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The thermal and viscoelastic performance of polymer blends is decisive for their deployment in advanced
engineering and electronic applications. Here, we report a systematic investigation of immiscible poly(tri-
methylene terephthalate) (PTT)/polypropylene (PP) blends reinforced with multiwalled carbon nanotubes
(MWCNTS). While the incorporation of MWCNTSs did not markedly alter the thermal degradation profiles, it
significantly modified the viscoelastic behavior by inducing a constrained polymer region within the PTT
phase. Quantitative analysis of filler dispersion effectiveness, entanglement density, reinforcing efficiency,
and constrained volume provides new insights into nanotube—matrix interactions. Rheological results
revealed a terminal-to-nonterminal transition with increasing nanotube content, confirming percolated
network formation at low filler loadings. These findings establish clear structure—property correlations
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that extend beyond qualitative descriptions, offering a predictive framework for tailoring immiscible
blends through nanofiller engineering. Such insights highlight the potential of PTT/PP/MWCNT systems in
functional applications, including lightweight structural components and conductive composites for
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1. Introduction

The development of polymer blends with enhanced thermal
and viscoelastic performance is central to meeting the
demands of modern engineering and electronic applications.
A solid understanding of thermal stability, melting, and crys-
tallization temperatures is crucial when creating polymer
blends for a range of industrial applications. In particular, the
ability to control thermal stability, crystallization, and relax-
ation behavior directly governs processability and service
reliability. However, when two immiscible polymers are com-
bined, their weak interfacial adhesion often compromises per-
formance. To overcome this, compatibilizers and nanoscale
fillers have been widely explored to stabilize morphology and
introduce synergistic properties." The melting and crystalliza-
tion temperatures of polymer components in various blend
systems are significantly impacted by the addition of nanofil-
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lers.” The dynamic mechanical properties of blends are influ-
enced by interfacial properties, morphology, intermolecular
interactions, and composition of polymers. In addition, the
viscoelastic properties of prepared blends and composites
greatly depend on the processing conditions, morphology, dis-
persion, and structural properties of fillers.> The morphology
and rheology of multiphase polymer systems are interrelated
and influence the final performance of materials. Rheological
analysis can be considered the main route to study the struc-
ture (micro) of the prepared polymer structures as the melt
rheological properties are very sensitive to the morphology and
dispersion of nanofillers.”” Moreover, these techniques are
useful to identify the existence of internal structures in the
composites.®”® Rheological studies are important for the fabri-
cation of composites to understand the viscoelastic properties,
microstructure, and dynamics. The critical loading of a filler at
which a liquid-to-solid-like transition occurs can be designated
as rheological percolation. Filler-filler interactions and filler-
polymer interactions have great significance in determining
the reinforcement effect. Generally, the filler network for-
mation and filler-matrix interactions reduce the polymer
chain mobility.

Carbon nanotubes (CNTs) are among the most effective
nanofillers due to their exceptional aspect ratio, electrical con-
ductivity, and reinforcing potential. Numerous studies have
shown that CNTs can alter crystallization kinetics, improve
dynamic mechanical performance, and even act as compatibi-
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lizing agents in many immiscible blends.”"" Several studies
have reported on the thermal and viscoelastic studies of multi-
walled carbon nanotube (MWCNT) incorporated polymer
blend nanocomposites. Zare et al.'” reported that morphology
and phase separation have a large effect on the properties of
polymer blends and their nanocomposites. They confirmed
this by correlating the results of morphological and rheologi-
cal studies of poly(lactic acid) (PLA)/poly(ethylene oxide) (PEO)
blends and PLA/PEO/CNT nanocomposites. Zhao et al
reported that CNTs can act as effective compatibilizing agents
and simultaneously enhance the mechanical, thermal, and
electrical properties of an immiscible blend of polyvinylidene
fluoride (PVDF)/poly-L-lactic acid (PLLA)."® Zheng et al. investi-
gated that the incorporation of carboxylated CNTs
(CNT-COOHS) into an epoxy (EP)/polysulfone (PSF) blend
could enhance the fracture toughness and thermal properties
of the blend due to the action of CNT-COOHs.'* The electrical
and melt rheological properties of polycarbonate (PC)/poly
(styrene-acrylonitrile) (SAN) blends were investigated by
Liebscher et al.,'® and the melt rheological studies of the com-
posites showed higher reinforcing effects for composites with
worse dispersion. Taraghi et al. observed that with the
addition of MWCNTs, the storage modulus of the PC/ethylene
propylene copolymer (EPC) blends was increased. They
explained it with the strong interfacial interactions between
the matrix and MWCNTs.'® Despite these advances, the under-
lying mechanisms by which nanofillers influence viscoelastic
behavior, particularly the formation of constrained polymer
regions and the transition from liquid-like to solid-like rheol-
ogy, remain insufficiently understood.

Poly(trimethylene terephthalate) (PTT), an engineering ther-
moplastic with favorable stiffness and crystallinity, suffers
from limited thermal stability, while polypropylene (PP) offers
processability and cost-effectiveness but lacks dimensional
stability. Blending PTT with PP presents a pathway to balance
these properties, though immiscibility is a major challenge.
Only a few reports have addressed PTT/PP systems, typically
using fibers or grafted compatibilizers, and almost none have
systematically examined the role of CNTs in tuning their visco-
elastic performance.'”'® As evidenced by our previous reports,
we projected that PTT/PP blends will offer robust engineering
materials with good properties.'®*® Considering the difficulty
in miscibility and fabrication, MWCNTs were incorporated
into the blends to offer compatibilization and to result in a
high-performance material with striking properties of both
PTT and PP. One of the proven applications of the highly con-
ductive MWCNT-incorporated PTT/PP composites was the EMI
shielding."***

Our earlier studies did not investigate how CNTs influence
the flow behavior, relaxation dynamics, or chain confinement
in this immiscible system. The present study addresses the
gaps by investigating the influence of multiwalled carbon
nanotubes (MWCNTs) on the thermal, morphological, and
viscoelastic properties of immiscible PTT/PP blends. Emphasis
is placed on quantifying filler dispersion effectiveness, entan-
glement density, reinforcing efficiency, and the formation of
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constrained regions within the PTT phase, the parameters
rarely reported in blend nanocomposites. By correlating rheo-
logical transitions with morphological evidence, this work pro-
vides new insight into nanotube-polymer interactions and
offers a predictive framework for engineering immiscible
blends toward high-performance applications.

2. Materials and methods

2.1. Materials

The polymers used in this study, poly(trimethylene tere-
phthalate) (PTT) with a number average molecular weight (M,)
of 22500 g mol™*, was obtained from DuPont Industries (USA),
while polypropylene (PP, grade H350 FG) was sourced from
Reliance India Ltd. The MWCNTs (NANOCYL NC7000, pur-
chased from Nanocyl, Belgium), with an average diameter of
9.5 nm, an average length of 1.5 pm, and a carbon purity of
90%, were used as fillers for composite preparation.”?

2.2. Methods

Poly(trimethylene terephthalate)/polypropylene blends and
their composites with MWCNTSs were prepared by melt mixing
using a Brabender melt mixer. Blending was carried out at
230 °C and 90 rpm for 10 minutes. The mixed compounds
were compression molded and taken for analysis. Fig. 1 shows
the schematic representation of the sample preparation. PTT/
PP blends and MWCNT-based nanocomposites of varying
compositions were examined to assess the impact of MWCNTs
on their thermal and viscoelastic behavior.>***

2.3. Characterization techniques

The surface characteristics of the compounds were analyzed
using a scanning electron microscope (SEM; JEOL model-
JSM-6390) and a transmission electron microscope (JEOL
JEM-2100 HRTEM). Samples from cryofracture after tensile
testing were used for SEM with gold coating for making it con-
ductive, and ultramicrotome cut samples were used in TEM. A
microscopic investigation was carried out to understand the
dispersion and localization of MWCNTs in the polymer
matrix. The melting characteristics of the samples were
recorded on a PerkinElmer DSC, and thermal stability was
studied using a PerkinElmer Diamond TG/DTA instrument.
About 10 mg of the sample was weighed and placed in the
TGA pan. Both DSC and TGA measurements were performed
at a heating rate of 10 °C min~". Dynamic mechanical analysis
(DMA) of the compounds was performed on a TA Instruments
(USA) DMA Q800 dynamic thermal analyzer in the temperature
range between —50 and 200 °C at a heating rate of 2 °C min ™,
at a frequency of 1 Hz and an amplitude of 10 micrometers,
using a single cantilever. The samples had the dimensions
10 mm (L) x 15 mm (W) x 5 mm (7). Parallel-plate rheological
measurements were performed with a 25 mm setup (MCR 102,
Anton Paar, USA) at 240 °C in the frequency-sweep method at
a constant strain of 5% within the range 0.1-100 rad s~ with
samples of 1 mm thickness.***?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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230 °C, 3 min

Melted

Fig. 1 Schematic representation of PTT/PP blend and nanocomposite preparation. The figure illustrates the melt-mixing process in the mixer, fol-

lowed by compression molding.

3. Results and discussion

3.1. Morphological studies

A better understanding of the miscibility and the interfacial
adhesion between the two polymer components can be
obtained from the morphological investigation conducted
using electron microscopy. The blends exhibited immiscibility,
primarily due to insufficient adhesion between the PTT and PP
phases. The optimum property composition was fixed at
90PTT and 10PP."*!

SEM and TEM analyses confirmed the immiscibility of PTT/
PP blends, as evidenced by distinct phase-separated domains
of PP within the PTT matrix (Fig. 2a). The incorporation of
MWCNTs reduced the PP domain size and enhanced inter-
facial adhesion, indicating a compatibilization effect. TEM

X500  50pm

s

Fig. 2 Scanning electron microscopy images of (a) the 90PTT/10PP
blend, (b) 90PTT/10PP/IMWCNTs and (c) TEM image of 90PTT/10PP/
1IMWCNTs, showing preferential localization of CNTs within the PTT-
rich phase and evidence of interfacial confinement.

© 2025 The Author(s). Published by the Royal Society of Chemistry

revealed preferential localization of MWCNTSs within the PTT
phase, consistent with n-n interactions between the aromatic
rings of PTT and the nanotube surface (Fig. 2c). This selective
partitioning is critical, as it governs the extent of chain con-
finement and viscoelastic reinforcement. Compared with
similar immiscible blends, the observed morphological stabi-
lization in PTT/PP is more pronounced, underscoring the
strong affinity of MWCNTs for PTT."?

3.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis revealed a two-step degradation
for PTT/PP blends, corresponding to individual polymer
decomposition (Fig. 3). Blending shifted the onset degradation
temperature above that of neat PTT, confirming stabilization
via the PP phase. The CNTs show their inclusion in the blend
system by altering the thermal profile, even though the effect
is not very notable (Fig. 4). From Fig. 3d, most of the curves
show slightly higher degradation than their blend counter-
parts in Fig. 3b. In addition, the change in peak intensity indi-
cates that CNTs slow down the degradation of the blend
system. DSC thermograms (Fig. 5 and 6) showed double
melting peaks for both PTT and PP, reflecting immiscibility
and multiple crystalline populations. MWCNTs did not signifi-
cantly alter melting points but slightly increased crystallization
temperatures, consistent with their nucleating role. The
inclusion of 1 wt% MWCNT showed only a very negligible
increase in the horizontal region in the initial stages and also
at the degradation step of the thermogram.

3.3. Differential scanning calorimetry (DSC)

Studies on the melting parameters of blends and their compo-
sites have great importance in fundamental research and for
the finalization of their end-use applications. Fig. 5 shows the
thermograms corresponding to all prepared blends and their
composites with 1 wt% MWCNTSs. In the case of the blends,
two separate melting endotherms were observed that revealed

RSC Appl. Polym.
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Fig. 3 TGA (a and c) and DTGA (b and d) graphs of neat polymer components, PTT/PP blends, and corresponding nanocomposites with 1 wt%

MWCNTs.

the characteristics of an immiscible blend. On blending PTT
and PP, the T, of both components displayed a slight drop,
which is owing to the immiscibility of the system (Fig. 6) but
not much variation with MWCNTs (Fig. 5¢).

The melting thermograms of the blends and composites with
1 wt% MWCNTs showed double melting peaks for both PP and
PTT. Depending on the thermal conditions applied, polymer crys-
tals formed can show different morphologies. As a result, mul-
tiple melting behaviors can be observed.> Hence, it can be
suggested that multiple melting behaviors of different polymers
occur mainly owing to their difference in structure, the coexis-
tence of their different crystalline forms, the formation of crystals
with different stabilities, or the recrystallization taking place
during the DSC scan. The recrystallization occurs mainly due to
the melting-remelting process, and hence, the double melting
peak arises due to the melting of primary crystallites and the
melting of the recrystallized crystallites with different stabilities.
The double melting behavior exhibited by PTT has already been
reported.”>*® The T, of PTT was increased by blending with PP,
and it was further increased with MWCNTSs, which is attributable
to the hindered motion of polymer chains.

Cooling thermograms (Fig. 5b and d) of PTT/PP blends and
their composites with 1 wt% MWCNTs showed the same trend
as that of the melting thermograms. Neat PTT observed a crys-
tallization temperature (7..) of 192.67 °C, while that of 100PP
was observed at 116.98 °C. The two crystallization tempera-

RSC Appl. Polym.

tures observed in the blends and composites revealed the
immiscibility of the system. The addition of different MWCNT
loadings resulted in minimal changes in the melting tempera-
ture (Ty,), while 7. of PTT and PP were increased, and this is
due to the nucleation effect of MWCNTSs (Fig. 6a and b).

The melting temperatures of the polymers varied slightly in
the blend system. The melting temperature of pure PTT was
128 °C and that of PP was 160.86 °C, while upon blending the
polymers at different compositions, for PTT, the melting temp-
erature decreased slightly, but the average decrease was very
negligible. In the case of the PP phase, the temperature
decreased gradually up to 70 percent of PP but showed an
increase when the amount of PP was 90 wt% in the blend,
approaching the actual melting temperature. The changes are
shown graphically in Fig. 6. This implies that the blending
process influences the miscibility of the polymers. As the com-
position varies, the melting behavior is changed which
initiates a smooth mixing of PTT in PP and vice versa.

The percentage crystallinity of PTT and PP was calculated
according to eqn (1)

AH,,

=——> X100
WfAan

(1)

C

where AH,, is the enthalpy of melting, AH;1 is the melting
enthalpy of the 100% crystalline sample and w¢ denotes the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of TGA curves: (a) neat polymers PTT, PP and 90PTT/10PP blend, (b) blend and composites and (c) composites with 1 wt% and

5 wt% CNTs.

weight fraction.”” For neat PTT, AH,, is 145.5 ] g¢”*, and for
neat PP, it is 207 J g~".>® The calculated crystallinity of PTT and
PP in the case of blends and composites (with 1 wt%
MWCNTs) is shown in the graph as a function of PTT content
(Fig. 7). With the incorporation of MWCNTs, the crystallinity
of PTT and PP slightly increased owing to the nucleation effect
of MWCNTs.

3.4. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis is an excellent technique to
follow the relaxation of polymer chains and to assess the
stiffness and damping properties of prepared composite
materials.>*°! The storage modulus (E') values of the PTT/PP
blends lie between those of the neat polymeric components,
which confirmed the immiscibility of the PTT/PP blends
(Fig. 8(a)). It was also observed that the storage modulus
lowered with a rise in temperature due to the upsurge in mole-
cular mobility of the polymer chains. Fig. 8(b) shows the vari-
ation of the loss modulus (E”) as a function of temperature for
neat PP, neat PTT, and the 90PTT/10PP blend.

The tané versus temperature curve provides information
regarding the damping properties of the material, reflecting
the balance between the viscous and elastic stages of the ana-
lyzed material. As the temperature rises, the damping values

© 2025 The Author(s). Published by the Royal Society of Chemistry

reach an extreme, which corresponds to the transition region
(glassy to rubbery transition). The peak temperature implies
the glass transition temperature (T,). In the glassy region, the
mobility of polymer chains is restricted (elastic), while with
increasing temperature, the transition occurs from the glassy
to the rubbery stage which results in the viscous flow of the
material due to the freer movement of polymer segments.>°

Fig. 8(c) shows the tan§ versus temperature graph, and it
provided information regarding the transitions taking place in
the neat polymer components and blends. In the tangenté
curve of neat PP, two peaks are observed: the temperature
range between —8 and 20 °C corresponds to the glassy to
rubbery transition (B-transition of PP). The peak maximum
denotes the Ty, and the observed T, of PP is 2.4 °C; the range
between 60 °C and 120 °C corresponds to the o-relaxation of
PP due to the movement of intracrystalline amorphous
segments.”>* In the case of PTT, the maximum at 66.2 °C
corresponds to its T,. The temperature range from 45 to 120 °C
represents the glassy to rubbery transition region of PTT. The
tand curve of the 90PTT/10PP blend showed two more
maxima, and this sheds light on the immiscibility of the blend
since the two tan é peaks correspond to the transition peaks of
PTT and PP. The peak around 68.3 °C corresponds to the T, of
PTT and that around —1.8 °C corresponds to the T, of PP.

RSC Appl. Polym.
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tures of PTT and PP in blends as a function of the composition of PP.

In the case of the 90PTT/10PP blend, E' increased with
MWCNT loading especially below T, due to the stiffening
effect of the MWCNTs. As the temperature increased, the
storage modulus showed a sudden decrease at a particular
temperature which represents T,. Similar to the neat 90PTT/
10PP blend, its composites with MWCNTs also showed two
glass transition regions: the first one corresponds to the PP

RSC Appl. Polym.

phase, and the second one corresponds to that of PTT; this
confirmed the immiscibility of the composites. The improved
storage modulus of the composites of the PTT/PP blend with
MWCNTs sheds light on the enhanced load-bearing capacity
of the composites compared to the neat PTT/PP blend.

Thus, the enhanced storage modulus of the blend system
with MWCNTs indicates the effective reinforcement effect of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MWCNTs and the interactions between MWCNTs and the
polymer matrix. The network of dispersed MWCNTs in the
PTT phase limits the mobility of polymer chains, resulting in a
higher modulus.

3.4.1. Effectiveness of filler dispersion (E¢). The filler-
matrix interaction is essential to ensure a compatibilizing
effect. When a filler is added to a partially or immiscible blend
system to enhance the interfacial adhesion, its effectiveness in
dispersion must be measured. The dispersion effectiveness

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Er) of MWCNT addition into the blend can be predicted using
the following eqn (2).>%3%3%3¢

(E/Et) composites
(E/E;) matrix

(2)

Dispersion effectiveness, Ef =

E; and E; are the storage modulus values of the blend nano-
composite of 90PTT/10PP with MWCNTs and the neat 90PTT/
10PP blend at glassy (—50 °C) and rubbery regions (110 °C).
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The calculated values of Ef for combinations with varying
nanotube loadings are given in Table 2 and Fig. 10(a). A low
value of Ef indicates a higher effectiveness of filler dispersion
in the polymer matrix.

3.4.2. Degree of entanglement (¢). The degree of entangle-
ment of MWCNTs over the polymer matrix is significant in
recognizing their dispersion in the polymer system. MWCNTSs
are efficient at forming entanglements since they are long, and
hence, the entangled networks of MWCNTs are capable of
resisting the mobility of polymer chains, which resulted in a
high ¢ value.

The MWCNTSs in the PTT/PP blend system were calculated
using eqn (3):

Degree of entanglement, ¢ = E'/6 RT

(3)

where E' is the storage modulus in the rubbery region (110 °C),
R is the universal gas constant, and T is the absolute tempera-
ture on the Kelvin scale. The calculated degrees of entangle-
ment values are given in Table 1 and Fig. 10(b). From the
table, it is clear that the degree of entanglement increased
with increasing MWCNT loadings.

3.4.3. Reinforcing efficiency factor (r). The reinforcing
efficiency of MWCNTs in the PTT/PP blend can be calculated
using the Einstein equation:**3%33

E.=En (1+71Vy) (4)

where E. corresponds to E' of the composites and E,, rep-
resents E' of the neat blend in the rubbery region (110 °C). V¢
denotes the volume fraction of the filler. Using eqn (4), the
reinforcing efficiency of the filler (r) can be written as

Reinforcing efficiency,r = [(E./Em) — 1]/ V¢

(5)

The calculated reinforcing effectiveness of MWCNTSs in the
PTT/PP blend is given in Table 2. The high value of reinforcing
efficacy for composites with 1 wt% MWCNTs indicates strong

Table 1 Weight percentages of polymers and fillers taken for the
preparation of blends and composites

Amount of Amount of Amount of

PTT (in wt%) PP (inwt%)  CNT (inwt%)  Designation given
90 10 0 90PTT/10PP

90 10 0.25 90PTT/10PP/0.25

90 10 0.5 90PTT/10PP/0.5CNT
90 10 1 90PTT/10PP/1CNT
90 10 2.5 90PTT/10PP/2.5CNT
90 10 5 90PTT/10PP/5CNT
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interactions between PTT and MWCNTSs. It was noticed that the
value of the reinforcing efficiency factor slightly decreased for the
90PTT/10PP/2.5CNT composites and followed a decreasing trend
with higher loadings. As the quantity of MWCNTSs increases,
there is a potential for the increased filler-filler interactions,
thereby agglomeration of MWCNTs takes place with the result
that reinforcing efficiency decreases.

Fig. 9(b and c) depicts the E” versus temperature curves of
the optimum concentration blends with MWCNTSs. The assimi-
lation of MWCNTs into the blends caused a broadening of the
corresponding peaks of PTT and PP, which is due to the
restriction of the relaxation process caused by the network for-
mation of MWCNTs in the composites. The high E” with
MWOCNT loading is attributed to the rise in the internal fric-
tion and enhanced energy dissipation.®

The tané curve of composites of the PTT/PP blend with
various MWCNT loading showed three peaks. The first one
represents the T, of PP (B-relaxation), the second one corres-
ponds to the T, of PTT, while the third broad peak corres-
ponds to the a-relaxation of PP (Fig. 9(d)). From the graph, it
was also noticed that the incorporation of MWCNTSs has more
influence on the peak of PTT than on that of PP. This behavior
is ascribed to the preferential distribution of carbon nano-
tubes in the PTT phase and their interactions with the
polymer chains. From the graph, it was pointed out that the
peak height (peak area) of PTT decreases with MWCNT
loading, which again confirmed the better interaction between
PTT and MWCNTs. Hence, it was noted that additional energy
dissipation occurred with the incorporation of MWCNTSs into
the PTT/PP blend. Thus, a decrease in the tané peak of the
composites of PTT/PP with MWCNTs confirmed minimal heat
build-up due to the reduced damping characteristics.’

From the tan § curve, it was very clear that there was a shift
in the tan § peak of PTT to a higher temperature. This reveals
the increase in T, of PTT (Fig. 9(e)). The reduction in the tan 6
peak height and the shift of T, to higher temperatures in PTT
indicate restricted polymer chain mobility, attributed to physi-
cal interactions between MWCNTs and the PTT matrix. The
interactions between MWCNTs and PTT lead to the formation
of a constrained polymer region around the MWCNTs. This is
an effective nanophase (effective constrained length around
the MWCNTs) formation in the blend system, and as an
outcome, the segmental mobility of adjacent polymer chains is
arrested. This limited movement of polymer chains will create
a constrained region (schematically represented in Fig. 10(d)),
and it can be estimated using the tané peak (Table 2,
Fig. 10(c)).

Table 2 Effectiveness of dispersion (E¢), degree of entanglement (¢), and reinforcing efficiency (R) of MWCNTSs in PTT/PP/MWCNT composites cal-
culated from storage modulus values, and volume of the constrained region (C) calculated from the peak height of tan 5 curves

MWCNT Effectiveness Degree of Reinforcing Volume of the
loading (wWt%) of dispersion (E) entanglement () efficiency (R) constrained region (C)
1 0.874 2.57 x 10" 23.68 0.085

2.5 0.760 3.16 x 10! 22.28 0.099

5 0.714 3.48 x 10" 14.82 0.120

RSC Appl. Polym.
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Fig. 9 Plot of DMA analysis of 90PTT/10PP blends with different MWCNT loadings: (a) E', (b) E”, (c) magnified image of E” versus temperature for
the PTT phase, (d) tan § versus temperature, and (e) magnified portion from the graph of tan  versus temperature peak of the PTT phase.

3.4.4. The volume of the constrained region (C). As evident
from the TEM analysis and theoretical predictions of MWCNT
localization, it was observed that MWCNTSs were preferentially
localized in the PTT phase of the 90PTT/10PP blend. The
association between the PTT and MWCNTs led to the immobil-
ization of the PTT phase and the formation of a constrained
zone in the PTT phase of the 90PTT/10PP blend. The develop-
ment of the constrained region made a remarkable reduction
in the tan delta peak height of the PTT phase (Fig. 9(d)) from
which one can calculate the volume of the constrained region
as follows.>**

© 2025 The Author(s). Published by the Royal Society of Chemistry

By analyzing the decrease in peak intensity or peak area of
the PTT phase in the tan § plot (Fig. 10(e)), it is possible to cal-
culate the volume of the constrained area (C) (eqn (6)):

Volume of the constrained area,C =1 — [(1 — Cy) W /W]

(6)

W is the energy loss factor, and C,, is the volume fraction of the
constrained region.

The volume of the constrained region in the PTT phase was
estimated by considering the selective localization of MWCNTSs
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Constrained regions in PTT

Mobility-restricted PTT chains

Fig. 10 Variation in the (a) effectiveness of dispersion, E;, (b) degree of entanglement, ¢, and (c) volume of the constrained region in the PTT matrix
with MWCNT loading in the 90PTT/10PP blend; (d) schematic representation of the development of a constrained region in 90PTT/10PP/MWCNT
composites. It represents how CNT preferential localization in the PTT phase restricts nearby chain mobility and produces a confined nanophase.

in the PTT phase, and the values are presented in Table 2 and
Fig. 10(c). It was observed that the volume of the limited mobi-
lity region in the PTT phase was increased with MWCNT load-
ings. This indicates a strong interaction between PTT and
MWCNTs, thereby forming a constrained region around
MWCNTs by the restriction of mobility of PTT chains.
Fig. 10(d) represents a schematic depiction of the constrained
region in 90PTT/10PP/MWCNT composites having the con-
strained region due to the restricted PTT polymer chains and
the mobile PP phase.

3.5. Rheological studies

Fig. 11 shows the rheological properties in which Fig. 11(a)
shows the storage modulus (E') as a function of frequency.
Detailed analysis of the graph indicated that the neat polymers
displayed terminal behavior with a clear dependence on fre-
quency. The storage modulus of 90PTT/10PP blend increased
with MWCNT loading, and a terminal to non-terminal tran-
sition was observed (liquid to solid viscoelastic behavior). This
confirmed the interconnected network formation of MWCNTSs
in the matrix and the restricted motion of polymer chains
because of this network formation.***”

The increase in nanotube loading will promote the mutual
interactions between the nanotubes, thereby enhancing the
establishment of a network. At a critical amount of MWCNT,
rheological percolation occurs, and the storage modulus
increases effectively due to the significant network creation of
MWCNTs throughout the arrangement. The rise in the storage
modulus is attributed to the polymer-filler and filler-filler
interactions, finer distribution of particles, and particle size
distribution.

When the frequency of shear is high, the polymer chains
will not get enough time to relax. This means that at those
higher frequencies, the storage modulus shows an increase
because of a lower relaxation time, which in turn can lead to

RSC Appl. Polym.

the disentanglement of MWCNT networks. At very low frequen-
cies, ample time is available for the relaxation process to occur,
making the system highly responsive to interfacial phenomena.
Elevated storage modulus values at depleted frequencies corres-
pond to a more elastic structure, where polymer chain mobility is
inhibited by the filler network formation in the composites.
Fig. 11(b) shows the loss modulus (E") values as a function of fre-
quency, which also showed a similar trend to that of the storage
modulus with frequency. At elevated frequencies, differences in
the modulus among the composites were negligible, supporting
the conclusion that MWCNTs do not significantly impact the
short-range dynamic motions of polymer chains. Fig. 11(c) shows
a comparison between the storage and loss moduli as a function
of MWCNT loading.

The inconsistency of storage modulus, E' and loss modulus
E" of the 90PTT/10PP blend and related composites at three
different angular frequencies is shown in Fig. 12. At all fre-
quencies, the composites show the same gradual increase in
the behavior of samples from 90PTT/10PP to the 90PTT/10PP/
5CNT composite.

As already noted, at low frequencies, the polymer chains
attain a fully relaxed state, demonstrating terminal flow behav-
ior and adhering to scaling laws, E' @ »* and E" a », which
means that the slope of log E’ versus log @ plot approaching 2
and the slope of log E" versus log w approaching 1 describe the
terminal behavior. The observed decrease in slope and the dis-
appearance of terminal behavior are indicative of non-terminal
behavior, arising from the network structure formed by the
fillers. In the case of PTT/PP blends and composites, the
scaling laws for E' and E” are shown in Table 3. The slope of
the plots decreased with MWCNT loadings. This confirmed
the terminal to non-terminal transition behavior of composites
(liquid to pseudo-solid rheological behavior).>>**°

As illustrated in Fig. 13(a), the complex viscosity of the neat
polymer remains nearly constant across different angular fre-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Slopes of storage and loss modulus plots for 90PTT/10PP

blends and composites with different wt% CNT
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quencies. This suggests that, under applied shear, the disen-
tanglement and re-entanglement of polymer chains occur sim-

ultaneously, maintaining a steady viscosity characteristic of

Slope of Slope of . . .
Samples log E' vs. log @ log E" vs. log Newtonian fluids. In c.ontrast, when rr.lultl.-walled carbon nano-
tubes (MWCNTS) are introduced, their alignment under shear
gng Hﬁggg 10.25CNT é‘;é 3'2(3) disrupts the reformation of polymer entanglements. This inter-
90PTT/10PP/0.5CNT 0.07 0.50 ference leads to a reduction in melt viscosity, indicating shear-
90PTT/10PP/1CNT 0.05 0.47 thinning behaviour. Fig. 13(e) presents a schematic depiction
ggmﬁggg:gggrr 3‘8; 8'(1); of how MWCNTs align and interact with polymer chains
during shear.
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(@) Complex viscosity of 90PTT/10PP blends and composites as a function of angular frequency, (b) complex viscosity of composites at four

different angular frequencies, (c) damping factor vs. angular frequency plot, (d) Cole—Cole plot and (e) schematic representation of the orientation
of MWCNTSs and polymer chains interacting with MWCNTSs under shear.
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In this study, the 90PTT/10PP blend exhibited a Newtonian
plateau at low angular frequencies and transitioned to shear-
thinning behaviour at higher frequencies. The addition of
multi-walled carbon nanotubes (MWCNTs) to the PTT/PP
blend led to an overall increase in complex viscosity, with a
nearly linear rise observed as the MWCNT loading increased,
particularly evident at lower frequencies. Fig. 13(a) presents
the complex viscosity of different composites as a function of
angular frequency. The influence of MWCNTSs on viscosity was
more pronounced at low frequencies; however, this effect
diminished at higher frequencies due to the onset of shear-
thinning behaviour, where the applied shear likely disrupts
the MWCNT network. The absence of a Newtonian plateau in
the composites suggests that the increased viscosity results
from strong filler-polymer and fillerfiller interactions. These
interactions form a physical network among MWCNTs that sig-
nificantly contributes to the rheological behaviour of the com-
posites. Fig. 13(b) further illustrates how complex viscosity
varies with MWCNT content and angular frequency, showing a
consistent increase in viscosity with higher MWCNT loading
and a decrease in viscosity with increasing frequency.

The degree of non-Newtonian behavior can be understood
from the shear-thinning exponent value. According to the
Power law,

Viscosity, n = Aw" (7)

where 5 is the viscosity, @ represents the angular frequency
applied, A is a specific exponential factor and ‘n’ is the shear-
thinning exponent. The ‘n’ value is the slope of the log 1 versus
log w plot, and it has the significance that the pseudoplastic,
dilatant and Newtonian behavior of polymers can be predicted
from the obtained ‘n’ values. Polymers that have ‘n’ values
such asn <1, n>1, and n = 1 represent the pseudoplastic, dila-
tant, and Newtonian behavior of polymers, respectively.®”** In
the present study, the shear-thinning exponent values for the
90PTT/10PP blend and its composites are given in Table 4.

From Fig. 13(c), it is clear that the blend nanocomposites
exhibited a lower damping factor than the neat blend, which is
related to solid-like behavior. That is, the liquid-like visco-
elastic behavior of the neat blend decreased with MWCNT
loading. A more solid-like behavior was attained for the blend
with 5 wt% MWCNT.” The rheological analysis also threw light
on the dispersion of MWCNTs in the blend. It can be
suggested that MWCNTs were homogeneously dispersed in
the blend and were evident from the higher complex viscosity
and storage modulus.”

Table 4 Shear-thinning exponent values of log 5 vs. log w plots

Samples Slopes of log 5 vs. log @
90PTT/10PP 0.031
90PTT/10PP/0.25CNT —0.48
90PTT/10PP/0.5CNT —0.85
90PTT/10PP/1CNT —0.90
90PTT/10PP/2.5CNT —0.96
90PTT/10PP/5CNT —0.96

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5.1. Cole-Cole plot. The plot of E' versus E" gives the
Cole-Cole plots, which are used to examine temperature-
induced changes in the microstructure of homogeneous and
heterogeneous systems. Hence, it can be considered as a better
way to observe the structural differences between the neat poly-
mers, blends, and composites. In a homogeneous system,
noticeable changes in microstructure with temperature are not
expected, and the curves of log E' versus log E" should coincide
in the Cole-Cole plot. But in the case of a heterogeneous
system, the Cole—Cole plot will not form a semicircle, and with
the addition of fillers, the slope of the plot should change.***!
Fig. 13(d) shows the Cole-Cole plot for the neat PTT/PP blend
and PTT/PP/MWCNT composites. The changes in the slope of
the plot with MWCNT loading were very clear. This can be
linked to the variation in morphology of blends with the
addition of MWCNTs due to the dispersion of MWCNTs in the
PTT matrix and the improved polymer-MWCNT interactions.
The large slope difference at higher MWCNT loadings indi-
cates the aggregation of MWCNTs in the polymer system.
Moreover, the deviation from a linear relationship between E’
and E” with MWCNTs indicates the formation of a network of
MWCNTSs in the PTT matrix.** Hence, the Cole-Cole plot con-
firmed that the rheological behavior of PTT/PP blends can be
affected by MWCNTSs. There are many studies reported with
similar behavior of composites with the addition of
nanofillers.”?

The combined evidence from morphology, DMA, and rheol-
ogy points to a twofold role of MWCNTs: (i) selective localiz-
ation in PTT, creating constrained regions that suppress seg-
mental mobility, and (ii) network formation above a percola-
tion threshold, imparting pseudo-solid-like behavior. The
balance between these mechanisms explains the contrasting
trends of reinforcing efficiency (peaking at 1 wt%) and the
increased constrained volume at higher loadings (Table 4).
Such quantification advances the understanding of filler-
induced confinement in immiscible blends and provides a
framework extendable to other thermoplastic systems.

4. Conclusions

The present study filled the gap in research on immiscible
PTT/PP blend nanocomposites by quantifying dispersion effec-
tiveness, entanglement density, reinforcing efficiency, and con-
strained polymer volume, parameters that have never been
reported for this immiscible blend. By correlating selective
CNT localization with thermal, mechanical, and rheological
transitions, this work provides the first predictive structure-
property framework for engineering CNT-modified PTT/PP
blends. DMA results highlighted the significant influence of
MWCNTs on the dynamic mechanical behavior of the blend.
The estimated volume of the constrained region provided
insights into the interaction between the PTT phase and the
incorporated MWCNTS.

Rheological studies demonstrated that MWCNTs had a
notable impact on the flow and viscoelastic properties of the
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blends. At low frequencies, an upturn in complex viscosity was
observed, accompanied by non-terminal behavior in the
storage modulus versus frequency curve. The storage modulus
increased with MWCNT content, reaching its peak at 5 wt%,
which exceeded that of the unfilled blend. The rise in the
storage modulus (E') with higher MWCNT loadings also con-
tributed to improved elastic characteristics. Overall, the
MWCNT-reinforced PTT/PP blends exhibit superior properties,
suggesting their strong potential for use in advanced engineer-
ing applications. Also, as an extension of the work, the effects
of CNT functionalization, in situ compatibilizer formation,
long-term thermo-oxidative stability, percolation under
dynamic shear and detailed crystallization kinetics will be
studied.
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