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In the present study, thermoplastic polyurethane elastomers (TPUs) reinforced with
multi‐walled carbon nanotubes, Closite 30B nanoplates, and halloysite nanotubes
were produced via melt compounding approach and evaluated with many techniques
including microscopy, spectroscopy, thermal, and rheological analyses. Following primary analyses, time sweep tests were used to determine the influence of temperature, applied preshear, and type of nanofillers on the micro‐phase separation
kinetics of the nanocomposites. Based on the experimental results, a semi‐experimental equation was developed to explain the relation between those parameters and
micro‐phase separation time. The equation is able to predict micro‐phase separation
time of TPU nanocomposites possessing different nanofillers at various shear rates
and temperatures.
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I N T RO D U CT I O N

presence of nanofillers affect the morphology and micro‐phase separation of the PU elastomers.12,13

Polyurethanes (PUs), amongst the most important engineering

When the effect of nanofillers is studied on the micro‐phase

polymers, have been extensively used in many applications as diverse

separated

as adhesives, flexible or rigid foams, coating, fibers, elastomers, etc. PU

characteristics of the nanofillers like particle size, aspect ratio, shape,

can be formed by a simple step‐growth polymerization reaction

chemical nature, surface charge, and their interaction with polymer

between isocyanate and diol groups. Different types of raw materials

chains should be taken account.14-16 For instances, Barick and

structure

of

TPU

nanocomposites,

physiochemical

are used to produce PUs, and it is possible to tailor final properties of

Tripathy have shown that the incorporation of the multi‐walled carbon

the products based on selection of these ingredients.1-5 Thermoplastic

nanotubes (MWCNTs) in TPU matrix not only accelerates the micro‐

polyurethane elastomers (TPUs) are amongst the most eminent classes

phase separation structures of the TPU matrix but also changes the

of PUs composed of high glass transition temperature (Tg) or high

molecular weights of the soft and hard segments.17 Moreover, the

melting temperature (Tm) hard segments and relatively low Tg soft seg-

crystallinity of the TPU/MWCNT nanocomposites has been noticeably

ments covalently connected together. Thermodynamic incompatibility

increased comparing pristine TPU due to positive nucleating effect of

of soft and hard segments at low temperature results in a micro‐phase

MWCNTs. Gupta et al have reported that incorporation of the

6-9

separated domain structure.

MWCNTs into the PU matrix increases the onset and peak tempera-

When the temperature reduces below the Tm of the crystalline

tures of crystallization, whereas decreases the activation energy of

segment of a block copolymer, concurrent phase separation and

the nanocomposites due to heterogeneous nucleation effect of the

crystallization are foreseen. From a thermodynamic standpoint, phase

MWCNTs.18 Song et al have proposed that the incorporation of clay

separation precedes crystallization; however, both of which affect the

nanoplates into the PU matrix decreases the size of the spherical

final morphology and properties of the polymers.10,11

aggregates, corroborating the key role of clay nanoplates on the

Many factors like polymerization methods, chemical structure of

aggregation performance of the hard domains.19

the hard and soft segments, process parameters (melting rate, cooling

Unlike the low molecular weight materials, polymers are very

rate, solvent evaporation rate, shear rate, temperature, etc), and the

sensitive to flow field (shear or elongational forces) in their phase

Polym Adv Technol. 2018;1–8.
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separation performances. It is well understood that applying a shear

PTMG, MDI, and BDO were dried in a vacuum oven at 80°C for

before and/or during the semicrystalline polymer crystallization alters

3 hours to ensure residual moisture removal. For PU synthesis, the

its subsequent morphology. Effect of flow field on the micro‐phase

molar ratio of PTMG, MDI, and BDO were determined to be 1, 3,

separation and crystallization of the PUs has been the subject of few

and

20

studies in literatures.

2,

respectively.

Thirty‐gram

PTMG

with

45‐mL

N,N‐

For example, nano‐structuring kinetics of ther-

dimethylacetamide was added to the flask. Later on, 11.6‐g MDI was

moplastic segmented PUs with or without preshear has been studied

added to the content and reacted with polyol for 3 hours at 75 to

by Mourier et al.21,22 It has been reported that the sensitivity of the

85°C under continuous stirring to render a macro diisocyanate

structuring kinetics to the shear treatment is highly reliant on the

prepolymer. In the chain extension step, 2.74‐g BDO was added to

composition and molar mass of the PUs. Moreover, a shear treatment

the prepolymer. During this step, the viscosity of PU slowly increased

applied at the beginning of the structuring appreciably reduces the

due to the ongoing chain‐extension reaction. After 3‐hour reaction,

structuring time. Consequently, the shear flow is found to decrease

the viscous liquid obtained was poured into a silicone mold and placed

the entropy of the polymer chains and make them be aligned, thus

in an oven at 85°C for 24 hours. Finally, all samples were removed

promoting the kinetics of crystallization. On the other hand, in the

from the mold and stored at ambient temperature.

presence of nanofillers, chain dynamics decrease in order to trap the
chains onto the nanofiller surfaces and prevent chain orientation.
Collectively, the shear flow and nanofillers simultaneously affect the
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TPU nanocomposites preparation

micro‐phase separation and crystallization of the PUs.23-25 Consider-

Nanocomposites were prepared via melt compounding method. To

ing the indispensable role of shear force and nanofillers in both

this end, TPU and varying content of CBNPs, HNTs, and MWNTs

laboratory and industrial processes (extrusion, injection moulding,

(gamut from 0.1 to 5%wt) were compounded with a laboratory

etc) of PU, it would be imperative to study the effect of the aforesaid

internal mixer (Braebender Plasticorder W50). Processing parameters,

parameters on the micro‐phase separation of the PUs. Hence, the goal

ie, temperature and rotating speed were optimized as 210°C and

of this work was to investigate the effect of temperature, preshear,

100 rpm, respectively. Melt‐compounding was carried on for

and nanofillers with different aspect ratios and structures (MWCNTs,

18 minutes for nanocomposite comprising the CBNPs and 15 minutes

Closite 30B nanoplates [CBNPs], and halloysite nanotubes [HNTs])

for nanocomposites containing the MWNTs and HNTs. Prior to

on the micro‐phase separation of TPU nanocomposites. To this end,

mixing; TPUs were dried in a vacuum oven at 140°C for 12 hours to

firstly, TPUs based on poly(tetramethylene ether) glycol (PTMG),

ensure residual moisture removal.

4,4′‐diphenylmethane diisocyanate (MDI), and 1,4‐butanediol (BDO)
were synthesized. Thereafter, TPU nanocomposites were prepared
by melt processing and evaluated by many techniques including

2.4
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Characterization

Fourier transform infrared (FTIR) spectroscopy, scanning electron

Fourier transform infrared (FTIR) spectra were recorded on a Bruker

microscopy (SEM), atomic force microscopy (AFM), dynamic mechani-

spectrophotometer in the range between 4400 and 500 cm−1, with a

cal‐thermal analysis (DMTA), differential scanning calorimetry (DSC)

resolution of 4 cm−1.

thermograms, and rheometric mechanical spectrometer.

Morphology of the samples was evaluated via field emission scanning electron microscopy (FESEM; Hitachi S4160) at an accelerating

2
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voltage of 30 kV after being sputter coated with Au particles.
Atomic force microscopy (AFM) was performed with a
Dualscope/Rasterscope C26 (DME, Denmark) equipment in tapping

2.1
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Materials

mode on the thin film samples at room temperature. AFM images

Poly(tetramethylene ether) glycol (PTMG) with functionality of 2 and

were processed using data processing software.

number–average molecular weight of 2000 (gr/gmol), MDI, BDO,

The thermal analysis of the samples was carried out on a differen-

and HNTs with inner diameter of 30 to 70 nm, pore volume of 1.26

tial scanning calorimeter (Flash DSC; Mettler‐Toledo) with a tempera-

to 1.34 mL/g, and specific surface of 64 m /g were purchased from

ture range of −50°C to 210°C and heating rate of 10°C/min under

Sigma‐Aldrich. Organiclay modified clay Closite 30B (CEC: 90 meq/

nitrogen atmosphere.

2

100 g) were obtained from southern Clay product. The multi‐wall

Dynamic mechanical properties of the nanocomposites were

carbon nanotubes, Nanocyl 7000, with average diameter of 9.5 nm,

measured using dynamic mechanical thermal analyzer (Diamond

average length of 1.5 μm, and purity of 90% supplied by Nanocyl

DMA; Perkin Elmer) in the tensile mode, heating rate of 5°C/min,

(Belgium). N,N‐Dimethylacetamide was obtained from Merck. All

frequency of 1 Hz, and static force of 0.1 N on the molded samples

reagents were used as received without any further purification.

(20 × 11 × 1 mm). The temperature dependence of the storage modulus (G′) and loss modulus (G″) was plotted in the range of −100°C

2.2
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Synthesis of TPU

to 150°C.
Rheometrics mechanical spectrometer (Paar Physica UDS200)

TPU was synthesized by two‐step solution polymerization method.

equipped with a parallel plate fixture (diameter = 25 mm, constant

Polymerization was carried out into a two‐necked round‐bottomed

gap = 1 mm) was used to measure the linear viscoelastic responses

flask equipped with a vacuum inlet tube and a raw material entrance.

of the neat TPU and the nanocomposites and to assess the effects

The reaction assembly was placed in a heating oil bath. Prior to mixing,

of nanofiller and pre‐shear on the rheological responses. The neat

SAHEBI JOUIBARI
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TPU was heated for 15 minutes and the nanocomposites for 5 minutes

of the hard and soft segments (Figure 2A). It is well known that the

to remove thermal and processing history. Following heating, the

difference in chemical nature of the nanofillers leads to various

samples were quickly cooled to annealing temperature (Tann). Then,

interactions with PU chains. The MWCNTs and HNTs have more

the storage modulus and the loss modulus of the samples at Tann were

affinity to interact with hard segments than soft ones. The affinity is

measured by time sweep experiment for 2 hours to study the micro‐

higher in case of MWCNTs. On the other hand, the CBNPs have pro-

phase separation and the hard domain aggregation. In order to assess

pensity to interact with the soft segments. The presence of the CBNPs

the effect of shear flow on the phase separation kinetics, the time

is evidenced from Figure 2B; while, micro‐phase separated domains

sweep experiment was performed at various preshear ranging from

located on the MWCNTs are displayed in Figure 2D. The presence

5 to 30 1/s prior to time sweep test at annealing temperature. To

of micro‐phase separated domains near the nanofillers corroborates

discern micro‐phase separation temperature, the cooling process was

the good affinity of the nanofillers to hard segments. Indeed,

carried out at a rate of 10°C/min for neat the TPU and from melting

MWCNTs can act as effective nucleating agents to crystallize the

temperature (210°C) to near the hard segments Tg (120°C) for the

TPU hard segments.
To assess whether the presence of nanofillers would affect the

nanocomposites.

topology of the polymer nanocomposites, nanocomposite surfaces
were analyzed by AFM. Depending on the chemical nature, the aspect

3
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RESULTS AND DISCUSSION

ratio of the nanofillers and the nature of polymer carrying them, different changes in roughness are probable.27 Figure 3 presents the AFM

In systems containing two or more types of materials, the FTIR

images of the neat TPU and the TPU nanocomposites. Because the

technique is an effective method to analyze functional groups. The

soft segment can simply move, it was defined as a continuous phase

FTIR spectra of the neat TPU and TPU nanocomposites are shown in

embedding hard segment. Surface roughness of the neat TPU

−1

can be assigned to H‐bonded

observed in Figure 3A can be assigned to micro‐phase separation of

urethane carbonyl groups. The peaks at 2850 and 2930 cm−1

the TPU caused by thermodynamic incompatibility between polar hard

correspond to symmetric and non‐symmetric stretching vibration of

segments and much less polar soft segments. Once the MWCNTs are

CH2, respectively. The absorption band at 3320 cm−1 belongs to NH

incorporated into TPU matrix, surface roughness decreases by 36.5%

Figure 1. The band at 1712 cm

26

As evidenced by Figure 1, the intensity of the hydrogen

comparing the neat TPU. MWCNTs possess the high affinity to the

bonding related peak (at 1712 cm−1) increases once HNTs and

hard segments and may conceal most of the hard segments into the

MWCNTs are added to TPU. The increment is more profound in the

PU bulk, thus decreasing the surface roughness. The CBNPs are not

case of MWCNTs/TPU nanocomposites. However, when the CBNPs

prone to the hard segments, thus are embedded in the soft segments

are added to the TPU, the peak intensity remains unchanged.

and increase the roughness value from 159 nm (neat TPU) to 215 nm

stretching.

FESEM was employed to study the morphology and size of micro‐

for the CBNP laden nanocomposite. The HNTs tend to interact with

phase separated domains. FESEM images of the neat TPU, TPU/

the hard segment but much lower than the MWCNTs. Accordingly,

CBNPs, TPU/HNTs, and TPU/MWCNTs are presented in Figure 2.

the average surface roughness of HNTs loaded nanocomposite

TPU reveals cylindrical domains assigned to micro‐phase separation

decreases 8.8% compared with the neat one.
Based on the DMTA and DSC analyses, transition temperatures of
the samples are discerned, and data are summarized in Table 1. In
MWCNTs and HNTs loaded nanocomposites, nanofillers possess
more tendencies to the hard segments; thus, the soft segments have
more freedom to move. Hence, these composites have lower soft
segment Tg comparing the ones with CBNPs. CBNPs have no affinity
to the hard segments. They are embedded into the soft segments and
prevent their mobility. Therefore, the presence of the CBNPs
increases the Tg of the soft phase. The MWCNTs and HNTs raise
the glass transition temperature of the hard phase. In the presence
of MWCNTs, the crystallization temperature is substantially increased
due to the outstanding ability of the MWCNTs to absorb hard
segments and to act as nucleating agents.28
Because different factors like temperature, nanofillers, and shear
flow affect the degree of micro‐phase separation and crystallization
of the PUs, attempts have been made to present a mathematical
relation describing the role of said parameters on the micro‐phase
separation process. Rheology is a trustworthy method deducing the
morphological feature of the complex fluids. The collision of storage

FIGURE 1 FTIR spectra of (A) neat TPU, (B) TPU/CBNPs, (C) TPU/
HNTs, and (D) TPU/MWCNTs. Nanofiller content = 0.1 wt% [Colour
figure can be viewed at wileyonlinelibrary.com]

and loss moduli as a function of time is a critical point of the physical
gel (cross time).29 The storage and loss moduli of the samples as a function of time at 150°C are shown in Figure 4. As evidenced from the
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FESEM images of samples (A) neat TPU, (B) TPU/CBNPs, (C) TPU/HNTs, and (D) TPU/MWCNTs. Nanofiller content = 0.1 wt%

FIGURE 3 AFM images of samples (A) neat TPU, (B) TPU/CBNPs, (C) TPU/HNTs, and (D) TPU/MWCNTs. Nanofiller content = 0.1 wt% [Colour
figure can be viewed at wileyonlinelibrary.com]

TABLE 1

Transition temperatures of samples based on the DMTA and DSC analyses

Analysis
Sample

DMTA
Glass transition temperature
of soft segments, °C

DMTA
DSC
Glass transition temperature
of hard segments, °C

DSC
Crystallization
temperature, °C

DSC
Melting
temperature, °C

Neat TPU

−25

110

120

110

190

TPU/MWCNTs (0.1 wt%)

−27

118

128

145

194

TPU/CBNPs (0.1 wt%)

−21

111

120

110

190

TPU/HNTs (0.1 wt%)

−24

113

123

122

192
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FIGURE 4 Storage and loss moduli of samples as a function of time at 150°C. (A) Neat TPU, (B) TPU/CBNPs, (C) neat TPU applied with preshear
rate = 20 s−1, (D) TPU/HNTs, (E) TPU/MWCNTs, and (F) nanocomposite with nanofillers content at upper rheological percolation threshold
[Colour figure can be viewed at wileyonlinelibrary.com]

figure, the CBNPs do not change the cross time, whereas the HNTs

The rheological percolation threshold of MWCNTs is much lower

slightly decrease it. It is worth mentioning that the MWCNTs pose the

than the conventional fillers, due to their extremely high aspect ratio.

most substantial effect on the cross time and micro‐phase separation

Experimental and theoretical approaches have been already used to

kinetics. Because both micro‐phase separation and crystallization of

characterize the factors that govern the rheological percolation

the PUs are diffusion‐controlled processes, the effect of temperature

threshold of the polymer nanocomposites. Based on some researches,

has been fitted with Arrhenius equation. Thermodynamic driving force

strong correlations between rheological percolation threshold and

is able to control the needed time for structuring. This force decreases

aspect ratio of the fillers are suggested. For instance, Ren et al

as the temperature increases. Figure 5 shows cross time as a function

revealed a relationship between the rheological percolation threshold

of 1/T for neat the TPU. This figure corroborates that the experimental

and the aspect ratio (Af)30 as follows:

points are perfectly fitted with Arrhenius equation:

tCrosstime

 
b
:
¼ a: exp −
T

Af ¼ 1:5
(1)

ϕsphere
:
ϕpercolation

(2)

Rheological percolation of the interpenetrating, randomly packed
spheres happens at φsphere = 0.29. Li and coworkers showed that
the rheological percolation threshold of perfectly dispersed CNTs
and agglomerates can be expressed by31

Pc ¼

πξε ð1−ξ Þ21:195
þ
:
6
α2

(3)

In which α is the aspect ratio. ε is the local volume fraction of CNT in
agglomerate; and ξ is the volume fraction of the agglomerated CNTs. ξ
and ε are reliant on the filler dispersion and sample preparation
method. In melt mixing process, ξ and ε should be considered between
0.05 and 0.1. In our calculation, ξ and ε are assumed equal to 0.05
(Table 2).
As nanofiller content increases, the aspect ratio decreases and
solid like behavior emerges. Thus, attempts have been made to modify
the formula further matching the experimental data. Because
nanofiller aggregation that leads the cross time happens earlier, a
FIGURE 5 Cross time as a function of 1/T for neat TPU [Colour
figure can be viewed at wileyonlinelibrary.com]

modified formula was developed in which the aspect ratio raises with
the increase in nanofiller size:
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TABLE 2

This equation has been successfully fitted with the data from

Theoretical calculation of MWCNTs aspect ratio

MWCNT
content,
wt%

Aspect ratio
based on
Equation 2,
m2/g

0.1

450

‐‐

0.15

300

323

168.75

0.2

225

170.5

225

0.4

112.5

Aspect ratio
based on
Equation 3,
m2/g

Aspect ratio
based on
Equation 4,
m2/g

86

450

56.25

54

900

1.2

37.5

43

1350

ϕsphere
ϕ
Af ¼ 1:5
:
:
ϕpercolation ϕpercolation

Figure 6. It is noteworthy to mention that for neat polymers and
nanofillers with aspect ratio less than 20, Af has been considered as
20. As evidenced from Figure 4C, by applying the shear prior to the
time sweep test, due to break of initial structure, there is an initial

112.5

0.8

ET AL.

drop in the storage and loss modulus compared with other samples.
However, as time goes on, applied shear enhances the micro‐phase
separation kinetics. Figure 7 shows the cross time as a function of
preshear rate for neat TPU. The results show that the increase in
preshear rate decreases the cross time. Based on this data, theoretical
equation was developed as follows:
 
g
b
tCrosstime ¼ a: exp −
−c : γ
T

(4)

(6)

g

For different MWCNT content based on Equations 2, 3, and 4, the

where γ is the shear rate. It has to be mentioned that the experimental

aspect ratio was calculated, and the data were collected in Table 2.

data offered by Mourier et al22 have been successfully fitted with this

For the MWCNTs, CBNPs, and HNTs at rheological percolation thresh-

equation. Consequently, this equation could be used for other PU

old, the aspect ratio was calculated (based on the Equation 2) and

systems or even block copolymers. Finally, considering both neat

compared with experimental data (Table 3). Figure 6 shows the cross

TPU and the TPU nanocomposites, final equation has been developed:

time as a function of the MWCNT content at different temperatures.

 
g 20
b 20
ttotalCrosstime ¼ a: exp −
:
−c : γ : :
T
Af
Af

As it can be perceived, with the increase in MWCNT content and
decrease in temperature, the cross time occurred earlier. Based on
these observations, a theoretical equation was developed as follows:

tCrosstime

 
b 20
: :
¼ a: exp −
T
Af

(7)

According to the experimental findings, effect of the shear rate on
micro‐phase separation of neat TPU and the CBNPs loaded nano-

(5)

composites is more profound than MWCNT and HNT loaded nanocomposites. The advantage of the equation offered here (Equation 7)
is that the micro‐phase separation time for TPU systems with or

TABLE 3 Rheological percolation threshold and aspect ratio of
nanofillers
Aspect Ratio
based on Equation
2, m2/g

Nanofiller

Rheological
Percolation
Threshold

Experimental
Aspect Ratio,
m2/g

CBNPs

0.05

9

10

HNTs

0.007

64

64

MWNTs

0.002

225

250

FIGURE 6 Cross time as a function of MWCNTs content at different
temperatures [Colour figure can be viewed at wileyonlinelibrary.com]

without nanofillers at different shear rates and temperatures could
be estimated.
Figure 8 schematically illustrates shear induced micro‐phase separation of TPU nanocomposites containing MWCNTs. Efforts have
been made to depict the MWCNTs and hard segments consistent with
the real scale. As evidenced by the figure, by applying shear flow, both
hard segments and MWCNTs were oriented. Although hard segments
which are away from the MWCNTs are not affected by the MWCNTs,

FIGURE 7 Cross time versus preshear rate for neat TPU [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Schematic representation for shear induced micro‐phase separation of TPU nanocomposite containing MWCNTs [Colour figure can
be viewed at wileyonlinelibrary.com]

TABLE 4 Micro‐phase separation temperature and crystallization
temperature of samples. Nanoparticle content is equal to 0.1 wt%

compounded with three kinds of nanofillers, ie, MWCNTs, Closite

Micro‐Phase Separation
Temperature, °C

Crystallization
Temperature, °C

nanofillers to the hard segments, degree of micro‐phase separation

Sample
Neat TPU

112

110

of micro‐phase separated domains near the MWCNTs represents the

TPU/MWNTs

143

145

strong affinity of nanofillers to the hard segments; whereas, the

TPU/HNTs

126

122

CBNPs evidenced no affinity towards the hard segments. The neat

TPU/CBNPs

113

110

TPU and the nanocomposites undertook time sweep experiments at

30B nanoplates, and HNTs. Considering dissimilar affinity of the
and properties of nanocomposites would be different. The presence

disparate temperatures, pre‐shear and nanofillers. The findings from
these experiments were used to develop an equation expressing
these tend to be oriented and phase separated due to shear flow.

influence of temperature, pre‐shear and nanofiller aspect ratio on

From the Figure 8, it can be concluded that a MWCNT could provide

micro‐phase separation time of TPU base nanocomposites. Micro‐

a nucleation site for plenty of the hard segments.

phase separation time of TPU base nanocomposites with or without

It is well accepted that the rheology is one of the most sensitive

nanofillers, at different shear rates and temperatures, can be approxi-

tools to study the dynamic of chains and the formation of three‐

mated by the proposed equation. The equation could be used to

dimensional elastic networks. Hence, to determine the micro‐phase

estimate micro‐phase separation time of other PU systems or even

separation temperature, temperature sweep test (cooling mode) was

block copolymers.

used.32 In the molten state, the loss modulus is higher than the
storage one. However, as the temperature decreases, thermodynamic
driving force leads to the micro‐phase separation. Based on the
cooling mode and DSC analyses, micro‐phase separation temperature
and crystallization temperature of the samples were characterized,
and the data were collected in Table 4. Results show that micro‐phase
separation temperature of the MWCNTs nanocomposite is approximately 31°C higher than that of TPU counterpart due to positive
nucleating effect of the MWCNTs. Therefore, by the same logic, the
HNTs slightly increase the micro‐phase separation temperature and
the CBNPs cause no effect. These results are consistent with the
DSC data.
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C O N CL U S I O N

In the current research, the effect of temperature, shear flow, and
nanofillers on micro‐phase separation of the TPUs has been studied
and formulated. To this end, TPU was synthesized and melt‐
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