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Abstract Thermoplastic polyurethane (TPU)/organoclay

nanocomposites are prepared through a melt extrusion

process. The TPU is combined with four differently mod-

ified organoclays, namely, I.28E, I.30P, I.34TCN, and

I.44P. Wide-angle X-ray diffraction and transmission

electron microscopy results show that the addition of

I.34TCN and I.30P to TPU/organoclay nanocomposites

results in the nearly exfoliated structures of the nanocom-

posites. Addition of I.28E leads to partially intercalated

nanocomposites, whereas I.44P cannot disperse effectively

in the nanocomposites. Organoclay can enhance the

mechanical and gas barrier properties of TPU. The

enhancement follows the order TPU/I.34TCN C TPU/

I.30P [ TPU/I.28E [ TPU/I.44P, which is consistent with

the degree of dispersion and exfoliation of silicate layers.

In addition, Fourier transform infrared absorption spectra

show that more hydrogen bonding sites are introduced

between the clay modifiers and TPU chains in the TPU/

I.34TCN and TPU/I.30P nanocomposites; this has a posi-

tive impact on the dispersion of the organoclay and, con-

sequently, the mechanical and gas barrier properties of the

nanocomposites.

Introduction

In recent years, polymer/clay nanocomposites have

attracted much attention for their great importance in

fundamental research and industrial applications. Com-

pared with the polymer matrix, polymer/clay nanocom-

posites provide significant improvements in mechanical,

thermal, and physicochemical properties [1]. To date,

numerous polymer matrices have been studied in clay-

based nanocomposites, including polyimide [2], polysty-

rene [3], poly(lactic acid) [4], poly(ethylene-co-vinyl

alcohol) [5], natural rubber [6], poly(methyl methacrylate)

[7], polypropylene [8], and polyethylene [9].

Clay consists of naturally occurring layered silicates.

The thickness of each layer is *1 nm, and its lateral

dimensions are typically within 20–1000 nm. The stacking

of the layers forms a gallery (*1 nm thickness) between

layers [10]. The silicate layers of clay usually contain

hydrated Na? or K?, which render them highly hydrophilic

and incompatible with most organic polymers. Therefore,

the silicate layers must be modified to increase their

hydrophobicity. The modified organic clay is known as

organoclay. The most popular method used for clay mod-

ification is exchange of hydrated cations with organic

modifiers such as alkylammonium cations. Some alky-

lammonium cations with functional groups may react with

the polymer matrix, which would improve the strength of

the interface between the inorganic layer and the polymer.

In some cases, these functional groups play important roles

in the dispersion of the silicate layers. The high compati-

bility between the functional group and the polymer chains

can result in a high degree of exfoliation of the polymer

matrix [11–14]. The separated silicate layers enable high

interfacial interaction between polymer chains and thereby

provide higher mechanical reinforcement, impermeability,
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and thermal stability [15]. Moreover, these organic modi-

fiers can enhance the interlayer d spacings, lower the sur-

face energy of the inorganic host, and improve the wetting

characteristics of the polymer [16, 17].

Thermoplastic polyurethane (TPU) is composed of

alternating soft and hard segments. The soft segment is a

high-molecular weight polyester or polyether diol, and the

hard segment consists of diisocyanate and chain extender

(low molecular weight diol or diamine). Wang and Pin-

navaia first reported a polyurethane/organoclay composite

in 1998 [18]. Since then, many studies have focused on

approaches to introduce silicate layers into the TPU matrix

to improve its properties [19, 20]. Various types of orga-

noclays and organic modifiers have been used [21]. The

organic modifiers with long alkyl chains and hydroxyl

groups (such as commercial organoclay C30B or I.34TCN)

can almost fully exfoliate silicate layers in the TPU matrix,

and increase the tensile strength, modulus, and optical

clarity by more than 100% compared with pure TPU [22].

The aim of this study was to investigate the effects of

clay with different organic modifiers and composition on

the morphological, mechanical, and gas barrier properties

of TPU. Four types of organoclay, namely, I.28E, I.30P,

I.34TCN, and I.44P, with various organic modifiers

(Fig. 1) were used. A number of studies have been done on

I.34TCN and I.44P [23], but few have focused on I.28E and

I.30P in TPU/clay nanocomposites. Polymer nanocom-

posites based on TPU and the four types of organoclay

were prepared through melt extrusion in a twin-screw

extruder. The morphology of the nanocomposites was

characterized by wide-angle X-ray diffraction (WAXD)

and transmission electron microscopy (TEM). The static

and dynamic mechanical properties of the nanocomposites

were examined by tensile testing and dynamic mechanical

analysis (DMA), respectively. Analysis of the oxygen gas

permeability was performed using a film-package perme-

ability tester. Fourier transform infrared (FTIR) spectros-

copy was done to investigate the relationship between the

properties and hydrogen bonding involved in the TPU/

organoclay nanocomposites.

Experimental

Materials

Thermoplastic polyurethane (TPU, Estane� 58315; 85A

Shore hardness) was provided by Lubrizol Advanced

Materials, Inc. The commercial organoclays, Nanomer

I.30P, I.28E, I.34TCN, and I.44P, were obtained from

Nanocor, Inc. These organoclays were composed of natural

montmorillonite modified with organic modifiers (Fig. 1).

The samples I.28E and I.30P were clays modified with

octadecyl trimethyl quaternary ammonium ion and octad-

ecan-1-aminium ion, respectively; I.34TCN was modified

by methyl-bis-(2-hydroxyethyl) hydrogenated tallow qua-

ternary ammonium ion (tallow: 65% C18, 30% C16, and

5% C14); I.44P was modified with dimethyl dihydroge-

nated tallow quaternary ammonium ion.

Sample preparation

The organoclays and TPU were dried at 90 and 60 �C

under vacuum for 24 h, respectively. They were melt-

extruded using a co-rotating intermeshing twin-screw

extruder (Haake Rheomex PTW 24/40P, Thermo Electron

Corp., Hamburg, Germany). The extrudates were then

cooled in water at the die exit, dried by air, and then cut

into pellets. The thermal profile was 160–200 �C, and the

screw speed was set at 60 rpm. The neat polymer used as

reference material was extruded under the same conditions.

The extruded blends were dried and annealed at 100 �C

overnight, which led to isotropy in the composites and

formed a network between the silicate layers and TPU

matrix [24]. The TPU/organoclay nanocomposites were

prepared with 1, 3, 5, 7, and 10 wt% organoclay. All blends

were pressed into films (1-mm thickness) at 190 �C for

3 min, which were then quenched to room temperature

between two thick metal blocks. A single-screw extruder

(Haake Rheomex 252P, Thermo Electron Corp, Hamburg,

Germany) equipped with a blowing film line was used to

produce the films.

Characterization

WAXD experiments were performed using a Rigaku

D/Max-II B X-ray diffractometer with a Cu anode. The

instrument was operated at 40 kV and 200 mA; 2h mea-

surements from 2.5� to 10� were done at a scan rate of

1�/min. The organoclay powder and the TPU/organoclay

films were analyzed at ambient conditions.Fig. 1 Molecular structures of the organic modifiers
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The dispersions of silicate layers were observed using a

transmission electron microscope (JEOL JEM-1011). The

nanocomposite specimen for TEM observations (50–70-nm

thickness) was prepared under cryogenic conditions using a

Leica ultramicrotome.

Dynamic mechanical tests were performed on a DMA/

SDTA861e (Mettler Toledo) in shear mode. The samples

were cut on the 1-mm thick polyurethane films with a

diameter of 10 mm. These were then analyzed under a

nitrogen atmosphere from -100 to 150 �C, at 3 �C/min

heating rate, 1 Hz frequency, and *0.2% initial strain.

The static mechanical properties of the samples were

determined on an Instron 1185 tensile testing machine at a

rate of 50 mm/min at room temperature. Oar-shaped

specimens with 20.0-mm gauge length and 4.0-mm width

were cut from the 1-mm thick films. At least five samples

of each type were drawn to fracture.

The oxygen gas permeability through the films of TPU

and the nanocomposites was measured using a Labthink

VAC-V2 film-package permeability tester. The perme-

ability was expressed as the volume rate of gas penetrating

a unit thickness of film at constant pressure, humidity, and

temperature. The tests were performed at 23 �C and 0%

relative humidity using high-purity ([99.9%) oxygen gas.

The tests were performed according to GB/T 1038-2000

(China).

FTIR spectra were recorded on a Bruker Vertex70

spectrophotometer at 2 cm-1 resolution.

Results and discussion

Morphology of the nanocomposites

WAXD is a powerful technique for studying clay disper-

sion in polymer/organoclay nanocomposites. It could be

used to determine the distributions of d spacings within the

clay silicate layers and/or agglomerates. The powder dif-

fractograms of the four organoclays were compared with

those of the corresponding nanocomposite films (Fig. 2).

The (001) basal-plane spacing (d001) of I.28E, I.30P,

I.34TCN, and I.44P were 2.67, 2.16, 1.87, and 2.54 nm,

respectively; these indicates the differences in thickness of

the organic layers between the silicate layers. After melt

extrusion, the d001 WAXD peak of the clays shifts to a

smaller angle or disappears, which indicates the occurrence

of intercalation or exfoliation of silicate layers. The

intensity of the d001 WAXD peaks of the clays increases

with clay loading, which suggests the decreasing dispersion

of silicate layers. Thus, the organoclay silicate layers tend

to form agglomerates rather than exfoliate. For the four

types of TPU/organoclay nanocomposites with 10 wt%

clay loading, the interlayer distance of the silicate layers

calculated from the WAXD reflections increases to 3.36,

3.17, 3.15, and 3.06 nm for I.28E, I.30P, I.34TCN, and

I.44P, respectively. Narrowing of the characteristic d001

WAXD peak of TPU/I.44P, TPU/I.28E, and TPU/I.30P

nanocomposites with 10 wt% clay loading indicates

Fig. 2 WAXD patterns of TPU

nanocomposites with a I.28E,

b I.30P, c I.34TCN, and d I.44P
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intercalation. In addition, the peak displacement between

2h values of 5� and 6� is related to the presence of natural

montmorillonite in the samples even after organic modifi-

cation [25]. For the TPU/I.34TCN nanocomposites with

low clay contents, the characteristic clay peaks are widened

and are nearly undetectable. This indicates that the silicate

layers are well distributed and completely exfoliated.

One of the difficulties in studying nanocomposites is

that no single characterization method can adequately

describe the state of the clay dispersion in the nanocom-

posites [26]. Thus, TEM studies are carried out to further

confirm the dispersion states of the TPU/organoclay

nanocomposites. Figure 3 shows TEM images of an ultra-

thin section of each TPU/organoclay nanocomposite with

3 wt% clay. The dark lines (*300 nm in length) are sili-

cate layers. The longest and thickest agglomerates of the

silicate layers were observed in the TPU/I.44P nanocom-

posite with a gallery of 3–4 nm. In the TPU/I.28E nano-

composite, some individual and agglomerated silicate

layers were observed. In the TPU/I.34TCN and TPU/I.30P

nanocomposites, most silicate layers existed as individual

or double layers. Figure 4 shows the TEM images of the

four TPU/organoclay nanocomposites with 7 wt% clay.

Compared with nanocomposites with 3 wt% clay, more

and larger agglomerates were observed. This indicates the

decreasing dispersion of silicate layers with an increase in

clay loading. Furthermore, organoclay silicate layers are

dispersed better in the TPU/I.34TCN and TPU/I.30P

nanocomposites than in the TPU/I.28E and TPU/I.44P

nanocomposites with 7 wt% clay. This is consistent with

the results of the nanocomposites with 3 wt% clay loading.

The better dispersion and higher degree of exfoliation of

silicate layers in the TPU/I.34TCN and TPU/I.30P nano-

composites are probably due to the strong interfacial

interaction between the silicate layers and TPU matrix. The

hydroxyl or ammonium group of I.34TCN and I.30P linked

to the silicate layer surface can form strong interfacial

interaction, such as hydrogen bonding with the TPU mac-

romolecular chains [27]. Based on the interactions between

the modified silicate surfaces and the surrounding polymer

melt, the polymer has to penetrate the space between two

silicate layers from an outer edge and then diffuse toward

the center of the gallery. Thus, the polymer and silicate

layer surface attract each other. Although the TPU chains

Fig. 3 TEM images of TPU

nanocomposites with 3 wt% of

a I.28E, b I.30P, c I.34TCN, and

d I.44P
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highly attract the silicate layer surfaces, the adhesive role of

the polymer chains tends to reduce the van der Waals force

between silicate layers. This allows complete dissociation

of organoclay silicate layers, which leads to effective dif-

fusion of polymer chains into the gallery and formation of

composites with exfoliated morphologies [28, 29].

Dynamic mechanical properties

The dynamic mechanical property of the TPU/organoclay

nanocomposites as a function of temperature was measured

using DMA, and was compared with those of neat poly-

urethane. The temperature dependence of the loss factor

(tan d) and the storage shear modulus (G0) are shown in

Figs. 5 and 6, respectively. The plot of tan d versus tem-

perature of pure TPU shows a prominent peak at around

-30 �C. This transition corresponds to the soft segment

relaxation associated with the glass transition of the TPU

amorphous phase. However, the peak for the relaxation

corresponding to the glass transition temperature (Tg) of the

TPU/organoclay nanocomposites appears at a higher tem-

perature. Moreover, the addition of clay broadens the tan d
peak. The Tg and full width at half maximum (FWHM) of

tan d of the nanocomposites are presented in Table 1. Both

TPU/I.30P and TPU/I.34TCN have higher Tg and broader

tan d peaks compared with those of TPU/I.28E and TPU/

I.44P. The broader width of the tan d peak implies higher

density of the physically cross-linked network in the TPU

matrix formed by hydrogen bonding of TPU chains or

silicate layers; this strongly restricts the polymer segment

motions and causes a higher Tg [30]. Moreover, the

increase in tan d value above Tg with the addition of

organoclay is due to the enhancement of the damping

properties of the TPU matrix by silicate layers. The slight

drop of Tg with higher organoclay loading is probably due

to the increase in intercalation of the TPU chains. The

electrostatic attraction between the two adjacent silicate

layers weakens because of the intercalation of TPU chains

into their gallery. This causes the layers to slip easily under

shear stress [31]. Therefore, the TPU matrix relaxation may

be achieved at lower temperature, and thus reduce the Tg.

The value of G0 above Tg is evidently enhances with

increasing clay content. This indicates that the incorpora-

tion of organoclay reinforces TPU in the rubbery state. The

reinforcement may be due to the stiffness of the silicate

layers, as well as the combined effect of aspect ratio and

Fig. 4 TEM images of TPU

nanocomposites with 7 wt% of

a I.28E, b I.30P, c I.34TCN, and

d I.44P
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the degree of silicate layer dispersion. Figure 7 shows that

with 3 wt% organoclay loading, the TPU/I.34TCN and

TPU/I.30P nanocomposites show higher values of G0

compared with those of the TPU/I.28E and TPU/I.44P

nanocomposites. This can be attributed to better exfoliation

of the silicate layers in the TPU/I.34TCN and TPU/I.30P

nanocomposites, which is consistent with the WAXD and

TEM results.

Fig. 5 Loss factors (tan d) of

the TPU nanocomposites with

a I.28E, b I.30P, c I.34TCN, and

d I.44P

Fig. 6 Storage modulus of TPU

nanocomposites with a I.28E,

b I.30P, c I.34TCN, and d I.44P
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Static mechanical properties

Figure 8 illustrates the tensile strength, elastic modulus,

and elongation at break of the nanocomposites. The tensile

strength and elongation at break of all nanocomposites first

increase and then decrease with increasing organoclay

content. The nanocomposites with 3 wt% organoclay

content show the best performance in tensile strength and

elongation at break. The performance gradually decreases

with further addition of organoclays. In contrast to the

tensile strength and elongation at break, the elastic modu-

lus of the nanocomposites is always enhanced by additions

of the organoclays. These observations illustrate that the

TPU/organoclay nanocomposites have improved elasticity

and elastic modulus after being mixed with a small amount

of organoclay. These changes are due to the ability of the

clay silicate layers to strengthen, stiffen, and toughen the

TPU matrix. With higher organoclay contents, the disper-

sion of silicate layers decreases, and the organoclay silicate

layers tend to form agglomerates rather than exfoliate. This

leads to poor interfacial adhesion between the TPU matrix

and the filler phases, and thus reduced performance.

Consequently, the nanocomposites tend to become rigid

and brittle materials. Mechanical properties of the nano-

composites show the following order: TPU/I.34TCN C

TPU/I.30P [ TPU/I.28E[ TPU/I.44P. The greater mechan-

ical reinforcement of the TPU/I.34TCN and TPU/I.30P

nanocomposites is also due to the strong interfacial inter-

action between the silicate layers and TPU matrix. This

forms a network-like structure, which causes improved

mobility of the silicate layers during the deformation of the

TPU matrix. This consequently further improves the break

energy and improves the mechanical properties of the TPU/

organoclay nanocomposites [9].

Oxygen gas permeability

Films of neat TPU and TPU/organoclay nanocomposites

with 60–80-lm thickness are blown to evaluate the oxygen

gas permeability. The relative permeability (Pr) is gener-

ally expressed as a barrier improvement compared with

pristine TPU. This is calculated according to the following

equation:

Pr ¼
Ps

Pp

ð1Þ

where Ps and Pp represent the permeability of the

composite film and that of the pure polymer. Nielsen’s

model [32, 33] of barrier properties is employed to describe

the relationship between the aspect ratio of the silicate

layer agglomerates and the enhancement in barrier

properties of the nanocomposites. The impermeable

silicate layers act as a barrier to gas diffusion by

increasing the tortuousness of the diffusion pathway. The

permeability can be estimated from the equation,

Pr ¼
Ps

Pp

¼ 1� /S

1þ a
2
/S

ð2Þ

where a is the aspect ratio of the silicate layer agglomerates

in the polymer matrix, representing a comparison of length

to width; /S is the volume fraction, calculated using the

equation [34]

Table 1 Glass transition temperature (Tg, �C) of TPU nanocomposites and FWHM (�C) of the loss factor peaks

TPU TPU/I.28E TPU/I.30P TPU/I.34TCN TPU/I.44P

Tg FWHM Tg FWHM Tg FWHM Tg FWHM Tg FWHM

-30.88 26.88

1 wt% -26.18 33.78 -23.96 35.47 -22.54 37.50 -26.79 34.74

3 wt% -28.67 35.54 -26.28 38.31 -25.50 39.48 -28.28 37.42

5 wt% -29.14 36.73 -27.14 40.21 -27.56 39.63 -26.72 38.08

7 wt% -27.4 37.68 -28.02 40.26 -26.82 40.28 -28.75 40.15

10 wt% -32.44 39.14 -29.45 41.76 -29.63 44.98 -32.59 39.54

Fig. 7 Storage modulus of TPU nanocomposites with 3 wt% clay

6514 J Mater Sci (2011) 46:6508–6517
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/S ¼
1

1þ qsð1�McÞ
qpMc

ð3Þ

where qs and qp are the densities of the organoclay and the

polymer, respectively, and Mc is the mass fraction of clay.

Table 2 shows the aspect ratio calculated by fitting the

permeation data obtained experimentally to Nielsen’s

model and statistics from the TEM images. The fitted a for

most of the clay series is slightly lower than the statistical

values from the TEM images.

As shown in Fig. 9, the relative permeability decays

asymptotically with increasing clay loading. A 35–40%

reduction of permeability was obtained with 10 wt% of all

types of organoclay. The dotted lines fitted by the Nielsen’s

model with a of 15, 20, 35, and 50 are also illustrated in

Fig. 9. These slightly fit the relative permeability of TPU/

I.44P, TPU/I.28E, TPU/I.30P, and TPU/I.34TCN, respec-

tively. Moreover, the TPU/I.34TCN and TPU/I.30P nano-

composites show better gas barrier property than do TPU/

I.28E or TPU/I.44P. This behavior may be due to better

dispersion of organoclay and the higher a of the silicate layer

agglomerates in TPU/I.34TCN and TPU/I.30P [35, 36].

Hydrogen bonding

FTIR spectroscopy is performed to see if the improved or-

ganoclay dispersion and tensile and gas barrier properties are

due to the interaction between hydroxyl groups/ammonium

ions in the clays and the TPU matrix [37, 38]. The FTIR

spectra of neat TPU and TPU/organoclay nanocomposites

with 5 wt% clay are shown in Fig. 10. The absorption peak at

3320 cm-1 is due to the hydrogen-bonded –NH groups of

urethane linkages. Such hydrogen bonding can be formed

with carbonyl and with ether linkages. The peak at

1730–1735 cm-1 is assigned to free urethane carbonyl, and

that at 1700–1705 cm-1 is due to hydrogen-bonded carbonyl

[39]. The ratio of area under the hydrogen-bonded carbonyl

peak (AHCO) to that of the free carbonyl peaks (AFCO) and the

ratio of the area under the peaks of hydrogen-bonded –NH

groups (AHNH) to that of the –CH stretching peak (ACH,

2800–3000 cm-1) are shown in Table 3. The value of ACH

was used as the reference value. Notably, the value of AHNH/

ACH of the TPU/organoclay nanocomposites is almost

unchanged, which indicates that silicate layers do not inter-

fere with hydrogen bonding between urethane and –NH

groups. The values of AHCO/AFCO of TPU/I.30P and TPU/

I.34TCN are higher, whereas that of TPU/I.28E is very close

to that of pure TPU, and that of TPU/I.44P is lower than the

ratio for pristine TPU. This result is due to the hydrogen

bonding between hydroxyls/ammonium ions in the silicate

layers and the carbonyls of TPU, which influences the ex-

foliation and dispersion of silicate layers in the TPU and

greatly improves the mechanical and gas barrier properties.

Conclusions

TPU/organoclay nanocomposites with different organoclay

loadings have been prepared by a melt extrusion process

Fig. 8 Tensile properties of TPU nanocomposites with a tensile

strength, b elastic modulus, and c elongation at break

J Mater Sci (2011) 46:6508–6517 6515
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using a twin-screw extruder. The influence of organoclays

with various organic modifiers on the morphology and

mechanical properties of the nanocomposites have been

explored. Four types of organoclays were used, namely,

I.28E, I.30P, I.34TCN, and I.44P. The WAXD and TEM

results illustrate that the I.34TCN and I.30P show greater

dispersion and exfoliation of silicate layers than do I.28E

or I.44P. This is due to the strong interaction between the

polyurethane chain and the organic modifiers used in

I.34TCN and I.30P. This interaction also enhances the

interaction between the silicate layers and TPU matrix, and

further influences the mechanical properties and gas per-

meability of the nanocomposites. The FTIR spectra indi-

cate that the interaction is due to hydrogen bonding

between hydroxyls/ammonium ions in the silicate layers

and carbonyls of TPU. At greater organoclay loading

(particularly at [3 wt%), the dispersion of silicate layers

decreases, and the organoclay silicate layers tend to

agglomerate rather than exfoliate. This reduces the

enhancement of the mechanical properties. Moreover, the

mechanical and gas barrier properties of the nanocompos-

ites follow the order TPU/I.34TCN C TPU/I.30P [ TPU/

I.28E [ TPU/I.44P. The TPU/I.34TCN and TPU/I.30P

nanocomposites display lower Tg and higher G0, compared

with those of TPU/I.28E and TPU/I.44P.
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