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Abstract Nanoclay filled thermoplastic polyurethane

(TPU)/polypropylene (PP) blends compatibilized with

maleic anhydride grafted polypropylene (MA-g-PP) have

been studied with emphasis on sequence of nanoclay addi-

tion. In sequence I [TPU(nano)/PP/MA-g-PP], nanoclay was

first added to TPU and this nano composite was blended with

PP, using MA-g-PP as compatibilizer. In the case of

sequence II [TPU/PP(nano)/MA-g-PP], nanoclay was added

first to PP and blended with TPU, using MA-g-PP as com-

patibilizer. These blend systems were evaluated by DSC,

FTIR, DMA, SEM, XRD and tensile properties. The results

indicated that sequence I imparted greater compatibility to

the polymers and better nanoclay dispersion than sequence

II. Overall the TPU(nano)/PP/MA-g-PP blend system shows

better dispersion than TPU/PP(nano)/MA-g-PP.

Introduction

Polyurethane is any polymer consisting of a chain of

organic units joined by urethane links. Polyurethane

polymers are formed by reacting a monomer containing at

least two isocyanate functional groups with another

monomer containing at least two alcohol groups in the

presence of a catalyst. A urethane linkage is produced by

reacting an isocyanate group (–N=C=O) with a hydroxyl

(alcohol) group (–OH). PUs are composed of short, alter-

nating polydisperse blocks of soft and hard segments

(Fig. 1). The soft segment is typically a low glass transition

temperature (Tg) polyether-, polyester- or polyalkyl diol.

The hard segment is usually a high glass transition tem-

perature, possibly semicrystalline, aromatic diisocyanate,

linked with a low molecular weight chain extender. Ther-

moplastic polyurethanes are synthesized using a controlled

molar ratio of isocyanate groups and chain extender,

reducing the availability of free isocyanate groups for

crosslinking. For optimal mechanical strength, this ratio is

1.0:1.1. In order to prevent crosslink formation, synthesis

may be performed at temperatures below 80 �C to inhibit

allophanate and biuret formation [1–3]. Polypropylene is a

linear hydrocarbon polymer containing little or no unsat-

uration. The presence of a methyl group attached to alter-

nate carbon atoms on the chain backbone can alter the

properties of the polymer in a number of ways. The most

significant influence of the methyl group is that it can lead

to products of different tacticity, ranging from completely

isotactic and syndiotactic structures to atactic molecules.

Cloisite� 10A (C10A) is a natural montmorillonite

modified with quaternary ammonium salt. The organoclay

used in this study (Cloisite 10A) was obtained from

Southern Clay Products, USA. It is used to provide rein-

forcement and to modify various properties of polymers
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like heat deflection temperature, coefficient of thermal

expansion, flame retardancy and barrier performance [4, 5].

The organoclays are classified in different grades depend-

ing on the type and the amount of the organic cations.

Functional groups in the cations are responsible for the

hydrophobicity of the clay. Alkyl groups in organic cations

make montmorillonite hydrophobic. On the other hand,

polar groups like –OH result in hydrophilicity. Thermo-

plastic polyurethane and polypropylene form a highly

incompatible blend due to their large differences in polarity

and high interfacial tensions. However, TPU/PP blends

have been prepared with an aim to reduce costs and

improve the processability of polyurethane. The mechani-

cal, thermal and chemical properties of polyurethane are

improved by blending it with the polyolefin. Polyurethane,

in turn, increases the impact strength, adhesion, printability

and paintability characteristics of polypropylene.

Potschke et al. [6, 7], have studied the surface tension

and interfacial tension of different PU and PP polymers.

The reported experimental values indicated that low

interfacial tension between polyether based TPU soft seg-

ment and PP results in better dispersion. Potschke et al. [8–

10], have also carried out PP/TPU blend study without

compatibilizers. They reported that, at similar viscosity

ratios (ld/lm), blends with polyether based TPU produced

a finer morphology than blends with polyester based TPU,

due to low interfacial tension between their polyether based

TPU soft segments and PP.

Lu et al. [11–13] have studied TPU/PP based blends in

the ratio of 70/30 with compatibilizers like maleic anhy-

dride-g-PP and primary/secondary amine-g-PP. Song et al.

[14] investigated the phase morphology of nanoclay–

polyurethane nanocomposite by small angle X-ray scat-

tering (SAXS) and atomic force microscopy (AFM). It was

observed that with increase in clay content, the surface

energy of the polyurethane hard segments decreased from

45 dyne-cm/cm to 32 dyne-cm/cm for 3 wt% nanoclay

loading. This result suggested that organic modification of

nanoclay had a surface activation function to some extent.

Compatibilization can be further improved by introducing

functionalised PP (MA-g-PP) in the nanoclay containing

blends [15–17].

The aim of the research described in this paper was to

develop nanoclay filled TPU/PP blends with compatibilizer
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to get overall best performance, using different nanoclay

adding sequences in the blend system. In sequence I,

nanoclay was first added to TPU and this nanocomposite

was blended with PP, using MA-g-PP as compatibilizer. In

the case of sequence II, nanoclay was added first to PP and

blended with TPU, using MA-g-PP as compatibilizer.

Experimental

Materials

Ester-TPU (385 S) was supplied by Bayer (TPU) India

Ltd., Chennai. The MFI value of 385 S is 10 g/10 min

(190 �C/2.16 kg) with hardness value of Shore A 85. PP

(MA 1100) was supplied by Reliance Industries Ltd.,

Jamnagar, India. The MFI value of PP (MA 1100) is 11 g/

10 min (230 �C/2.16 kg). MA-g-PP compatibilizer was

purchased from Pluss Polymers, New Delhi. The compat-

ibilizer is a maleic anhydride functionalized polypropylene

(MA-g-PP), containing 1 wt% of maleic anhydride. The

MFI value of MA-g-PP compatibilizer is 12 g/10 min.

(190 �C/2.16 kg).The organoclay used in this study (Cloi-

site 10A) was obtained from Southern Clay Products, USA.

It is a Na? montmorillonite, chemically modified with

dimethyl benzyl hydrogenated tallow quaternary ammo-

nium ions (N? 2MBHT), where N? denotes quaternary

ammonium ions, HT denotes hydrogenated tallow. HT is

made of approximately 65% C18H37, 30% C16H33, and 5%

C14H29. Cation exchange capacity is 125 meq/100 g clay.

Sequence I: TPU/C10A nanocomposites were prepared

and subsequently blended with PP using MA-g-PP as

compatibilizer. 3 wt% of the nanoclay was used. The

ester–TPU pellets were dried at 100 �C for 4 h. The

nanoclay was dried at 100 �C for 12 h in a vacuum oven.

The dried pellets were fed into a co-rotating twin screw

extruder and the temperature of the die zone was main-

tained at 190 �C. The extrudate was received as strands,

which were cut into small granules for melt blending with

PP. The granules of nanocomposites, along with pellets of

PP and MA-g-PP were pre-dried at 100 �C for 4 h in a

vacuum oven. Blending was done in the same co-rotating

twin screw extruder with a die zone temperature of 190 �C

and the extrudate was again obtained in the form of strands.

Neat TPU/PP blends were prepared in the ratio of 70/30.

Sequence II: Nanoclay was added to PP by similar

extruder melt blending and subsequently melt blended with

TPU using MA-g-PP as compatibilizer (Table 1).

Testing and characterization

The change in gallery spacing of silicate layers in the blend

nanocomposites was determined on an X-ray diffractome-

ter (Bruker AXS D-8 Advance) using Cu (k = 1.54 Å) as

the radiation source. The samples were scanned at a rate of

3�/min (the increment step was 0.01� and the step time was

0.2 s) at room temperature for 2-theta values from 1� to

50�. The d-spacings were calculated using Bragg’s equa-

tion (nk = 2d sin h).

The thermal properties of the blend nanocomposites

were measured by a differential scanning calorimeter

(Mettler Toledo, DSC 822e). Sample weight of 3–5 mg

was scanned in nitrogen atmosphere at a heating rate of

10 K/min. Thermograms were taken by heating the sam-

ples in the temperature range from -100 �C to 300 �C.

The strands obtained after blending were cut into small

granules for injection moulding. The prepared blend

nanocomposites were moulded in an injection moulding

machine (Ferromatik Milacron) to produce specimens for

DMA test and tensile test. Dynamic mechanical measure-

ments were performed for the prepared blend nanocom-

posites (60 mm 9 13 mm 9 3.5 mm) using a NETZSCH

DMA 242 instrument provided with a dual cantilever.

Analysis was done in the temperature range from -100 �C

to 200 �C at a frequency of 10 Hz and a heating rate of

5 K/min. Tensile tests were carried out as per ASTM D 638

on a universal testing machine (International Equipments,

Mumbai) at a crosshead speed of 200 mm/min. A maxi-

mum of 400% elongation was allowed and the stress

required for 20, 100 and 200% elongation were recorded.

FTIR spectroscopy was performed for the prepared

nanocomposites and blend nanocomposites in the ATR

mode for convenience of measurement. A Thermo Nicolet

(Avatar 370) spectrometer was used. Measurements were

Table 1 Compositions of ester–TPU based blend nanocomposites

Material TPU (wt%) TPU(C10A) (wt%) PP (wt%) PP(C10A) (wt%) MA-g-PP (wt%)

TPU/PP 70 0 30 0 0

TPU/PP/MA-g-PP 70 0 25 0 5

TPU(C10A)/PP/MA-g-PP 0 70 25 0 5

TPU/PP(C10A)/MA-g-PP 70 0 0 25 5

Ester–TPU(C10A)—3 wt% nanoclay melt blended with TPU

PP(C10A)—8.4 wt% nanoclay melt blended with PP
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done in the spectral range 4000–400 cm-1 at a resolution

of 0.9 cm-1. The injection moulded sample was immersed

in xylene at 105 �C for 4 h to remove the PP portion in the

TPU/PP blend. Morphological studies were performed on

the solvent etched and gold sputtered samples using a

JEOL (JSM-5800) Scanning Electron Microscope.

Results and discussion

XRD

X-ray diffraction (XRD) is extremely useful to study the

structure and morphology of polymer nanocomposites [18–

21]. As the layer spacing increases due to intercalation of

polymer chains between the layers, the process can be

monitored by X-ray diffraction. The diffraction character-

istics of compatibilized TPU(C10A)/PP blends are shown

in Fig. 2. In TPU/PP(C10A)/MA, a peak appears at 2h
*4.8� with reduced intensity as compared to neat nano-

clay. This is an indication that the non-polar PP chains

have been incorporated in the gallery space because of their

affinity for the nanoclay. The peak is much weakened in

ester–TPU(C10A)/PP/MA indicating some dispersion, it

appears that the compatibilizer MA-g-PP aids the disper-

sion of nanoclay in the blend. XRD results are often

reported to be misleading in terms of clay dispersion [16].

Therefore, only with the XRD analysis of these nano-

composites blends, it cannot be concluded that these

nanocomposites show the intercalated or the exfoliated

clay structures. In this regard, SEM images were taken and

the results showed similar trend as XRD results. In the

section on SEM analysis, effect of nanoclay dispersion is

discussed with blend morphology of these blends.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measures the

amount of heat energy absorbed or released when the

material is heated, cooled or maintained at a constant

temperature. For polymeric materials, which undergo

important property changes near thermal transitions, DSC

is a very useful technique to study the glass transition

temperature and melting behaviour [22–24]. The DSC

thermograms of the TPU(C10A)/PP/MA blends are shown

in Fig. 3. A summary of the observed thermal transitions is

given in Table 2. In the case of both nanocomposites and

blends, the TPU/PP(C10A)//MA materials showed a lower

glass transition temperature of TPU(C10A)/PP/MA mate-

rial. Compatibilization with MA-g-PP the Tg shift is more

for TPU(C10A)/PP/MA blend nanocomposites, indicating

better compatibility. The results showed that the

TPU(C10A)/PP/MA blends were better compatibilized (Tg

shifts from -57.5 to -47.5 �C) as compared to TPU/

PP(C10A)/MA (Tg shifts from -57.5 to -50.3 �C). The

difference between the melting point of PP (168 �C) and

melting range of TPU (170–190 �C) is very narrow so the

shift of Tm in the two blends was very small. This very

small shift also may be influenced by factors like blend

ratio and heating rate.

Fig. 2 XRD analysis
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Table 2 Thermal transitions from DSC for ester–TPU based blends

Material Tg (�C) Tm (�C)

TPU/PP -60.2 167.9

TPU/PP/MA-g-PP -57.5 168.0

TPU/PP(C10A)/MA-g-PP -50.3 167.7

TPU(C10A)/PP/MA-g-PP -47.5 167.7
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Dynamic mechanical analysis

The variation of mechanical properties like storage and loss

moduli can be studied as a function of temperature or

frequency under a variety of deformation modes [25–29].

The ratio of the loss modulus (energy lost as viscous dis-

sipation) and storage modulus (elastic energy stored during

deformation) is known as tan d and is indicative of the

damping characteristics of the material. The dynamic

mechanical parameters (storage modulus and loss modulus)

for the various blend nanocomposites are plotted as a

function of temperature, at a constant frequency of 10 Hz

(Figs. 4, 5). The storage moduli for various selected tem-

peratures are shown in Table 3.

The storage modulus at 20 �C of the TPU/PP blend,

without nanoclay and compatibilized with the same wt%

of MA-g-PP prepared under identical conditions, was

1.68 GPa. Thus, a 3 wt% C10A reinforcement increased

the storage modulus of the blend by *60% (2.64 GPa). At

room temperature, the storage modulus value of the

TPU(C10A)/PP/MA-g-PP blend nanocomposite was larger

than that of the TPU/PP(C10A)/MA-g-PP blend nano-

composite. It is possible that well-dispersed clay platelets

resulted in an increase in the storage modulus.

The dissipation factor (tan d) of the materials are presented

as a function of temperature in Fig. 4. The tan d peak is

associated with the soft segment glass transition temperature

and the peak positions are given in Table 4. The temperature

corresponding to the tan d peak increases in the order

TPU/PP \ TPU/PP/MA-g-PP \ TPU/PP(C10A)/MA-g-PP

\ TPU(C10A)/PP/MA-g-PP. This is attributed to the

increasing order of compatibility for the blends. The same

trend was observed in the plot of loss modulus versus

temperature for the blends, thereby confirming the higher

miscibility in compatibilized TPU(C10A)/PP/MA blends.

The same order was observed in DSC experiment also. The

Tg may have different numerical values but it follows the
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Table 3 Storage modulus (E0)

Blend Storage modulus, E0 (MPa)

-50 �C 0 �C 10 �C 20 �C 30 �C

TPU/PP 4950 408 215 151 136

TPU/PP/MA-g-PP 8120 2555 2039 1679 1386

TPU/PP(C10A)/MA-g-PP 10071 3613 2812 2250 1822

TPU(C10A)/PP/MA-g-PP 10956 4255 3291 2638 2099
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same order. DMA and DSC experiments are based on dif-

ferent concepts and hence the numerical values may not

match.

In the case of sequence I, the effect of nanoclay is fully

utilized by changing the surface tension of the TPU hard

segment from around 45 dynes/cm to around 30 dynes/cm

[12]. This change in surface tension favours for better dis-

persion of PP in TPU material, and also the hydroxyl group of

the silicate layers forms hydrogen bonds with the carbonyl

groups of TPU and maleic anhydride moieties. In the case of

sequence II, the dispersion and the reaction of nanoclay with

TPU was reduced since nanoclay is first added to PP.

Tensile test

The tensile test data of the nanocomposites and blends are

summarized in Table 5. Stress values at 20, 100 and 200%

elongations are shown in Fig. 6. The tensile tests indicate

that TPU(C10A)/PP/MA-g-PP materials have better tensile

properties than TPU/PP(C10A)/MA-g-PP materials. In

these materials, when the elongation exceeded 800–900%

slippage of specimen from grips was observed; hence

elongation at break is not reported. Stress at 20, 100 and

200% elongations increased as a result of blending with PP.

Compatibilized TPU blend nanocomposites exhibited

higher stresses at the respective elongations than the un-

compatibilized blends [18]. The tensile test results sub-

stantiated the effect offered by nanoclay as seen earlier in

the DMA results.

Fourier transform infra-red spectroscopy

Figure 7a–d shows the FTIR spectra of TPU/PP, TPU/PP/

MA-g-PP, TPU/PP(C10A)/MA-g-PP and TPU(C10A)/PP/

MA-g-PP blend systems, respectively. Three significant

peaks are considered for discussion. Peak at 3340 cm-1

wave number represents the hydrogen bonded –NH group.

Peak at 1730 cm-1 and peak at 1700 cm-1 wave number

represents free –C=O (carbonyl) and hydrogen bonded

–C=O, respectively.

Table 4 Tg from E00 and tan d

Material Tg (�C) from E00 Tg (�C) from Tan d

TPU/PP -33.6 -18.5

TPU/PP/MA-g-PP -32.0 -17.0

TPU/PP(C10A)/MA-g-PP -25.0 -10.0

TPU(C10A)/PP/MA-g-PP -19.0 -8.0

Table 5 Tensile properties of ester–TPU based blends

Blend Stress at % elongation (MPa)

20% 100% 200%

TPU/PP 3.50 4.10 4.30

TPU/PP/MA-g-PP 5.32 5.75 6.10

TPU/PP(C10A)/MA-g-PP 5.90 6.60 6.70

TPU(C10A)/PP/MA-g-PP 7.60 10.10 10.40
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The –NH groups in the urethane linkage of TPU/PP com-

position form hydrogen bonds [20] with carbonyls of other

urethanes in TPU hard segments and with carbonyl group in

the soft segments of TPU. In the case of TPU/PP/MA-g-PP

composition –NH groups form additional hydrogen bonding

with maleic anhydride group of compatibiliser. In the case of

TPU(C10A)/PP/MA-g-PP and TPU/PP(C10A)/MA-g-PP

composition –NH groups form further hydrogen bonding with

oxygen group of silicate layers of nanoclay. The increase of

hydrogen bonding is reflected in the FTIR spectra by increase

of 3340 cm-1 peak intensity. The peak intensity of hydrogen

bonded –NH group increases in the order: TPU/PP \ TPU/

PP/MA-g-PP \ TPU/PP(C10A)/MA-g-PP \ TPU(C10A)/

PP/MA. The intensity of 1730 cm-1 peak decreases and

intensity of 1700 cm-1 peak increases from a to d of Fig. 8.

The –C=O of ester–TPU hard and soft segments form

hydrogen bonds with –NH group of urethane linkage leading

to free –C=O peak and hydrogen bonded –C=O peak corre-

sponding to 1730 cm-1 peak and 1700 cm-1 of Fig. 8a. In

the case of Fig. 8b, –C=O forms additional hydrogen

bonding with maleic anhydride group and in Fig. 8c, d,

–C=O forms further hydrogen bonding with hydroxyl groups

of nanoclay silicate layer. Hence, the intensity of 1730 cm-1

peak decreases and intensity of 1700 cm-1 peak increases

from Fig. 8a to d.

SEM analysis

SEM micrographs of chemically etched (PP material was

removed by xylene at 105 �C) surfaces of the TPU/PP, TPU/

PP/MA-g-PP, TPU/PP(C10A)/MA-g-PP and TPU(C10A)/

PP/MA-g-PP are shown in Fig. 8. It is observed that the size

of dispersed PP particle is considerably reduced in

TPU(C10A)/PP/MA-g-PP. For nanocomposite SEM sample

preparation, the PP portion was removed by chemical

etching method which gives very fine holes. In non-clay

polymer blends also PP was removed by etching; however,

the PP domains are not as fine as clay nanocomposites due

to high interfacial tension between TPU and PP and hence

fine holes are not evident in SEM micrographs.

As mentioned in the introductory chapter, the high

polarity difference between thermoplastic polyurethane

and polypropylene limits the miscibility of their blends.

Nanoclay was used to reduce the surface energy of the TPU

hard segments and makes them more compatible with the

non-polar PP. More miscible blends have been obtained by

using MA-g-PP as the compatibilizer. Better dispersion of

organoclay may be attributed to two reasons. First, maleic

anhydride forms hydrogen bonds with the hydroxyl groups

of the silicate layers. Second, there is a possible chemical

reaction between maleic anhydride and the urethane

Fig. 8 SEM micrograph.

a TPU/PP, b TPU/PP/MA,

c TPU/PP(C10A)/MA, and

d TPU(C10A)/PP/MA
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linkages in the TPU hard segments. Compared to the

sequence II blend nanocomposites, the sequence I blends

show better miscibility as confirmed by XRD, DMA, ten-

sile strength, DSC and SEM analysis. The clear difference

between sequence I and sequence II is that the case of

sequence I the effect of nanoclay is fully utilized by

changing the surface tension of the TPU hard segment from

around 45 dynes/cm to around 30 dynes/cm. This change

in surface tension favours for better dispersion of PP in

TPU material, and also hydroxyl group of silicate layers

forms hydrogen bonding with the carbonyl group of TPU

and maleic anhydride moieties.

Conclusion

In the present work, studies were made on nanoclay filled

MA-g-PP compatibilized TPU/PP blends by considering

the sequence of nanoclay addition. These blends were

characterized by DMA, DSC, tensile test, FTIR, XRD and

SEM analysis. Compared to sequence II blend nanocom-

posites, the sequence I shows better miscibility. The clear

difference between sequence I and sequence II is that the

effect of nanoclay is fully utilized for changing the surface

tension of TPU hard segment in sequence I. The hydroxyl

group of silicate layers form hydrogen bonding with the

carbonyl group of TPU and maleic anhydride moieties

leading to reduction in surface tension of TPU hard seg-

ment from 45 dynes/cm to 30 dynes/cm. This change in

surface tension favours for better dispersion of PP in TPU

material.
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