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ABSTRACT: Dynamically vulcanized thermoplastic polyurethane (TPU)/millable polyurethane (MPU) blend nanocomposites, simple

TPU/MPU blend nanocomposite, and TPU nanocomposite with 3 parts per hundred (phr) of organoclay were melt compounded in

an internal mixer. Interfacial interactions between the organoclay and polyurethanes were examined by Fourier transform infrared

spectroscopy, X-ray diffraction, and transmission electron microscope analysis, which revealed that the dispersion of organoclays sig-

nificantly improved with increasing TPU content in the TPU/MPU blends and dynamic vulcanization process. Tensile test and

dynamic mechanical analysis showed that the mechanical properties are improved with the TPU content in the TPU/MPU blends

and dynamic vulcanization process. Both hardness and tension set of the samples decreased with increasing MPU content in the

TPU/MPU blends. Thermal stability determined by thermo-gravimetric analysis revealed that it increased with increase in TPU con-

centration in the samples. Differential scanning calorimetry study showed that the glass transition temperature (Tg), melting tempera-

ture (Tm), and melt crystallization temperature (Tc) of the samples were significantly affected by the blend composition and dynamic

vulcanization. Dynamic melt rheology of the nanocomposite samples in the molten state revealed a pseudo solid-like behavior as well

as an enhanced shear thinning behavior, and the variation of the rheological properties are well correlated with blend compositions

and morphology of the nanocomposites. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Polymer/clay nanocomposites (PCN) have created a center of

interest in the recent decades because the materials properties

are enhanced by many folds relatively at very minute nanofiller

loading in comparison with the conventional micro-fillers.1 The

chemical modifications of clay using exchangeable cations

makes it organophilic or hydrophobic as well as enhances the

interlayer or gallery spacing; as a result the polymer backbone

molecular chains are easily inserted into the gallery spacing,

leading to exfoliation and homogeneous dispersion of clays

within polymer matrix. It is reported that the performance

properties such as modulus and strength, thermal stability, gas

permeability, flame retardancy, chemical resistance, etc. of PCN

are remarkably enhanced by incorporation of clay.2

Preparation of PCN via melt intercalation technique using con-

ventional high shear mixing machine have been considered as

the most promising approach that greatly improved the com-

mercial aspects in term of easiness and cost.3 The most driving

force for homogeneous dispersion of clays within the polymer

matrix is the appropriate melt viscosity, where the polymer

molecular chains are successfully diffused into the clay galleries

under a suitable shear stress, which is further supported by the

strong affinity of polymer matrix and clay for each other. More-

over, the polar polymer matrix forms a strong interphase inter-

action with clay surface through hydrogen bonding, achieving a

very high degree of exfoliation.4

Thermoplastic elastomer (TPE) is a special type of polymer

blend system possessing continuous melt processability of ther-

moplastics with flexibility and low-modulus properties of elas-

tomers. The TPE materials continue to grow in a wide variety

of applications mainly automotive industry in last decades.

Dynamically vulcanized thermoplastic/rubber blend, often called
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WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39670 1

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


a thermoplastic vulcanizate (TPV), is an important class of

TPE. The rubber phase is selectively vulcanized in TPV by the

addition of suitable curing agents during melt mixing of a ther-

moplastic and a rubber. The vulcanized particulate rubber phase

is homogeneously dispersed within the continuous thermoplas-

tic phase by the dynamic vulcanization process and thus can

exhibit rubber-like properties and melt processability like ther-

moplastics.5 The TPV can be effectively manufactured by proper

combination of thermoplastics and rubbers. Properties of the

TPVs strongly depend on the composition of the constituent

polymers, extent of crosslinking in rubber phase, and degree of

dispersion and particle size distribution of dispersed rubber

phase.6–8

Studies on TPV/clay nanocomposites (TPVCN) have been

widely reported in literature.9–18 Nanostructured TPVCN can be

fabricated by melt mixing method using proper modification of

nanofillers and matrix polymers to impart sufficient thermody-

namic compatibility between them. The TPVCN can exhibit

excellent recyclability, melt processability, and performance

properties. Thus, TPVCN is successfully employed in diverse

applications such as electrical, construction, healthcare, packag-

ing, and many more fields. The literature review revealed that

some published papers are dedicated to the polypropylene/ethyl-

ene propylene diene monomer rubber (PP/EPDM),9–17 and eth-

ylene vinyl acetate/natural rubber ((EVA/NR)17 blends based

TPVCN.

Polyurethane elastomers are important class of polymer materi-

als, which has diverse applications including footwear, automo-

tive, hose and belting, marine and oil field products, and other

things. Polyurethane elastomers can be divided into two differ-

ent types depending upon the structure i.e. thermoplastic poly-

urethane (TPU) and millable polyurethane (MPU). The MPU is

a rubber like gum, which is generally compounded by means of

conventional rubber processing equipments in the presence of

other ingredients/additives. The MPU vulcanizates offer a com-

bination of physical properties such as high tensile and tear

strength, outstanding abrasion resistance, oil and fuel resistance,

ozone and environment protection, and good dynamic load

bearing and damping properties, which is not found in natural

or synthetic rubbers. As a comparison, TPU possesses all above

properties along with the high hydrolytic resistance, resistance

to weak acids/bases, paintability, best low temperature flexibility,

resistance to microbial biodegradation, high impact strength,

and excellent melt processability. Hence, the overall material

properties of the TPU/MPU blend can be improved due to the

synergistic effect imparted by the individual components.

The literature survey reported that an ample number of research

and development have been conducted regarding blends of TPU

with different rubbers, which include the blend of TPU with

NR,19–21 epoxidized NR (ENR),22 EPDM rubber,23,24 nitrile

butadiene rubber (NBR),25,26 carboxylated NBR (XNBR),27,28

polydimethyl siloxane (PDMS) rubber,29–31 styrene butadiene

styrene (SBS) rubber,32 and methyl vinyl silicone (MVS) rub-

ber.33 Mishra et al. have studied the effect of nanofiller on the

heat shrinkable behavior and mechanical properties of low den-

sity polyethylene (LDPE)/MPU/organoclay ternary blend nano-

composites.34 The literature survey showed that the properties

of TPU/MPU blend system have not been studied yet.

In the present article, we prepared dynamically vulcanized TPU/

MPU blends/organoclay nanocomposites (DV-TPUMPUCN),

simple TPU/MPU blend/organoclay nanocomposites (TPUM-

PUCN), and TPU/organoclay nanocomposites (TPUCN) by a

melt compounding process. Effects of blend compositions and

dynamic vulcanization process on the properties of TPU/MPU

blends and their nanocomposites with organoclay were exam-

ined. The main aim of the current research is to prepare low

hardness TPU material with good damping properties and

acceptable mechanical strength for some applications.

EXPERIMENTAL

Materials

Polyether based TPU elastomer (NeothaneVR 6185A) with Shore

hardness of 86 6 2A and density of 1.12 gm/cm3 was purchased

from Dongsung Highchem, South Korea. Peroxide curable poly-

ether based MPU elastomer (MillathaneVR E40) was procured

from the TSE Industries, USA. It has density of 1.07 gm/cm3

and Mooney viscosity of 30–60 ML(1 1 4) at 100�C. CloisiteVR

30B (C30B), an organically modified montmorillonite (OMMT)

was supplied by Southern Clay, USA Products having CEC of

90 meq/100 gm and methyl tallow bis22-hydroxyethyl quater-

nary ammonium (MT2EtOH) as organic modifier with tallow

composition of �65% C18; �30% C16; �5% C14. Dicumyl

peroxide (DCP) used as peroxide curing agent having molecular

weight of 270.37, density of 1.56 gm/mL at 25�C, melting point

in the range of 39–41�C, and decomposition temperature of

90�C was acquired from Sigma-Aldrich, USA. The triallyl cya-

nurate (TAC) used as coagent for the peroxide curing system

having molecular weight of 249.27, density of 1.11 gm/cm3 at

30�C, and melting point in the range of 26–28�C was sold by

Tokyo Chemical Industry, Japan.

Preparation of Samples

TPU and C30B were dried under vacuum (30" Hg) at 50�C for

24 h before use. The samples were prepared by melt blending in

an internal mixer (Haake Polylab System, USA) equipped with

a cam rotor using a rotor speed of 60 rpm and at a temperature

of 180�C for 6 min, which was optimized in our previous work

using the statistical methods.35 Firstly, the TPU was added into

the mixing chamber and kept for a while to make it soften. Sec-

ondly, the MPU and organoclay were added followed by addi-

tion of curatives. The amount of organoclay was 3 phr. The

obtained compounds were compression molded into test pieces.

The compositions of the samples are shown in Table I. “T” and

Table I. Compounding Formulations of Samples

Sample code TPU MPU C30B DCP TAC

T25M75C3V 25 75 3 6 2

T50M50C3V 50 50 3 6 2

T75M25C3V 75 25 3 6 2

T100M0C3U 100 0 3 0 0

T50M50C3U 50 50 3 0 0
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“M” in the sample designations denotes TPU and MPU, respec-

tively. The sample designations having “V” at the end denote

dynamically vulcanized samples and those having “U” at the

end denote simple blended samples in which dynamic vulcani-

zation was not employed, and the “C” in the sample designa-

tions denotes the organoclay (C30B).

Measurement and Characterizations

Fourier transform infrared (FTIR) spectrophotometer (Nicolet

6700, Thermo Fisher Scientific, USA) equipped with an attenu-

ated total reflectance (ATR) accessory was used to evaluate the

interfacial interaction between organoclay and polyurethane

matrices. The surface of the compression molded samples was

taken for FTIR study. FTIR spectra were recorded in the disper-

sive mode within a range of 400–4000 cm21 at a resolution of 4

cm21 and 16 scans were collected for each trace. Change in the

gallery distance of the organoclays was examined using X-ray

diffraction (XRD) patterns recorded on a X-ray diffractometer

(D/MAX-2500/PC, Rigaku Corporation, Japan) with a Cu-Ka1

(k 5 0.154 nm) radiation source at a generator voltage of 40 kV

and a current of 100 mA. The compression molded samples of

1 3 1 inch2 was taken for XRD study. The data were obtained

from 2h 5 1� – 10� at a scanning speed of 2�/min. Dispersibility

of the silicate layers in the samples was evaluated using trans-

mission electron microscope (TEM) (JEM-2100F, JEOL, Japan).

TEM micrographs were obtained using an acceleration voltage

of 200 kV. The cryoultramicrotome (PT-PC PowerTome Ultra-

microtomes, Boeckeler Instruments, USA) was employed for the

preparation of ultra-thin sections of <100 nm thickness from

the compression molded sample sheets at an ambient tempera-

ture of around 280�C [well below the glass transition tempera-

ture (Tg) of the polymer] with the help of diamond knife.

Tensile properties were measured as per the ASTM D-412-98

procedure using a universal testing machine (UTM) (STM-10E,

United Calibration, USA) at 25�C with a crosshead speed of 50

mm/min. The tensile test samples were prepared by specimen

preparation machine. Five dog-bone shaped samples were used

for each composition of samples. The hardness of the samples

was measured by durometer hardness tester (GS-702N, Teclock,

Japan) according to the ASTM D-2240D standard procedure.

Dynamic storage modulus of the samples was measured using a

dynamic mechanical analyzer (Q800, TA Instruments, USA).

The sample was subjected to a cyclic tensile strain with ampli-

tude of 10 mm and a frequency of 1 Hz. The temperature was

increased from 2100 to 225�C at a heating rate of 2�C/min.

The thermal stability of the samples were studied using thermo-

gravimetric analysis (TGA) (SDT 2960, TA Instruments, USA)

by taking 10 6 1.5 mg samples at a heating rate of 10�C/min

under nitrogen atmosphere with a flow rate of 50 mL/min. The

Tg, Tm, and Tc of the samples were determined by using a dif-

ferential scanning calorimetry (DSC) (DSC 2010, TA Instru-

ments, USA) in the liquid nitrogen atmosphere by taking

5.0 6 1.5 mg of sample for each composition. The samples were

first heated from room temperature to 250�C at a scan rate of

10�C/min and then kept at 250�C for 10 min to remove the

previous thermal history and to obtain a clearer Tg, followed by

cooling to 2100�C with the same scan rate to measure Tc.

Finally, the sample was reheated from 2100 to 250�C at a scan

rate of 10�C/min to measure the Tg and Tm. Melt rheological

behavior of the samples were measured by advanced rheometric

expansion system (ARES) (Rheometrics, USA) using a set of 25

mm diameter parallel plates with a sample of 1–2 mm thick-

ness, under the continuous purge of dry nitrogen in order to

avoid the degradation of samples. The test was carried out

within the frequency range of 10212102 rad/s at a temperature

of 180�C with an applied strain of 10% that reside well within

the linear viscoelastic region.

RESULTS AND DISCUSSION

FTIR Analysis

FTIR spectra of all samples in the carbonyl (>CAO) and amine

(ANHA) stretching regions are presented in Figure 1(a,b). Fig-

ure 1a shows the absorption peaks at around 1729 and 1701

cm21, which are assigned to free and hydrogen bonded >C@O

stretching vibrations, respectively. This indicates that the hydro-

gen bonding interactions occurred between the >C@O groups

of urethane linkage and hydroxyl (AOH) groups exist on the

surface of organoclay in all samples.36 It is noted that the orga-

noclay more effectively restricts the segmental mobility of hard

domains in comparison with the soft domains of polyurethane

matrix, which results in reduction of inter- and intramolecular

hydrogen bonds among hard segments of polyurethane

Figure 1. FTIR spectra of (a) carbonyl and (b) amine bond stretching

regions of samples. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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matrix.37 It can be seen from the spectra that the area under

the hydrogen bonded absorption peak increased with increasing

TPU content in the samples and the peak position shifted to

higher wave length, which revealed that the hydrogen bonding

interactions become more prominent with increasing TPU con-

tent in the samples. When compared the FTIR spectrum of

T50M50C3U and T50M50C3V, the hydrogen bonding interactions

is more pronounced in dynamically vulcanized TPU/MPU blend

nanocomposites.

Figure 1(b) shows FTIR spectra in the ANHA stretching vibra-

tion region, which showed a broad absorption peak centered at

around 3308 cm21, that attributed to the stretching vibration of

hydrogen bonded ANHA groups of urethane linkage. The peak

corresponding to the free ANHA group stretching vibration,

which appears at around 3450 cm21, almost disappeared. This

indicates that all ANHA groups present in polyurethane matrix

participated in the hydrogen bonding interactions with AOH

group on the surface of the organoclay.38 The area associated

with the absorption peak corresponding to the hydrogen bonded

ANHA group increased with increasing TPU content in the

samples and become prominent in dynamically vulcanized sam-

ples. These trends are in good accordance to the variations of

hydrogen bonded carbonyl absorption peak as observed in Figure

1(a). On the basis of FTIR results, it can be concluded that the

interfacial interactions between the polyurethane matrices and

organoclay increased with TPU content in the TPU/MPU blend

nanocomposites and by dynamic vulcanization process as well.

XRD Analysis

Figure 2 shows the XRD patterns of organoclay (C30B) and all

nanocomposite samples. The neat C30B shows an intense dif-

fraction peak centered at 2h 5 4.78� and a small broad peak at

2h 5 9.56� corresponds to the basal spacing of 1.8472 and

0.9244 nm of d001 and d002 Bragg reflection planes, respec-

tively.39 The strong diffraction peak disappears in the XRD pat-

tern of the nanocomposite samples. These observations imply

that the polymer chains are intercalated between the layers of

organoclay and induce delamination of the organoclays, which

resulted in high disordered nanoscale dispersion of the organo-

clay throughout the TPU/MPU blend matrix.40 Homogeneous

dispersion of C30B within polyurethane matrix is attributed to

the presence of strong hydrogen bonding interactions between

>C@O groups of polyurethane and AOH groups in C30B

organoclays.41 It can be seen in Figure 2 that the intensity of

the XRD lines decreased with TPU content in the samples and

the intensity is lowest in TPU nanocomposite, which implied

that the TPU content in the samples may affect the degree of

intercalation of the polymer chains between the layers of the

organoclays. From the FTIR observation as discussed above, the

hydrogen bonding interactions between polyurethane chains

and the organoclay increased with TPU content in the samples.

This result can be interrelated with the variation of the inten-

sity, i.e., as TPU content in the MPU/TPU blend is higher, the

affinity of the matrix polymer with organoclay increased,

thereby the higher intercalation occurred. It can also be noted

from Figure 2 that the unvulcanized TPU/MPU blend based

nanocomposite (T50M50C3U) shows a broad peak, while the

dynamically vulcanized TPU/MPU blend based nanocomposite

(T50M50C3V) does not show any peaks. This indicates that the

dynamic vulcanization can facilitate the intercalation of the

polymer chains into the layers of the organoclay, probably

because the stronger shearing action can be exerted onto the

layers of the organoclay due to dynamic vulcanization and

induced the delamination of the organoclays in the polymer

matrix. On the basis of these observations, it can be inferred

that the degree of delamination of the organoclays in the poly-

mer matrix are dependent on the degree of shear during the

melt mixing as well as the affinity of matrix polymer chains

with the surface of an organoclay.

Morphology

Figure 3(a–e) represents the TEM microphotographs of the

ultrathin sections of the compression molded samples. The dark

lines in Figure 3(a–e) are the cross-sections of the clay layers. It

can be seen in Figure 3(a–c) that the degree of dispersion of the

organoclays improved with increasing TPU content in the sam-

ples. In the sample with lowest TPU content (T25M75C3V), sev-

eral agglomerated particles are observed, while these are not

seen in the sample with highest TPU content (T75M25C3V)

instead the clay nanolayers with 10–30 nm thickness were uni-

formly dispersed in the polyurethane matrix. Similar nanostruc-

tured morphology was observed in TPU nanocomposite [Figure

3(d)]. This trend is in good agreement with both XRD and

FTIR results. The TPU has a higher affinity with organoclays

than the MPU, and thereby more facile intercalations of poly-

mer chains and consequently delamination of the silicate layers

of the organoclays occurred with increasing TPU content in the

TPU/MPU blend matrix. When compared the TEM results of

T50M50C3U and T50M50C3V as shown in Figure 3(c,e), respec-

tively, the organoclays are more uniformly dispersed within the

dynamically vulcanized TPU/MPU blend matrix than that of

simple TPU/MPU blend matrix. This is also in good agreement

with XRD results. As discussed earlier, the dynamic vulcaniza-

tion process produced high shearing force during melt mixing

process, which induced delamination of the organoclay.3,4

Mechanical Properties

Typical representative stress–strain curves of all samples are

shown in Figure 4 and the tensile strength, elongation at break,

Figure 2. XRD patterns of samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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modulus at 100% elongation, and Young’s modulus are repre-

sented in Table II. It can be observed that the dynamically vul-

canized TPU/MPU blend nanocomposites showed lower tensile

strength and elongation at break as compare to TPU nanocom-

posite (T100M0C3U), because addition of MPU rubbery phase

causes disruption of small range regular ordered structure of

hard segments as well as imposes restriction on the molecular

chain mobility of soft segments in TPU matrix.22 In the case of

dynamically vulcanized TPU/MPU blend nanocomposites, the

tensile strength, elongation at break, modulus at 100% elonga-

tion, and Young’s modulus increased with an increase in TPU

content, which indicates higher stiffness of TPU as compared to

MPU as well as higher affinity of the TPU with the organoclay

than that of the MPU. It can also be seen that the dynamically

Figure 3. TEM micrographs of samples (a) T25M75C3V, (b) T50M50C3V, (c) T75M25C3V, (d) T100M0C3U, and (e) T50M50C3U.
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vulcanized TPU/MPU blend nanocomposite (T50M50C3V)

showed higher tensile properties than the simple TPU/MPU

blend nanocomposite (T50M50C3U), which implies that the

dynamic vulcanization process accelerated the improvement of

tensile strength and modulus. This is due to finer dispersion of

organoclay layers and possible compatibilization of TPU/MPU

blends during dynamic vulcanization process.42 It can be seen

from Table II that the dynamically vulcanized TPU/MPU blend

nanocomposites exhibit lower tension set values (higher perma-

nent set) than that of the TPU nanocomposite, implying signifi-

cant increase in elasticity with MPU content. It is also observed

that the tension set of the dynamically cured T50M50C3V is sub-

stantially reduced than the simple T50M50C3U blend nanocom-

posite because the former shows vulcanized MPU particulate

phase dispersed in TPU matrix, while the latter shows dual

cocontinuous phase of TPU/MPU blend matrix.43 As shown in

Table II, the hardness of the dynamically cured TPU/MPU

blend nanocomposites decreased with increase in proportion of

MPU, which indicates higher elasticity or softness of the sam-

ples with higher MPU content. The hardness of dynamically

cured T50M50C3V sample is higher than the simple T50M50C3U

sample due to the difference in morphological properties of the

TPU/MPU blend matrix.22

Dynamic Mechanical Properties

Temperature dependence of storage modulus (E0) for samples is

shown in Figure 5(a) and the storage modulus at 30 and 230�C
are tabulated in Table III. It is observed from Figure 5 that there

is a large drop in storage modulus at around 226 to 234�C

corresponding to the glass transition of the TPU/MPU blend

matrix, and then formed a plateau region at which the modulus

kept quite stable up to about 100�C or more corresponding to

the melting transition of the hard segment of TPU. It can be

seen that the storage modulus at the rubbery plateau region

increased with an increasing TPU content in the dynamically vul-

canized TPU/MPU blend nanocomposites. It can also be seen

that T50M50C3V showed higher modulus than the T50M50C3U.

The trend is in good accordance to the mechanical properties.

The dynamic mechanical analysis (DMA) thermograms of all

samples for temperature dependence on damping factor (tan d)

Figure 4. Tensile stress–strain plots of samples. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Mechanical Properties of Samples

Sample code
Tensile
strength (MPa)

Elongation at
break (%)

Modulus at 100%
elongation (MPa)

Young’s modulus
(MPa)

Tension
set (%)

Hardness
(Shore A)

T25M75C3V 2.54 277 1.02 2.40 1.25 50

T50M50C3V 7.61 308 2.83 6.11 2.50 75

T75M25C3V 9.55 370 4.21 12.53 5.83 85

T100M0C3U 30.44 566 6.71 28.31 10.50 90

T50M50C3U 3.85 666 1.74 6.40 7.50 65

Figure 5. Temperature dependence of dynamic storage modulus (E0) of

samples. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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are expressed in Figure 5(b). The protruding broad peaks in

the temperature range of 250 to 0�C are defined as the sec-

ond order dynamic glass transition of the soft segments of

TPU/MPU blend matrix. As shown in Table III, the tan d
peak temperature of the dynamically cured TPU/MPU blend

nanocomposites shifted to higher temperature than the TPU

nanocomposite, which is caused due to the rigid crosslinked

network structures formed by the dynamic vulcanization pro-

cess accompanied with the stiffening effect employed by the

rigid organoclays. The shifting of Tg to higher values in case

of dynamically vulcanized TPU/MPU blend nanocomposites

as compared to TPU nanocomposite, also informed the

strong compatibility between TPU and MPU phases. The

T50M50C3U exhibited the tan d peak temperature at about

234�C that is well below the tan d peak temperature of

T50M50C3V, which implied that there is more rubber charac-

teristic in the former case that is due to the lack of any sta-

ble structures. The half width at half maximum (HWHM) of

the tan d curves is largest for dynamic vulcanized samples,

hence performing better damping behavior or elastic response

as compared to both simple TPU/MPU blend nanocompo-

sites and TPU nanocomposite, resulted from the more energy

absorption and dissipation capability of the vulcanized partic-

ulate dispersed MPU phase. The peak height of the TPU

nanocomposites is lowest, which indicated lowest elastic

behavior. As shown in Figure 5(b), the values of tan d always

resided well below the unit that informed good damping

behavior for all samples.

Thermal Stability

The TGA and DTG (derivative thermo-gravimetric) thermo-

grams of samples are shown in Figure 6 and data are presented

in Table IV. The thermal degradation of polyurethane matrix

takes place at two stages; the lower temperature derivative peak

in between 300 and 400�C is due to the thermal decomposition

of hard segments and higher temperature derivative peak rang-

ing from 400 to 450�C is assigned to the thermal degradation

of soft segments.44 The TPU nanocomposite shows a large peak

corresponds to the degradation of hard segments, while the

peaks for dynamic vulcanized TPU/MPU blend nanocomposites

are significantly diminished and shifted to higher temperature,

which confirmed that the rate of degradation is controlled by

the development of highly crosslinked polymeric network struc-

tures. The soft segment degradation is almost retained with

increase in TPU matrix content, which may be due to the

strong adhesion bonding between TPU and organoclays as well

as homogeneous dispersion of organoclays within the TPU

matrix. It is concluded that the incorporation of organoclay

entered into both hard and soft segments of the TPU/MPU

blend matrix. The thermal stability of T50M50C3V is slightly

higher than the T50M50C3U.

Thermal Properties

The DSC thermograms for second heating cycle of samples are

displayed in Figure 7(a). The curves showed a prominent sec-

ond order thermal transition in between 275 and 225�C due

to change in heat capacity (DCp), which corresponds to the Tg

of the soft segment (Tg(soft)) of the TPU/MPU blend matrix.

The position of the Tg(soft) gradually increased with increase in

proportion of TPU matrix i.e., the reinforcing effect imparted

by the organoclay occurs more within the TPU matrix than the

MPU matrix as well as the amorphous content decreased with

increasing TPU loading. The Tg(soft) position shifted to a higher

temperature for dynamically cured TPU/MPU blend nanocom-

posite (T50M50C3V) than that of simple TPU/MPU blend nano-

composite (T50M50C3U), because the highly dense network

structures formed by the dynamic vulcanization process success-

fully restricted the segmental mobility of the molecular back

bone chains of polyurethanes.

The thermograms shown in Figure 7(a) for TPU nanocomposite

(T100M0C3U) showed a prominent broad endothermic peak

Table III. DMA Data of Samples

Sample
code

E’ at
30�C (MPa)

E00 at 30�C
(MPa)

Tg from tan d
peak (�C)

T25M75C3V 44.80 3.00 232.2

T50M50C3V 126.7 4.63 226.6

T75M25C3V 142.8 5.86 227.2

T100M0C3U 136.0 11.66 232.3

T50M50C3U 44.85 4.00 234.0

Figure 6. TGA and DTG thermograms of samples. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table IV. TGA Data of Samples

Sample code
T5 wt %

(�C)
T50 wt %

(�C)
Tp(hard)

(�C)
Tp(soft)

(�C)

T25M75C3V 297 404 – 427

T50M50C3V 304 409 381 430

T75M25C3V 303 399 356 428

T100M0C3U 307 389 348 432

T50M50C3U 303 404 378 430

T5 wt %, temperature at 5 wt % weight loss; T50 wt %, temperature at 50
wt % weight loss; Tp(hard), temperature at first maximum degradation rate
peak; and Tp(soft), temperature at second maximum degradation rate
peak.
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centered at 150�C, which corresponds to the Tm of the crystal-

line domains of the hard segments (Tm(hard)) of TPU matrix.

The crystalline melting points of hard segments for T25M25C3V

and T50M50C3V are completely disappeared, because the regular

ordered structures of the crystalline hard segments are com-

pletely ruptured by the dynamic vulcanization process due to

the creation of crosslinked polymeric network structures, high

shearing action during melt blending, and development of inter-

phase attractions of polyurethane matrix with organoclays via

hydrogen bonding. The T75M25C3V showed a small broad melt-

ing peak, which reallocated to the lower temperature of around

125�C because of the presence of small ordered crystalline parts

in hard-segments. This is due to the sufficient hindrance

imposed through dynamic vulcanization process on hard seg-

ments to form large crystalline region. The heat of crystalliza-

tion (DHc(hard)) measured from the area associated with the

hard segment crystalline melting peak substantially decreased

for T75M25C3V in comparison with the T100M0C3U, which noti-

fied that the degree of crystallinity is reduced to a large extent

by the addition of more elastomeric MPU matrix. It is also con-

cluded that the mixing of MPU with TPU at high temperature

and large shearing force caused disruption of crystalline region

that supported the early recovery of the regular molecular hard

segment into its original regular crystalline state.22 The melting

point of simple TPU/MPU blend nanocomposite is disappeared

due to the destruction of ordered regular structures in the poly-

urethane matrix resulted from the interference of MPU matrix

on the segmental orientation or alignment of spherulite and

crystallites within the hard segments.

The DSC thermograms for cooling cycle of samples are shown

in Figure 7(b). The TPU nanocomposite (T100M0C3U) illus-

trated a broad exothermic peak centered at 77�C, which is

ascribed to the Tc of the hard domains (Tc(hard)) of TPU matrix.

This may be assisted by the positive nucleating effect imparted

by the uniformly dispersed organoclays within TPU matrix. The

Tc(hard) for dynamic vulcanized TPU/MPU blend nanocompo-

sites are completely disappeared because of the materialization

of the three-dimensional polymeric network structures that

came into picture via dynamic vulcanization of the elastomeric

MPU matrix, which restricted the initiation of the crystalline

phase within the hard domain of the TPU matrix. The simple

TPU/MPU blend nanocomposite also lost the Tc(hard) that is

due to the formation of cocontinuous macrostructure of TPU/

MPU blend matrix, which restricted the molecular chain mobil-

ity, thus hindered the smooth growth of the crystallites in the

hard segments.19

Figure 7. DSC thermograms for (a) second heating and (b) first cooling

of samples. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 8. Frequency dependence of (a) storage modulus (G0) and (b)

complex viscosity (g*) of samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Rheological Properties

Dynamic melt rheological property was investigated to observe

the melt processability of the prepared nanocomposites. The fre-

quency dependence of both storage modulus (G0) and complex

viscosity (g*) of all samples in the molten state are shown in

Figure 8(a,b), respectively. The G0 increased with increasing

applied angular frequency for all samples, but the slopes at the

terminal region varied with blend composition and dynamic

vulcanization process. TPU nanocomposite (T100M0C3U)

showed higher G0 than TPU/MPU blend nanocomposite

(T50M50C3U) at lower frequency region, which indicates a more

pronounced solid like behavior of the T100M0C3U than

T50M50C3U.45–47 As discussed above, the clay nanoparticles have

higher affinity for TPU than MPU, and the clay nanolayers are

more finely dispersed in T100M0C3U than in T50M50C3U. Thus,

formation of filler network is more pronounced in T100M0C3U

than in T50M50C3U, which caused higher G0 with lower terminal

region slope of T100M0C3U than that of T50M50C3U. Dynami-

cally vulcanized blend nanocomposites showed higher G0 and

lower terminal region slope than TPU nanocomposite and

TPU/MPU blend nanocomposite. With increasing MPU content

in the dynamically vulcanized blends, G0 increased and slope of

terminal region decreased. Such trend in the dynamically vul-

canized nanocomposites reflects crosslinked MPU domains,

which hindered the dynamic relaxation process of the samples.

Plot of g* versus frequency as in Figure 8(b) revealed that all

samples exhibit a shear thinning behavior i.e., g* decreased with

increase in applied frequency at higher frequency region, which

originated from the decreased resistance to flow against shear

stress.48 The viscosity level increases with decreasing the TPU

fraction in the TPU/MPU blend systems. TPU nanocomposite

(T100M0C3U) has higher g* than TPU/MPU blend nanocompo-

site (T50M50C3U) and the T100M0C3U showed more pro-

nounced shear thinning effect than T50M50C3U. This is also in

agreement with other results that TPU has a higher affinity

with clay than MPU, and clays are more finely dispersed in

TPU matrix than in TPU/MPU blend matrix. Dynamically vul-

canized TPU/MPU blend nanocomposites showed higher g*

values and higher shear thinning effect than TPU nanocompo-

site and simple TPU/MPU blend nanocomposite. With increas-

ing MPU content in the dynamically vulcanized TPU/MPU

blend, g* increased with higher shear thinning effect. Such

trend in the dynamically vulcanized nanocomposites reflects

crosslinked MPU domains, which increased the resistance to

flow under applied frequency. This is also due to increase in

interfacial interactions between TPU and MPU phases with

increase in MPU content because of the higher surface area of

the rubbery MPU phase.22

CONCLUSIONS

Polymer nanocomposites based on dynamically vulcanized

TPU/MPU blend, simple TPU/MPU blend, and TPU with 3

phr organoclay were prepared by a melt mixing process. FTIR

and morphology studies revealed that the interfacial interactions

between the organoclays and matrix increased with TPU con-

tent in the blend and by a dynamic vulcanization process, and

thereby, the degree of dispersion of the organoclay in the matrix

was improved by the same factors. Higher reinforcement effect

of the organoclay can be seen in the blends with higher TPU

content and dynamically vulcanized blend. Dynamically vulcan-

ized nanocomposite samples exhibited low hardness and high

permanent set, which is attributed to the good elastomeric

behavior of the TPU/MPU blend matrix. Thermal stability of

the TPU/MPU blend matrix is well recovered by the dynamic

vulcanization process and uniform dispersion of organoclays.

Melt rheological analysis revealed that all nanocomposite sam-

ples showed solid-like behavior as well as a shear thinning

behavior, which was more prominent in the dynamically vulcan-

ized blend nanocomposites with higher TPU content.
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