obtained a high stor-
age modulus at higher copolymer concentration, indi-
cating that we had established a 3D network structure. 
This trend in conductivity increase for the SEBS triblock 
copolymer system is not seen in the system with SEP(s) 
diblock copolymer, except at 10 vol% SEP, where a signifi-
cant increase in conductivity about 3 orders of magni-
tude was observed in agreement with the high modulus 

Fig. 6 Frequency and strain sweep of PP/PS/MWCNT/SEP(s) diblock at different concentration a-b) 80:20, c-d) 50:50, and e-f) 20:80 blend 
compositions
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in the rheological result. The co-continuous morphology 
obtained (Fig. 4j) can be attributed to the chain assembly 
of the copolymer at high concentration.

In PP/PS 20:80 blend composition, we see a drop in 
the conductivity at low copolymer concentrations. For 
the PP/PS 20:80 system, as the copolymer goes into the 
polymer blend and to the interphase, it may break up the 
MWCNT structure built inside the matrix PS phase. As 
the quality of the CNT domain connection decreases, 
we obtain lower conductivity, but at higher copolymer 
concentration, may form a more connected structure 

and create a more co-continuous structure in the blend. 
In the system with triblock copolymer, at 1 vol% SEBS, 
the MWCNT network is disrupted, and we see a huge 
drop in electrical conductivity (from 6.17*10−4S/cm to 
3.07*10−6S/cm). At higher SEBS concentrations, the 
conductivity increases, with a value of 1.05*10−1S/cm 
at 10 vol% SEBS. Considering the high PS concentra-
tion of SEBS copolymers, there can be a significant co-
continuous PS block phase and MWCNT network, 
leading to an increase in conductivity over the uncom-
patibilized blend. Moreover, there is a significant drop in 

Fig. 7 Electrical conductivity, a) PP/PS 80:20 b) PP/PS 50:50 c) PP/PS 20:80, with 2 vol% MWCNT at different copolymer concentrations. 
Adding copolymer to the blend nanocomposite system has enormously different electrical conductivity trends based on copolymer type and 
concentration
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conductivity at 3 vol% for SEP diblock copolymer also as 
shown in Fig. 7c, and this drop in conductivity matches 
with reduced modulus as shown in Fig.  6e, signifying a 
poor MWCNT network connection.

Conclusion
In this study, we examined the impact of different block 
copolymer architecture on immiscible polymer blend 
nanocomposites with 2 vol% MWCNT at different poly-
mer blend and copolymer compositions. Using different 
copolymer structures and concentration, we obtained dif-
ferent morphological structures, which were correlated 
to the rheological and electrical properties of the poly-
mer blend nanocomposites (PP/PS/2 vol% MWCNT). 
Using 1% concentration of either diblock SEP or triblock 
SEBS, we achieved better PS/MWCNT domain inter-
connectivity in the PP/PS 80:20 blend system that led 
to a significant increase in conductivity (four orders of 
magnitude increase). The increased conductivity corre-
sponded to an increase in storage modulus at 1% copoly-
mer content. Interestingly, the conductivity and rheology 
results decreased at higher copolymer contents up to 10% 
in the PP/PS 80:20 blend system.

A substantially different morphology evolution 
is observed in the PP/PS 50:50 blend composition. 
Here, adding triblock copolymer to the blend nano-
composite results in a more co-continuous morphol-
ogy compared to that obtained by adding the diblock 
copolymer. This difference in morphology changed the 
electrical conductivity of the system and we achieved 4 
orders of magnitude increase in electrical conductivity 
with 3% triblock SEBS copolymer, and the conductiv-
ity remained high up to 10%. Only at high diblock SEP 
copolymer concentration (10%) were we able to achieve 
a significant 4 orders of magnitude increase in conduc-
tivity  in the PP/PS 50:50 system, and we attributed 
this to the copolymer chain assembly at the interface. 
The rheological parameters, namely the storage modu-
lus, matched the electrical results, showing a rheologi-
cal percolation at 1 vol% SEBS and then a decrease in 
modulus at higher copolymer concentrations. In the 
PP/PS 20:80 system, we saw an initial decrease in the 
electrical conductivity at low copolymer concentrations 
(1 vol%) but subsequently, at 10 vol% SEBS, the conduc-
tivity increased by two orders of magnitude over that 
of the uncompatibilized blend nanocomposite, presum-
ably due to the formation of a co-continuous PS block 
phase in which there was a MWCNT network.

The viscoelastic properties of the blend nanocom-
posites of our system were influenced by the addition 
of the triblock SEBS copolymer, and we achieved a 
greater increase in storage modulus at all blend com-
positions with SEBS, compared to SEP. This was linked 

to several factors including the high PS content in 
the SEBS copolymer, MWCNT localizing in the PS 
domain, and migration of CNT (especially for PP/PS 
50:50 and PP/PS 20:80) resulting in a co-continuous 
morphology. In summary, we observed different mor-
phological evolutions by varying concentrations of the 
block copolymers, with the triblock copolymer show-
ing a more significant impact on the conductivity and 
rheological parameters, especially at the 50:50 and 
20:80 PP/PS blend composition.
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