
Vol.:(0123456789)

Iranian Polymer Journal (2024) 33:877–890 
https://doi.org/10.1007/s13726-024-01300-1

ORIGINAL RESEARCH

Temperature‑dependent storage modulus of polymer 
nanocomposites, blends and blend‑based nanocomposites based 
on percolation and De Gennes’s self‑similar carpet theories

Reza Mohammadi1,2 · Esmail Sharifzadeh1,2   · Neda Azimi3

Received: 17 October 2023 / Accepted: 27 December 2023 / Published online: 25 March 2024 
© Iran Polymer and Petrochemical Institute 2024

Abstract
Temperature-dependent storage modulus of polymer nanocomposites, blends and blend-based nanocomposites was studied 
using both analytical and experimental approaches. The analytical strategy comprised modeling the thermomechanical 
property of the systems based on parameters affecting the conversion degree of polymer chains in state-to-state transitions 
and mechanical characteristics of the polymer/polymer interface. Accordingly, percolation theory was developed to define 
the order of conversion rate and conversion degree of polymer chains considering the thermomechanical characteristics of 
the neat polymer matrix, behavior of nanoparticles in the system and formation of polymer/particle interphase region. The 
effect of interphase on a temperature-dependent conversion of polymer molecules was estimated based on De Gennes’s self-
similar using the molecular characteristics of the adsorbed polymer chains and related scaling factor. To validate the model 
predictions, different neat, blend, nanocomposite and blend-based nanocomposite samples were prepared using high-density 
polyethylene, polyethylene terephthalate and hollow graphene oxide nanoparticles, where needed, and subjected to dynamic 
mechanical thermal analysis and other required tests. Besides providing acceptably accurate predictions in the case of all 
neat and nanocomposite samples, the model was proved to be independent of the system’s morphological variation.
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Introduction

Polymer materials are well-known for their wide domestic 
and industrial applications due to relatively simple process-
ability, low weight, high durability in hostile environments, 
availability, etc. [1, 2]. The physical/mechanical character-
istics of polymers can be manipulated by controlling their 
molecular structure [3]. For instance, increasing the crys-
tallinity percentage in semi-crystalline polymers directly 
affects the density, storage modulus and strength, thermal 
conductivity, yield strength and other parameters that are 
determinative in defining whether or not a specific polymer 
material is suitable for a particular service [4–6]. Mean-
while, other strategies have been considered as efficient 
approach to change the physical/mechanical characteristics 
of this family of materials to adapt them to specific process-
ing/manufacturing conditions [7, 8]. Among these methods, 
the application of a second phase is the most common one 
which includes adding polymer or different size mineral 
reinforces to a continuous (major) polymer phase [7, 9]. 
Clearly, the interaction between phases, however different 
in polymer blends and composites, can substantially alter the 
characteristics of the system and make it possible to produce 
engineered products [10, 11].

Polymers are mostly immiscible, due to their differ-
ent molecular structure and characteristics, which makes 

it essential to adopt specific approaches to enhance the 
properties of the polymer/polymer interface [12, 13]. The 
application of specific compatibilizers or grafting chemical 
functions/groups onto the polymer chains are proven to be 
practical however, they cannot be applied to all blending 
systems [12]. Adding different-sized mineral particles, espe-
cially nanoparticles, has proved to be a very useful strategy 
to increase the compatibility at the polymer/polymer inter-
face in polymer blends [12, 14]. It is the nature of the rein-
forcing particle (e.g., polar or/and non-polar) that determines 
their localization in either phase or at the polymer/polymer 
interface [13, 15]. Many efforts have been dedicated to syn-
thesizing micro/nanoparticles with amphiphilic chemical/
physical characteristics, known as Janus nanoparticles, so 
they can attach to immiscible polymer phases and increase 
their local miscibility [16]. One of the distinct advantages of 
using simple micro/nanoparticles in binary polymer blends, 
regardless of their behavior in the system, is the induction 
of the characteristics of composites to the system. Besides 
the drastic improvement of all physical/mechanical prop-
erties, this specific strategy helps to enhance the process 
controllability of these so-called bend-based polymer micro/
nanocomposites [17, 18].

The properties of immiscible polymer blends are in direct 
relation with the content of the phases and system morphol-
ogy [19]. Generally, by increasing the content of the minor 
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polymer phase before a critical point, known as “percolation 
threshold”, its droplets start to grow independently and the 
system develops droplet-matrix morphology [20]. After the 
percolation threshold, increasing the content of the minor 
phase causes the droplets to coalesce and form oval-like 
distinct regions which grow to rod-like structures until the 
amount of minor phase reaches the phase inversion point 
where the system is assumed to have a co-continuous mor-
phology [19]. Accordingly, between the percolation thresh-
old and phase inversion point the system consists of different 
elements of the minor phase with either droplet-matrix or 
co-continuous morphology [19].

It is very important to mark all effective parameters and 
their distinct impact on the physical/mechanical character-
istics of the polymer materials/structures [2, 21, 22]. For 
instance, the variation of temperature is proved to substan-
tially affect the mechanical characteristics of polymers (e.g., 
tensile strength/modulus, yield strain, toughness, etc.) how-
ever, the material choice is commonly based on the reported 
data at a particular temperature [23, 24]. This is even more 
crucial in the case of polymer or blend-based micro/nano-
composites since the presence of the mineral reinforcing 
agents with relatively higher thermal conductivity, facili-
tates the heat distribution in the system and increases the 
negative impact of temperature on the physical/mechanical 
properties [25–27]. Moreover, besides affecting the percola-
tion threshold in a blend, the added nanoparticles can attract 
polymer chains and form polymer/particle interphase [28, 
29]. The quality of polymer/particle compatibility dictates 
their localization in major or minor phases as well as the 
physical/mechanical characteristics of the polymer/particle 
interphase [28]. It is proved that the formation of a polymer/
particle interphase can even better improve the temperature 
distribution in nanocomposite systems containing compat-
ible nanoparticles [30, 31]. This phenomenon intensifies the 
impact of the ambient temperature on the physical/mechani-
cal properties of the system [23, 32, 33].

To better evaluate this subject, in the present study, the 
temperature-dependent storage modulus of neat polymers, 
nanocomposites, blends and blend-based nanocomposites 
(BBNs) was investigated in a specific temperature range. It 
was considered that the nanoparticles were dispersed in either 
major or minor polymer phase and accordingly, the impact of 
the variation of temperature, content of system constituents, 
polymer/particle interphase and/or polymer/polymer interface 
on the storage modulus of the system was carefully defined. 
At first, the temperature-dependent storage modulus of dif-
ferent phases, with/without nanoparticles, was determined 
separately and the obtained results were combined, in the case 
of blend and BBN samples, using a specific form of rule of 
mixtures including the impact of polymer/polymer interface. 
The content of the polymer/particle interphase was estimated 
using the developed De Gennes’s self-similar carpet theory 

and the molecular characteristics of the polymer matrix. Also, 
a specific approach was developed to evaluate the impact of 
the content of nanoparticles on the percolation threshold of 
the polymer minor phase. Neat polymer, nanocomposite, 
blend and BBN samples, with/without synthesized spherical 
hollow graphene oxide (hGO) nanoparticles, were prepared 
using polyethylene terephthalate (PET) and high-density 
polyethylene (HDPE) and subjected to dynamic mechanical 
thermal analysis (DMTA) whose results were used to validate 
the model predictions. Different amounts of hGO (1–3% by 
vol) and minor polymer phase ( ≅ 10–50% by vol) were used 
in the samples to cover the likely morphological variations, 
investigated using field emission scanning electron micros-
copy (FE-SEM). Besides providing accurate predictions in the 
case of all neat, nanocomposite, blend and BBN samples the 
model represented useful information regarding the molecular 
conversion in state-to-state transitions (e.g., glassy-to-rubbery, 
rubbery-to-melt, etc.) which were precisely interpreted.

Modeling background

The modeling stages depend on the number of polymer phases 
in the system. Accordingly, the temperature-dependent storage 
modulus of the neat polymer and nanocomposite samples can 
be predicted in one step while two different stages are required 
in the case of blend and BBN samples. For blend-based sam-
ples, the temperature-dependent storage modulus of the phases 
should be calculated separately, considering the impact of 
nanoparticles when present, and then combined. Besides, it is 
enough to define the molecular conversion degree in the case 
of neat and nanocomposite samples to predict the effect of 
temperature on the storage modulus of the system.

Defining the temperature dependency 
of the storage modulus

It is proved that the presence of nanoparticles in the polymer 
matrix substantially increases the impact of temperature on 
the storage modulus of the system [23, 34]. Accordingly, the 
temperature-dependent storage modulus of neat polymers and 
nanocomposites should be defined using different strategies 
based on the impact of nanoparticles on conversion degree of 
polymer molecules.

Neat polymer phase (without nanoparticles)

Bai et al. proposed the following equation to define the 
temperature-dependent storage modulus of the neat poly-
mer matrix (Ep (T)) in the range of the glassy state to the 
melting point [35]:
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where Eg and Er are the storage moduli of the polymer 
matrix at glassy and rubbery states, respectively, and αg and 
αd denote the conversion degree of the glassy and decompo-
sition transitions. The conversion rate in each state-to-state 
transition is definable as a function of activation energy, 
temperature and the content of un-converted polymer chains 
[35]:

where �g = Ag exp
(

−EA,g∕RT
)

 and �d
= A

d
exp

(

−E
A,d

∕RT
)

  
= Adexp(EA,d/RT) (Ag and Ad are Arrhenius’s pre-exponential 
factors, EA,g and EA,d denote the activation energies related 
to each transition). Parameter n is representative of the reac-
tion order and defines the impact of the content of un-con-
verted polymer chains on the overall conversion rate. This 
parameter also adjusts the variation pattern of the model 
predictions with the actual DMTA results (Fig. 1). Integrat-
ing Eqs. (2 and 3) results in different temperature-dependent 
conversion degrees, with data regarding the pre-exponential 
factors and activation energies are available [35]. Indeed, Bai 
et al. use the Coats-Redfern method to solve Eqs. (2 and 3) to 
calculate the temperature-dependent pre-exponential factors 
and constant activation energies based on the experimentally 
obtained conversion degrees [36]. However, this method is 
considerably useful in explaining the transition kinetics of 
the polymer chains during heating a polymer material, it 
cannot provide direct results for αg and αd . To overcome this 
drawback, a specific strategy is proposed based on the devel-
oped form of the percolation theory which simply provides 

(1)Ep(T) =
(

1 − αg
)

Eg + αg
(

1 − αd
)

Er

(2)
d�g

dt
= �g

(
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(3)
d�d

dt
= �d

(

1 − �d

)n

the required data regarding the temperature-dependent con-
version degree of polymer molecules using only the values 
of storage modulus at different temperatures. Accordingly, 
the temperature-dependent storage modulus of a neat poly-
mer phase in specific ranges can be defined by rearranging 
Eq. (1):

where αT denotes the overall temperature-dependent con-
version degree in the range of T0 to Tf, E0 and Ef represent 
the storage moduli at the beginning and end of the interval, 
respectively. Figure 1 represents the method to define dif-
ferent ranges from T0 to the end of the following transition 
zone at Tf. As it is clear, the diagram is divided into different 
intervals, with concave or convex shapes, in which param-
eter n acquires different values (this is further discussed in 
“Results and discussion” section).

Polymer phase containing nanoparticles

As it is mentioned already, the formation of interphase around 
the nanoparticles can substantially affect the physical/mechan-
ical characteristics of the system. Accordingly, Eq. (4) was 
developed considering the impact of nanoparticles on the 
polymer matrix. It is previously proposed that the conversion 
of polymer chains trapped in the polymer/particle interphase 
can be neglected during the transitions phenomenon (e.g., 
glassy-to-rubbery, rubbery-to-melt, etc.) and accordingly, the 
remained content of the polymer matrix that undergoes the 
state-to-state transition ( �m ) should be defined as follows [34]:

where �n and �i denote the volumetric content of the ini-
tially added nanoparticles and polymer/particle interphase 
region. Generally, the polymer/particle interphase is formed 

(4)Ep(T) = (1 − αT)E0 + αTEf

(5)�m = 1 −
(

�n + �i

)

Fig. 1   Method to define differ-
ent intervals in a DMTA graph 
based on the concave and con-
vex shapes of the related curve
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due to the attraction of the adjoining polymer chains onto 
the surface of the nanoparticles. According to De Gennes’s 
self-similar carpet theory, there is a distance-dependent con-
centration variation in the interphase region which suggests 
that the compactness of the attracted polymer chains is the 
highest on the surface and gradually decreases, based on a 
specific pattern, until it is equal to that of polymer matrix 
[37]. We have previously proved that those chains involved 
in the interphase region are affected by the superficial attrac-
tion energy of nanoparticles and can no longer act like other 
chains inside the polymer bulk [34]. This also includes their 
contribution to state-to-state transitions where the attrac-
tion energy of nanoparticles suppresses the induced thermal 
energy and does not let the conversion happen in the region.

It is reported that the gyration radius can be considered 
as the maximum thickness of the interphase region based on 
the molecular characteristics of the polymer chains [38, 39]:

where Mn and Munit denote the number average molecular 
weight and molecular weight of the repeating unit of the 
polymer chains.C∞ is the Flory’s characteristics ratio and l 
represents the C–C bond length. To estimate the content of 
the interphase region ( �i ), it is possible to use De Gennes’s 
self-similar carpet theory which defines the concentration 
variation of the adsorbed polymer chains onto the surface 
of an adsorbent, as follows [37]:

where z is the distance from the surface, b denotes the Khun 
length of the polymer chains ( b = C∞l sin((� − �)∕2) in 
which � is the angle between tetrahedral bonds) and � rep-
resents the scaling parameter. Using Eq. (7), it is possible 
to calculate the density variation per Khun length of the 
polymer chains in the interphase region, from the surface of 
the nanoparticles to the gyration radius of the chains:

As it is clear, the density tends to infinity at z = 0 which 
is not a real case and accordingly, the lower bound of the 
integral (Eq. 9), used to calculate the average density of the 
interphase region ( �i ), should be set at a significantly small 
value such as �Rg ( � → 0):
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Accordingly, using the content and physical characteris-
tics of the polymer phase, nanoparticles and polymer/particle 
interphase region, the volumetric content of the polymer phase 
which can undergo state-to-state transition ( �m ) can be calcu-
lated as follows:

where wp and wn are the weights of initially added polymer 
and nanoparticles, respectively. Dn denotes the diameter of 
the spherical nanoparticles,�p represents the density of the 
polymer matrix in which the nanoparticles are dispersed,�n 
is the density of nanoparticles, �t and Wt represent the 
total density and weight of the polymer phase containing 
nanoparticles. It should be noted that Eq. (10) should be 
rearranged if the nanoparticles have any shapes other than 
spherical.

To calculate the temperature-dependent storage modu-
lus of the polymer phase containing nanoparticles (En (T)), 
Eq. (4) can be developed based with �m as follows:

where, �′
T
 denotes the overall conversion degree of polymer 

matrix containing nanoparticles.

Developing of percolation theory 
to calculate overall conversion degrees

Considering a polymer matrix as a blend of converted and 
un-converted molecules in the transition region, it is possible 
to use the percolation theory to define the storage modulus 
of the system as follows [34]:

where Eb is the storage modulus of the blend, Econ. denotes 
the storage modulus of the un-converted phase, αi represents 
the temperature-dependent conversion degree and αcr is the 
critical conversion degree which is significantly small. It 
is proved that the power, t, is equal to parameter n(t = n), 
Eqs. 2 and 3, and therefore, the overall conversion degrees 
for the neat polymer phases with/without nanoparticles can 
be stated using Eqs. (13 and 14), respectively:
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wp�nD
3
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where E(T) denotes the temperature-dependent storage mod-
ulus of the sample. As it is clear, the main parameters of Eqs. 
(13 and 14) should be defined using experimental results 
and accordingly, different characteristics of the system (e.g., 
dispersion quality of the nanoparticles, crystallinity, etc.) are 
simultaneously reflected in them.

Combining the temperature‑dependent 
storage moduli of different phases in blend 
and BBN systems

The variation of the temperature-dependent storage modulus 
of the blend and BBN systems should be defined consider-
ing different parameters such as the content of constituents 
(e.g., major and minor polymer phases, nanoparticles), the 
localization of the nanoparticles and their probable impact 
on the interaction between the polymer phases. Accordingly, 
a developed form of the rule of mixtures was used to com-
bine the obtained results of Eqs. (4 and 11) based on the 
volume fraction of the polymer phases:

where E(T) is the temperature-dependent storage modulus 
of the blend or BBN system, �2 denotes the volumetric con-
tent of the minor polymer and ci is a model parameter that 
represents the quality of the interaction between the polymer 
phases. It should be noted that ci = 1, ci < 1 and ci > 1 repre-
sent normal, weakened and strengthened polymer/polymer 
interface, respectively. It was found that ci can be assumed 
as 1 for polymer blends while for BBN samples it was in the 
range of 0.5–2.

It should be noted that, the combination of Eqs. (4, 11 and 
15) results in defining the temperature-dependent storage 
modulus of the BBN systems (E(T)). However, for simple 
blends, without nanoparticles, Eq. (4) can be used to deter-
mine the temperature-dependent storage modulus of both 
phases and the results can be inserted in Eq. (15). Similarly, 
if the nanoparticles are dispersed in both major and minor 
phases the temperature-dependent storage modulus of both 
phases is definable using Eq. (11) and the obtained results 
can be combined using Eq. (15).

Defining the impact of nanoparticles 
on percolation threshold of the minor 
polymer phase in BBN systems

As mentioned earlier, the morphology of polymer blends 
is directly dependent on the compatibility and content of 
the phases. Also, the percolation threshold is reported as a 
quantitative parameter that defines a boundary between 

(15)E(T) =
(

1 − ci�2

)

Ep(T) + ci�2En(T)

droplet-matrix and combined droplet-matrix/co-continuous 
morphology [19]. The application of nanoparticles in BBN 
may affect the percolation threshold and accordingly, it is 
important to investigate the probable variation of the morphol-
ogy in BBN after adding a specific amount of nanoparticles.

The percolation threshold for the dispersed nanoparticles 
in a polymer matrix ( �cr ) can be calculated as follows [40]:

where Vfiller denotes the volume of an individual filler parti-
cle and VEV denotes the volume of an excluded cubic volume 
containing the particle at its center. Similarly, it is possible 
to define the percolation threshold in binary polymer blends 
based on the concept of excluded volume (EV) in a binary 
polymer blend (Fig. 2).

It is assumed that the droplet of a dispersed polymer phase, 
with an average radius of r, is placed at the center of a cube, 
with a side length of 2(� + r) , and the blend system consists 
of a specific number of these EVs (Fig. 2b). The percolation 
threshold of the polymer materials ( �crP ) is commonly con-
sidered in the range of 14–16% (by vol) which would be pos-
sible to theoretically calculate the value of parameters � at the 
percolation threshold ( �cr)

(�cr = rcr

(

1.387�
−1∕ 3

crP
− 1

)

 , rcr, is the average radius of the 
droplets of the minor polymer phase at the percolation thresh-
old) [10, 19]. Parameter rcr can be defined using experimental 
approaches such as the FE-SEM test. It should be noted that 
parameter �cr was not used in any represented model equation 
and its introduction is merely to address the physical meaning 
of the geometrical characteristics of the EVs.

The dispersion of nanoparticles in either of minor or major 
phase of a polymer blend is expected to have distinct impacts 
on the variation of the percolation threshold. The dispersion of 
the nanoparticles in the minor phase increases both parameters 
rcr and �cr in the excluded volume (Fig. 2b) based on which the 
new percolation threshold ( �crN ) can be defined as follows:

where Vt is the total volume of the system, V2 and �2 denote 
the volume and volumetric content of the minor polymer 
phase and �cr is the percolation threshold of the neat blend, 
without nanoparticles. On the other hand, when the nanopar-
ticles are dispersed in the major phase of the EV, parameter 
r remains constant while �cr increases significantly. In this 
condition �crN can be stated as follows:

(16)�cr =
Vfiller

VEV

(17)�crN =
Vt

4

3
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(
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(
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+ Vt
4

3
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Based on Eqs.  (17 and 18), it can be concluded that 
increasing the content of dispersed nanoparticles in the 
minor polymer phase increase the percolation threshold while 
increasing the content of dispersed nanoparticle in the major 
phase decreases �crN . It is proved that the presence of nano-
particles in either major or minor phases alters the polymer/
polymer interfacial tension [41]. On the other hand, the dis-
persed nanoparticles can change the viscosity ratio of phases 
and accordingly, affect the coalescence phenomenon of the 
droplets at the percolation threshold [41]. Indeed, nanopar-
ticles act as strong joints which decrease the mobility of the 
polymer chains, via forming polymer/particle interphase, and 
accordingly, the higher the content of compatible nanoparti-
cles the less the mobility of polymer chains [42]. As a result, 
it can be concluded that the dispersion of a specific amount of 
nanoparticles (say Q grams) in the minor phase increases the 
percolation threshold since, besides affecting the interfacial 
tension, the dispersed droplets require more bulk to be able to 
move and coalesce, compared to pure droplets [41]. The same 
amount of nanoparticles (Q grams) may have less effect on 
the rheological behavior of the major phase, due to its higher 
volumetric content, while they can still significantly increase 
the polymer/polymer interfacial tension and facilitate the coa-
lescence of the droplets of the minor polymer phase which 
lowers the percolation threshold [41].

Experimental

Materials

Sulfuric acid (H2SO4, 95–97%) and graphene oxide powder 
(density: 1.89 g cm−3) were purchased from Merck Millipore 

(18)�crN =
Vt

4

3
��n

8V2

(

1 +
(

1.387�
−1∕ 3

crP
− 1

))3

+ Vt
4

3
��n

and Sigma Aldrich corporations, respectively. Polyethyl-
ene terephthalate (PET, Tm 250 °C, 1.68  g cm−3, Sigma 
Aldrich Co.) and high-density polyethylene (HDPE, 140 °C, 
0.95 g cm−3, KRP Co.) were used as received.

Synthesis of hollow graphene oxide (hGO) 
nanoparticles

Synthesis of hGO nanoparticles was performed based on a 
previously proposed strategy [25, 43]. Accordingly, 2 g of 
graphene oxide powder was added to 50 mL of DM water 
and the suspension was sonicated for 30 min. Further, H2SO4 
was mixed with the obtained mixture until its concentration 
reached 1 M. After intensive agitation for 20 min, 35 mL 
of the final graphene oxide/water/H2SO4 suspension was 
poured into a Teflon-lined autoclave (50 mL). An oven was 
used to increase the temperature to 195 ºC for 10 h which 
triggered the formation of hGO nanoparticles based on the 
aggregation of graphene powder around the formed CO2, H2, 
and CO bubbles [44]. The obtained products were collected 
using the centrifugation process and washed several times 
with DM water to remove all excessive materials.

Preparation of blend‑based nanocomposite (BBN) 
samples

A Brabender internal mixer was used to prepare the required 
samples containing different amounts of constituent phases 
(process temperature: 250  °C, rotating speed: 60  rpm). 
Accordingly, in the case of BBN and blend samples, spe-
cific amounts of polymer phases were first mixed and then, 
the nanoparticles were added to the system. The charac-
teristics of the prepared samples can be found in Table S1. 
The content of the polymer phases and nanoparticles were 
adjusted based on the presumed percolation threshold in the 
blend samples (15% by vol) so the impact of morphological 

Fig. 2   a Hypothetical structure 
of a polymer blend containing 
a finite number of excluded 
volumes (EVs) and b the geo-
metrical structure of an EV con-
taining the sphere of dispersed 
polymer phase, with an average 
radius of r, at its center
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variation and amount of nanoparticles on the temperature-
dependent storage modulus could be evaluated. The perco-
lation threshold in most of the polymer blends is theoreti-
cally considered in the range of 14–16% (by vol) based on 
which different morphologies of immiscible binary polymer 
blends are discussed (e.g., droplet-matrix under the perco-
lation threshold, co-continuous at phase inversion point, 
combination of droplet-matrix and co-continuous between 
percolation threshold and phase inversion point) [19, 20]. 
Also, based on the nature of the hGO nanoparticles, dif-
ferent PET/hGO nanocomposite samples were prepared, 
under the aforementioned melt mixing process conditions, 
to investigate the exclusive impact of different amounts of 
nanoparticles on the temperature-dependent tensile modu-
lus of the minor polymer phase. These samples are referred 
to as PET-hGO (1%), PET-hGO (2%) and PET-hGO (3%) 
which denote the constituents of the samples as well as the 
volumetric content of hGO nanoparticles.

Characterization

Field emission scanning electron microscopy (FE-SEM, 
MIRA3 Tescan) was used to evaluate the morphology of the 
prepared blend samples. The samples were first frozen using 
liquid nitrogen and were broken into small pieces, ready for 
coating with gold, before subjecting to the FE-SEM test. 
Fourier-transform infrared spectroscopy test (FTIR, Tensor 
27, Bruker, 400–4000 cm−1) was used to study the surface 
chemistry of the synthesized hGO nanoparticles and define 
their tendency to either minor or major phase (e.g., HDPE or 
PET phase). Also, to further evaluate the behavior of nano-
particles in the blend samples, a suspension of hGO nano-
particles in an oil–water dual-phase system was prepared and 
their dispersion in the polar or apolar phase was studied after 
stirring. Dynamic mechanical thermal analyses (DMTA) 

were conducted using a Pyris Diamond testing device (Per-
kin Elmer, USA) in a temperature range of 0 °C to 100 °C 
and the results were used to validate the model predictions.

Results and discussion

According to Eq. (15), the temperature-dependent storage 
modulus of the BBN and blend samples can be assumed 
independent of the morphological variation and therefore, 
to validate this assumption it was crucial to investigate the 
impact of all blend morphologies on E(T). To this end, 
BN91, BN72, and BN55 blend samples, without nanoparti-
cles, were subjected to FE-SEM test to ensure their different 
morphologies. Figure 3 represents the morphology variation 
in samples with increasing content of the minor polymer 
phase. BN91 sample including 10% (by vol) of PET was 
found to have droplet-matrix morphology (Fig. 3a) while 
the morphology of BN72, with 25% (by vol) of the minor 
polymer phase, was a combination of co-continuous and 
droplet-matrix (Fig. 3b). On the other hand, BN55 sample 
demonstrated co-continuous morphology at the so-called 
phase inversion point ( �2 = 0.5) (Fig. 3c).

As it is mentioned before, the percolation threshold of 
the blend system can be differently affected by dispersion 
of the nanoparticles in either major or minor phases and 
consequently alter the morphology of the samples. Accord-
ingly, it was necessary to define the polymer phase in which 
hGO nanoparticles could simultaneously disperse before 
evaluating their impact on the percolation threshold. Fig-
ure 4a represents the FTIR results of the synthesized hGO 
nanoparticles. The characteristics peaks at 877, 1471 and 
2926 cm−1 denote the presence of C–H bond (bending vibra-
tion) [45, 46]. The peaks at 524 cm−1 (C–O–C), 1166 cm−1 
(C–O), 1631 cm−1 (C = C) and 2854 cm−1 (C–H, stretching) 

Fig. 3   FE-SEM results demonstrating the morphology of: a BN91, b BN72 and c BN55 blend samples
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represent the common characteristic peaks of graphene oxide 
particles [46]. On the other hand, the appearance of strong 
peaks at 1089, 1732 and 3435 cm−1 denote the presence 
of C–OH, C = O and – OH functional groups, respectively, 
on the surface of nanoparticles which verify their higher 
compatibility with PET compared to HDPE [43]. To further 
ensure the polar nature of the nanoparticles, they were dis-
persed in an oil–water dual-phase system and stirred before 
setting to rest. As demonstrated in Fig. 4b almost all nano-
particles were localized in the polar phase. This confirmed 
the tendency of the synthesized hGO toward the PET phase, 
with higher polarity compared to HDPE. The instantaneous 
migration of hGO nanoparticles into the water phase, after 
stopping the agitation, is also represented in the Supple-
mentary Video. Similar results are reported in the case of 
PS/PMMA blend-based nanocomposites according to which 
hGO nanoparticles, synthesized using the same previsously 
discussed method, disperse in PMMA phase, with higher 
polarity [25].

Therefore, considering the dispersion of hGO nanopar-
ticles in the minor polymer phase, Eq. (17) was used to 
calculate the new percolation threshold based on the varia-
tions in nanoparticles content. The obtained results are rep-
resented in Table 1 according to which it was ensured that 
the presence of nanoparticles did not affect the morphology 
of BN91, BN72, and BN55 samples since the highest perco-
lation threshold was below the volume fraction of the minor 
polymer phase in BN72 sample (25% by vol) (Fig. 3).

The DMTA test results of PET samples containing 0–3% 
(by vol) of hGO nanoparticles are represented in Fig. S2. 
As it is clear, hGO nanoparticles have significantly affected 
the temperature-dependent storage modulus of the poly-
mer matrix at the glassy state as well as the glass transition 
region, ascribed to the formation of an interphase region and 
strong polymer/particle bounding [47]. It should be noted 

that hGO nanoparticles are proved to be unique heat con-
ductors and can facilitate heat transfer in the nanocomposite 
systems which negatively affects E(T) [48].

Figure 5 demonstrates the DMTA results and model 
predictions for BN91, BN72, BN55, HDPE, and PET sam-
ples. It is clear that the predictions of Eq. (4), regarding the 
temperature-dependent storage modulus of the neat HDPE 
and PET phases (Ep (T)), are acceptably accurate with a 
maximum error of 7%. Also, the predicted data for the blend 
samples (Eq. (15), ci = 1) are close to the related experimen-
tal results, with a maximum error of 6%. According to the 
represented results in Fig. 5 and the morphological differ-
ence between the tested samples, it can be concluded that 
the model is not dependent on the morphological variation 
of the blend samples.

Based on Eqs. (13 and 14), the conversion degree in neat 
and nanocomposite polymer phases is a function of param-
eter t. As mentioned before, it is proved that t = n which 
denotes the dependency of �T and �′

T
 to the un-converted 

portion of the polymer molecules during different state-
to-state transitions (Eqs. 2 and 3) [34]. Also, t > 1 and t ≤ 
1 cause the model predictions curve to make concave and 
convex shapes, respectively. This suggests that the conver-
sion rate before and during state-to-state transition is mostly 
dependent on values of the activation energy and Arrhenius’s 
pre-exponential factor. However, at the end of the transition 

Fig. 4   a FTIR results of the 
synthesized hGO nanoparticles 
and b the localization of hGO 
polar nanoparticles in the water 
phase

Table 1   Variation of percolation threshold with increasing the con-
tent of hGO in PET minor phase

Nanoparticles content (% by vol)

0 1 2 3

Percolation threshold
(% by vol)

0.15 0.21 0.22 0.23
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region, it is the amount of the un-converted polymer mol-
ecules which control the conversion rate. Table 2 represents 
the maximum and minimum adopted values of parameter, t, 
to obtain the best predictions considering the value of differ-
ent conversion degrees. It can be seen that the value of tmin 

at the beginning of the transition region is less than 1 for all 
samples which, as mentioned, denotes the substantial impact 
of activation energy of transition and Arrhenius’s pre-expo-
nential factor on the conversion rate. However, the values of 
tmax, at the end of transition zone, suggest the dependency 

Fig. 5   DMTA experimental 
results and model predictions on 
pure PET, HDPE and a BN91, 
b BN72 and c BN55 blend 
samples
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of the conversion rate of polymer molecules on the content 
of un-converted polymer molecules. Also, tmin of the minor 
polymer phase (PET) decreases with the content of nanopar-
ticles which may be attributed to the formation of polymer/
particle interphase and decrement of �m (Eq. 10). On the 
other hand, tmax of the PET-hGO samples increases with �n , 
until it is equal to tmax of pure PET, denoting the decrement 
of the impact of polymer/particle interphase region on the 
temperature-dependent storage modulus of the nanocompos-
ites with increasing the nanoparticles content [28].

The DMTA test results and corresponding model pre-
dictions for BN721, BN722 and BN723 are represented in 
Fig. S3. The analytical results for all samples are acceptably 
close to the experimental data, with the highest point-by-
point prediction error of ≅ 17% for BN552 sample. It should 
be noted that the reported error value does not reflect the 
overall prediction error, but the maximum deviation of a the-
oretical result from only one particular actual data, at high 
temperatures (> 75 °C) due to the variation of interactions at 
the polymer/polymer interface [49]. The comparison of ana-
lytical and experimental data for BN91and BN55 samples 
containing 1–3% (by vol) of nanoparticles are represented 
in Figs. S4 and S5, respectively.

As mentioned, parameter ci represents the impact of the 
polymer/polymer interface on the mechanical characteristics 
of the system which may be affected by the temperature, 
content of minor polymer phase and nanoparticles. Accord-
ing to the concept of Pickering emulsions, a portion of the 
dispersed nanoparticles in a mixture of immiscible phases 
tend to migrate toward the interphase to decrease the internal 
energy of the system [50]. As it is illustrated in Fig. 6, there 
are some nanoparticles left at the HDPE/PET interface, after 
pulling out the PET sphere, which proves the occurrence of 
a similar phenomenon in the prepared BBN samples. Based 
on the summarized results in Table 3 and the value of ci for 
pure blend samples (ci = 1), it is clear that the presence of the 
hGO nanoparticles in the polymer minor phase substantially 
affects the mechanical interactions at the polymer/polymer 
interface. The obtained values for ci in the case of all BBN 
samples based on BN72 blend are the highest and almost 
independent of the nanoparticles content. This reveals that 
the synthesized hGO nanoparticles had the best performance 
in the HDPE/PET blend around the percolation threshold. 
Also, the low ci values of the BBN samples based on BN55 

blend suggest that increasing the nanoparticles content in the 
system may result in their aggregation/agglomeration which 
negatively affects the mechanical characteristics of the poly-
mer/polymer interface [10]. The same phenomenon can be 
seen in the case of BN91 sample containing 1% (by vol) of 
hGO nanoparticles which can be ascribed to the low con-
tent of nanoparticles and their weak dispersion in the PET 
phase (10% by vol) which causes the formation of aggre-
gates/agglomerates. However, increasing the nanoparticles 
content, in BN912 and BN913 samples, could increase the 
mechanical characteristics of the polymer/polymer interface.

Figure 7 represents the impact of polymer/polymer inter-
face on the accuracy of model predictions, based on the val-
ues of ci (Table 3). As it is clear, the polymer/polymer inter-
face has a slight impact on the obtained analytical results 
regarding the temperature-dependent storage modulus of the 
BBN samples based on BN91 blend (Fig. 7a). This can be 
attributed to the relatively low content of PET in the system, 

Table 2   Maximum and 
minimum applied values for 
parameter t 

Sample tmin tmax

PET 0.18 9
HDPE 0.65 2
PET-hGO(1%) 0.16 6
PET-hGO(2%) 0.14 7.5
PET-hGO(3%) 0.13 9

Fig. 6   Residual hGO nanoparticles at the PET/HDPE interface after 
pulling out a PET sphere

Table 3   Value of parameter ci for different prepared samples (Eq. 15)

Blend samples Nanoparticles content (% by vol)

0 1 2 3

BN91 1 0.8 1.3 1.35
BN72 1 2 1.8 2
BN55 1 0.71 0.8 0.85
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containing almost all the added nanoparticles, whose impact 
on the system is independent of the mechanical character-
istics of the interface. On the other hand, comparing the 
results for the BBN samples based on BN72 and BN55 
blends (Fig. 7b and c) shows that the effect of nanoparticles 
on the polymer/polymer interface is more significant around 
the percolation threshold of the minor polymer phase, which 

increased from 15% (by vol) to a maximum value of 23% 
(by vol) (Table 1). Moreover, according to the demonstrated 
Fig. 7b and c, the highest impact of the polymer/polymer 
interface in BBN samples should be expected in the state-
to-state transition region where the conversion rate is proved 
to be dependent on the activation energy and Arrhenius’s 
pre-exponential factor [34].

Fig. 7   Impact of the polymer/
polymer interface on the model 
predictions regarding the 
temperature-dependent storage 
modulus for a BN91, b BN72 
and c BN55 samples containing 
1–3% (by vol) of nanoparticles 
(temperature range of 0 to 
100 °C)
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Conclusion

The analytical results showed that the developed percola-
tion theory provided accurate results regarding the impact 
of temperature on the order of conversion rate as well as the 
conversion degree. The content of un-convertible polymer 
chains, forming the polymer/particle interphase region, in 
nanocomposite and blend-based nanocomposite samples was 
estimated using a developed form of De Gennes’s theory 
considering the molecular and physical characteristics of 
the adsorbed polymer chains. This approach helped to high-
light the difference between the variation of temperature-
dependent storage modulus of neat polymers and polymer 
nanocomposites. Modeling the BBN system using the con-
cept of excluded volumes was shown to be a useful method 
for defining the variation of the percolation threshold of the 
minor polymer phase due to the presence of nanoparticles. 
Coupling the related information of the results of morphol-
ogy evaluations, using FE-SEM images, may confirm the 
independency of the proposed model from the morphologi-
cal variations in BBN samples. The order of the conversion 
rate was denoted to have a significant effect on the model 
prediction accuracy based on which the dependency of 
the conversion rate to the related parameters was precisely 
interpreted. Involving the impact of the polymer/polymer 
interface in the analytical predictions was found to be a 
practical method to enhance the model accuracy in the case 
of blend and blend-based polymer nanocomposite samples. 
Optimizing the content of nanoparticles and minor polymer 
phase had also a significant impact on the characteristics 
of the interface and the accuracy of model predictions. As 
it is mentioned before, the volumetric content of the poly-
mer chains which can undergo state-to-state conversion is 
directly dependent on the size and shape of nanoparticles 
which can be rearranged in the case of applying nanopar-
ticles with any shapes other than spherical. Also, investi-
gating the impact of specific nanoparticles, localized at the 
polymer/polymer interface, on the temperature-dependent 
characteristics of the BBN systems can be an interesting 
subject for further studies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13726-​024-​01300-1.

Data availability  The data that support the findings of this study are 
available from the corresponding author, upon reasonable request.
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