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Abstract

Hydrophilic layered silicate/polyurethane nanocomposites were prepared via twin screw extrusion and solvent casting. Good dispersion

and delamination was achieved regardless of processing route, illustrating that the need for optimised processing conditions diminishes when

there is a strong driving force for intercalation between the polymer and organosilicate. Evidence for altered polyurethane microphase

morphology in the nanocomposites was provided by DMTA and DSC. WAXD results suggested that the appearance of an additional high

temperature melting endotherm in some melt-compounded nanocomposites was not due to the formation of a second crystal polymorph, but

rather due to more well-ordered hard microdomains. Solvent casting was found to be the preferred processing route due to the avoidance of

polyurethane and surfactant degradation associated with melt processing. While tensile strength and elongation were not improved on

organosilicate addition, large increases in stiffness were observed. At a 7 wt% organosilicate loading, a 3.2-fold increase in Young’s modulus

was achieved by solvent casting. The nanocomposites also displayed higher hysteresis and permanent set.

q 2004 Elsevier Ltd. All rights reserved.

Keywords: Nanocomposites; Polyurethane; Processing

1. Introduction

Thermoplastic polyurethanes (TPUs) are linear block

copolymers consisting of alternating hard and soft seg-

ments. The hard segment is composed of alternating

diisocyanate and chain extender molecules (i.e. diol or

diamine), while the soft segment is formed from a linear,

long-chain diol. Phase separation occurs in TPUs because of

the thermodynamic incompatibility of the hard and soft

segments. The segments aggregate into microdomains

resulting in a structure consisting of glassy, hard domains,

and rubbery, soft domains, that are below and above their

glass transition temperatures at room temperature, respect-

ively. The hard domains gain their rigidity through physical

crosslinking (hydrogen bonding between hard segments),

and provide filler-like reinforcement to the soft segment.

The complex microstructure of TPUs and its relationship to

the macroscopic properties has fascinated researchers for

decades [1–10], and continues to do so [11,12].

The incorporation of nano-sized layered silicates into

polymer hosts has led to reports of improved mechanical,

thermal, and barrier properties, among others [13–17].

Although the mechanisms behind these improvements are

not well understood at present, it is evident that the altered

properties of these materials are related to changes in

polymer molecular dynamics [18,19] and crystallinity [20],

in addition to traditional filler reinforcement. The exfoliated

structure is often the most desirable because the resulting

nanocomposite properties are isotropic and the high aspect

ratio and surface area of the dispersed particles is fully

utilised. Numerical self-consistent field calculations suggest

that end-functionalised polymers or block copolymers are

well suited to achieve exfoliation [21]. For this to happen,

the polymer must have a fragment that is highly attracted to

the silicate surface and another fragment that is not attracted

in order to push the platelets apart to regain entropy.

Exfoliation could therefore be theoretically achieved by

preferentially attracting either the soft or hard segment of a

TPU to the silicate surface. In reality, it is more likely that

exfoliation of layered silicates in TPUs will be achieved by

using surfactants with polar functionality to attract the hard

segments [22]. Computational work by Balazs et al. [23] on

phase-separating block copolymers has indicated that the
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introduction of nanofillers that preferentially interact with

one of the polymer phases can induce large changes in

morphology. TPUs represent an ideal system to study the

above-mentioned concepts.

The study of polyurethane (PU) layered silicate nano-

composites is still relatively immature. PU nanocomposites

have previously been prepared by techniques including

solvent casting [24,25] and in situ polymerisation [26,27]

and improvements in barrier [25,28–30] and mechanical

properties [28,31] have been reported. To date, there have

been no reports in the literature of TPU nanocomposites

being prepared by twin-screw extrusion, and there has been

no thorough investigation into the effect of layered silicates

on the microphase morphology. In this paper we present our

initial experiments aimed at furthering the understanding of

PU nanocomposites. TPU nanocomposites were prepared

by both twin-screw extrusion and solvent casting using a

commercially available silicate with polar functionality to

promote exfoliation. The effect of well-dispersed layered

silicates on the morphology and properties of TPUs with

discrete and co-continuous microdomain morphologies was

investigated.

2. Experimental

2.1. Materials and preparation

Two TPUs were employed in this study. A soft elastomer

of Shore Hardness 80A (SPU) and a hard elastomer of Shore

Hardness 55D (HPU). Both formulations consisted of a

1000 g/mol poly(tetramethylene oxide) (PTMO) soft seg-

ment with a 4,40-methylene diphenyl diisocyanate (MDI)

and 1,4-butanediol (BDO) hard segment. The hard segment

concentrations of the SPU and HPU were 35 and 55 wt%,

respectively. The TPUs were supplied by Urethane

Compounds, Melbourne.

The organically-modified layered silicate used in this

study was Cloisite 30B (30B) (Southern Clay Products). The

Cloisite series of organosilicates are based on a natural

montmorillonite with a cation exchange capacity of

0.92 meq/g. 30B has a 0.9 meq/g methyl bis-2-hydro-

xyethyltallow ammonium modification, and the tallow

composition is ca. 65% C18, 30% C16, and 5% C14. 30B

was dried in a vacuum oven at 80 8C for 12 h prior to use.

Melt compounding (MC). PU and 30B were com-

pounded in a ThermoHaake minilab twin screw extruder.

A screw speed of 40 rpm was employed and a barrel

temperature of 210 and 220 8C was used for the SPU and

HPU, respectively. The extrudate was compression

moulded at the same temperatures for 3 min.

Solvent casting (SC). A 5 wt% solution of dried

organosilicate in toluene was ultrasonicated at 20 kHz for

2 min before being added to a 5 wt% solution of PU in

dimethyl acetamide (DMAc). The combined solution was

then mixed vigorously for 1 min in a high-shear homo-

geniser, followed by stirring for 1 h at room temperature

with a magnetic stirrer. The mixture was then ultrasonicated

for 2 min and films were immediately cast onto glass plates.

The films were dried at 50 8C for 36 h under a nitrogen

purge and subsequently for 12 h under vacuum.

The solvent cast and melt compounded films were then

annealed under vacuum at 80 8C for 12 h and left for 1

month prior to characterisation. Nanocomposites with

organosilicate loadings of 3 and 7 wt% were prepared.

2.2. Characterisation

Differential scanning calorimetry (DSC) measurements

were performed on a TA Instruments 2920 MDSC. The

sample weight was approximately 10 mg and the heating

rate employed was 10 8C/min.

Dynamic mechanical measurements were made using a

Rheometric Scientific dynamic thermal mechanical analyser

(DMTA IV) equipped with tensile head and reducing force

option. Analysis was performed using a frequency of 2 Hz

and a heating rate of 2 8C/min.

Wide-angle X-ray diffraction (WAXD) analysis was

carried out on a Bruker D8 Advance X-ray diffractometer

using Cu Ka radiation generated at 40 kV and 30 mA.

Samples were scanned at 2.48/min in the range of 2u ¼

18 2 408 using a step size of 0.028. The 30B powder was

lightly pressed and flattened to obtain a smooth surface prior

to testing.

Transmission electron microscope (TEM) samples were

cut on a Leica Ultracut S ultramicrotome with a glass knife

at 2100 8C and collected on 400 mesh copper grids. Images

were obtained using a JEOL JEM 1010 TEM operated at

100 keV.

Thermogravimetric analysis (TGA) of 30B was carried

out on a Shimadzu TGA 50 under an air atmosphere. A

heating rate of 10 8C/min and sample weight of approxi-

mately 10 mg were used.

Molecular weights of the PUs were determined by gel

permeation chromatography (GPC) on a Waters Alliance

2690 Separations Module. HPLC grade DMAc containing

0.03 wt% LiCl was used as eluent and two Styragel columns

(3 HT and 6E HT: 500–30,000 and 5000-1 £ 107 effective

MW range, respectively) were used for separation. Poly-

styrene standards were used for calibration (Pressure

Chemical Company).

Tensile and hysteresis tests were carried out on an Instron

model 4505 universal testing machine using 5 replicates of

each material. Dumbbells approximately 1 mm thick were

punched from an ATSM D-638-M-3 die. A crosshead speed

of 5 mm/min was employed and pneumatic grips were used

to prevent slippage. The hysteresis values reported were

measured on the 5th loading–unloading cycle. Permanent

set was taken as the strain at which a zero load is measured

on the unloading cycle.
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3. Results and discussion

3.1. PU molecular weight

The number average molecular weights ðMnÞ and

polydispersity indices (PDI) of the as-received, solvent

cast, and melt compounded PUs are given in Table 1. The

molecular weights of the nanocomposites were not

determined to eliminate the possibly of layered silicates

entering the separation columns. A significant decrease in

Mn occurred during both the solvent casting and melt

compounding procedures. The ultrasonic probe has been

identified as the cause for the reduction in molecular weight

in the solvent cast materials. Care must be taken when melt

processing TPUs because they are susceptible to thermal

and thermo-oxidative degradation in the temperature range

required to process them [32,33]. Small extruders have been

reported to impose a harsher environment on polymers than

their larger counterparts because the surface area to volume

ratio increases with decreasing extruder size [34]. In

addition to the small extruder used in this study, the PUs

did not contain additives to reduce degradation.

3.2. Nanocomposite structure

WAXD patterns of the nanocomposites based on the SPU

and HPU are shown in parts (a) and (b) of Fig. 1,

respectively. In these systems it is likely that the hard

segments are preferentially attracted to the silicate surface,

and that the soft segments push the platelets apart to regain

entropy [21]. The appearance of a diffraction peak/shoulder

at 2u ¼, 2:58 corresponds to a basal spacing increase from

1.85 to 3.85 nm and 3.95 nm for the HPU and SPU

nanocomposites, respectively. These results suggest that

there is a slightly larger basal spacing increase when 30B is

dispersed in the SPU. The SPU contains a higher fraction of

the entropic soft segment, which may account for the larger

spacing. The low peak intensities and range of basal

spacings suggests that these nanocomposites contain por-

tions of both intercalated and exfoliated clay platelets. The

larger ratio of d001=d002 and the appearance of diffuse

shoulders (as opposed to diffuse peaks) in the melt

compounded materials, indicates that the clay platelets are

less ordered when the nanocomposites are prepared via

extrusion. It should be noted that thicker specimens were

tested for the melt-compounded materials resulting in the

observed higher intensities.

TEM images of the SPU and HPU nanocomposites are

displayed in Figs. 2 and 3, respectively. These images reveal

that the clay platelets are well dispersed, and small clusters

of intercalated silicates and a portion of exfoliated silicates

are visible in all images. The effectiveness of both

processing methods illustrates that if there is a good

interaction between the polymer and filler, the need for an

optimised processing procedure is diminished. The good

degree of exfoliation achieved in this system can be

attributed to the strong driving force for intercalation

provided by the potential for hydrogen bonding between

the polymer and filler. The hydroxyl groups on 30B are

capable of forming hydrogen bonds with the hard segments,

and to a lesser extent the soft segment ether oxygens. On the

basis of these images and the WAXD patterns, it would

appear that while both processing routes were effective,

slightly better dispersion and delamination was achieved via

melt compounding. This result can be attributed to the

higher shear stresses involved with twin-screw extrusion,

and to the absence of the slow solvent evaporation step,

during which clay platelet reorganisation can take place

long after the cessation of shear.

As mentioned in the Section 2 the 30B-toluene solution

was exposed to ultrasound prior to being added to the PU

solutions. The sonication of this solution led to the

formation of a stable gel as a result of the clay exfoliating.

In agreement with Zhong and Wang’s results [35], we have

Table 1

Molecular weight of host polymers

SPU HPU

Mn PDI Mn PDI

ARa 216,000 1.8 85,000 2.0

SCb 121,000 1.7 82,000 2.1

MCc 66,000 2.0 59,000 1.9

a As-received PU.
b Solvent cast.
c Melt compounded.

Fig. 1. WAXD intensity profiles of (a) SPU, and (b) HPU nanocomposites.
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Fig. 2. TEM images of 30B in SPU (a) 3% SC. (b) 3% MC. (c) 7% SC. (d) 7% MC.
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Fig. 3. TEM images of 30B in HPU (a) 3% SC. (b) 3% MC. (c) 7% SC. (d) 7% MC.
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found the choice of dispersing solvent critical to inducing

clay exfoliation with ultrasound.

3.3. Differential scanning calorimetry

DSC thermograms of the SPU materials are shown in

Fig. 4(a), and a summary of the DSC features is given in

Table 2. A strong soft segment glass transition at

approximately 255 8C is evident in all materials. DMTA

provides a more sensitive measure of this transition, and

these results are discussed below. Annealing studies by

Martin et al. [9,36] on a series of model compounds

provided strong evidence to suggest that the multiple

endothermic behaviour of TPUs is a result of the disruption

of specific hard segment length populations. Martin et al.

identified five endotherms resulting from the disordering of

predominantly single MDI, MDI2BDO, MDI3BDO2, MDI4-

BDO3, and MDI5BDO4 hard segments. These endotherms

were labelled T1(50–70 8C), T2(100–180 8C), T3(190–

210 8C), T4(211 – 217 8C), and T5(222 – 230 8C). The

endotherms identified in this study have been labelled in

keeping with this nomenclature, however the assignment of

endotherms to specific hard segment length populations is

limited here because of the non-ideal nature of the TPUs

employed.

A T1 endotherm is observable at approximately 60 8C in

the SPU materials prepared by solvent casting. This

endotherm can be attributed predominantly to the disorder-

ing of hard segments consisting of single MDI units.

Eisenbach et al. [37] suggested that in polyetherurethanes

this endotherm could be attributed to the disordering of non-

ideally packed N–H…CyO hard segments in the interfacial

region between the soft and hard phases. The absence of this

endotherm in the melt-compounded materials provides

evidence for improved phase separation, and hence a

narrower and more ordered interfacial region. The SPU

materials also exhibit a bimodal T2 endotherm that can be

attributed to the disruption of various degrees of short-range

hard segment order, due to the distribution in hard segment

lengths [36,38]. The first of the T2 endotherms is related to

the annealing temperature and occurs at 100–110 8C,

approximately 20–30 8C above the annealing temperature

[6,36,38]. Annealing at higher temperatures results in the

merging of these two peaks (thermograms not shown). A

broad exotherm is observable immediately after the T2

endotherms in the SPU materials prepared by solvent

casting. It is believed that this exotherm is not a result of a

crystallisation process because there are no subsequent

melting endotherms in the DSC traces. Instead, this

exotherm may be related to a reduction in free energy

brought about by the hard segments gaining sufficient

mobility to phase separate and reduce interfacial area.

Ongoing studies hope to elucidate the exact nature of this

exotherm.

DSC thermograms of the materials based on the HPU are

presented in Fig. 4(b). Soft microdomain glass transitions

are very broad and weak in the HPU series because the co-

continuous microstructure and higher hard segment crystal-

linity of this PU imposes restrictions on molecular motion.

As with the SPU series, a T2 endotherm is observed at

approximately 20–30 8C above the annealing temperature,

and a T1 endotherm is also evident for the materials

prepared by solvent casting. The smaller size of these

endotherms, compared to that displayed by the SPU

materials, is a result of the HPU containing fewer short

Fig. 4. DSC thermograms of (a) SPU, and (b) HPU materials.
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hard segments [9]. The HPU exhibits a T4 melting

endotherm centred at 216 8C when prepared via melt

compounding. This endotherm can be attributed to the

disruption of predominantly MDI4BDO3 and MDI5BDO4

hard segment structures. When the HPU is prepared by

solvent casting a T4 endotherm is not observed. The melting

temperature of the longer hard segments is depressed, and

instead a bimodal T3 endotherm is observed. The small

fraction of hard segments melting above 200 8C suggests

that the hard segments were unable to form crystal

structures with long-range order when prepared via solvent

casting [38]. A reduction in hard domain order also provides

further evidence that the solvent cast materials are not as

well phase separated as the melt compounded materials.

Within the range of experimental error, the addition of

30B did not affect the enthalpy associated with the thermal

transitions discussed thus far. There was however a

significant change in the hard domain order of the HPU

nanocomposites prepared by melt compounding. When 30B

is melt compounded with the HPU, the T4 peak splits into

two endotherms. The large polymer-filler interface induces

the formation of both lower and higher melting temperature

structures that are assigned as T3 and T4 peaks, respectively

in Table 2. Chain packing and folding of a portion of the

hard segments is apparently hindered in the melt com-

pounded HPU by the addition of the layered silicates,

resulting in the low temperature T3 melting structure. The

more ordered T4 crystal structure with improved thermal

stability may be forming at the polymer-filler interface. As

the silicate content increases from 3 to 7 wt% the size of the

more thermally stable T4 peak decreases, this may be due to

the silicates imposing spatial restrictions and/or reducing

the mobility of the crystallisable hard segments capable of

forming this structure. Either of these phenomena would

coincide with the observed increase in the size of the low

temperature T3 melting peak with increasing filler content.

Table 2

Summary of DSC heating curves

30B (wt%)/method TgðsoftÞ (8C) Endotherm peaks Hard phase DH (J/g)a,b Exotherm

T1 (8C) T2 (8C) T3 (8C) T4 (8C) Peak (8C) DH (J/g)b

SPU 0% SC 252 68 113 – – 21.3 ^ 3.6 177.5 5.3 ^ 0.9

130

3% SC 252 70 114 – – 19.9 ^ 1.6 165 5.3 ^ 2.8

130

7% SC 252 68 112 – – 22.8 ^ 3.7 165 4.1 ^ 2.1

136

0% MC 255 – 107 – – 27.5 ^ 5.5 – –

144

3% MC 255 – 113 – – 30.3 ^ 1 – –

147

7% MC 255 – 110 – – 35.1 ^ 6.9 – –

147

HPU 0% SC – 67 111 187 – 23.6 ^ 5 – –

202

3% SC – 64 120 183 – 19.5 ^ 2.3 – –

205

7% SC – 67 123 185 – 22.8 ^ 4 – –

205

0% MC – – 109 – 216 22.5 ^ 4.7 – –

3% MC – – 100 194 221 24.5 ^ 5.8 – –

7% MC – – 105 198 224 26.1 ^ 5 – –

a Enthalpy of fusion values are the sum of the T1–T4 melting enthalpies.
b Enthalpies were calculated per gram of hard segment (not per gram of sample).

Fig. 5. WAXD patterns of materials based on the HPU.
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Bearing these results in mind, WAXD was employed to

determine whether the splitting of the T4 endotherm into

two peaks was a consequence of the layered silicates aiding

the formation of a second MDI/BDO polymorph, or simply

inducing different degrees of ordering of the same crystal

type. The WAXD patterns are shown in Fig. 5 and the lattice

spacings are reported in Table 3. The lattice spacings

present in the melt compounded HPU series are consistent

with Type II MDI/BDO crystals [39,40]. The layered

silicates therefore do not seem to favour the formation of a

second polymorph, which can be seen in nylon 6 for

example [20].

The weak intensity of the hard segment crystal peaks

reflects the low degree of crystallinity and high level of

imperfection present in the melt compounded materials.

This level of imperfection is not unexpected given the

nature of the polyurethanes used in this study. To assist the

formation of well-ordered MDI/BDO crystals it is beneficial

to prepare polyurethanes with a narrow hard segment

molecular weight distribution [4] and to use severe

annealing conditions [40,42]. The absence of hard segment

crystal peaks for the solvent cast series is in accordance with

the DSC results that predicted the absence of long-range

order.

3.4. Dynamic mechanical properties

The dissipation factor ðtan dÞ of the materials based on

the SPU and HPU are presented as a function of temperature

in parts (a) and (b) of Fig. 6, respectively. The tan d peak is

associated with the soft segment glass transition tempera-

ture ðTgÞ; and the peak positions are given in Table 4. The

soft segment Tg of the host polymers occurs at a higher

temperature when prepared by solvent casting. This

indicates that there are more hard segments present in the

soft phase hindering molecular motion. The solubility

parameter of DMAc is between that of PTMO and MDI/

BDO as shown in Table 5 [43,44]. As a result the hard and

soft segments may be more compatible in solution leading

to a reduction in phase separation in the PUs prepared by

solvent casting. This idea is not unreasonable considering

that compatiblising solvents are used to assist in the

polymerisation of PUs whose monomers have large

differences in solubility parameters [43]. Addition of 30B

resulted in an increase in Tg and a reduction in damping

capacity in both the solvent cast and melt compounded

materials. This is a consequence of the well-dispersed and

Table 3

Reported lattice spacings (Å) for MDI/BDO crystals

HPU series (MC)a 4.81 4.6 4.12 3.77 3.48

Koberstein and Galambos type I [39] 7.70 4.93 4.77 4.25 3.92 3.59 3.33

Koberstein and Galambos type II [39] 5.00 4.61 4.43 4.13 3.74 3.47

Briber and Thomas type I [41] 7.70 5.01 3.89 3.53 3.33

Briber and Thomas type II [40] 4.90 4.62 4.45 4.12 3.77 3.49

Briber and Thomas type III [40] 7.7 5.1 4.12 3.86 3.79 3.56 3.34

4.99 4.07

a SPU and solvent cast materials did not display distinct WAXD peaks.

Fig. 6. Dissipation factor ðtan dÞ of (a) SPU, and (b) HPU materials as a

function of temperature.

Table 4

Glass transition temperatures determined from DMTA

30B Content (wt%) TgðsoftÞ (8C) TgðhardÞ (8C)

MCa SCb MCa SCb

SPU 0 239 237 – –

3 238 234 – –

7 238 233 – –

HPU 0 234 224 66 66

3 233 2 66 66

7 231 3 72 66

a Melt compounded.
b Solvent cast.
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delaminated silicates restricting molecular motion. The

relatively strong polymer-filler interaction present in this

system, resulting from the potential for hydrogen bonding

between the polymer and silicate, is also expected to

contribute to the restricted molecular motion [18].

In both the SPU and HPU the increase in soft segment Tg

with increasing 30B content is more significant in the

materials prepared by solvent casting. The WAXD and

TEM results presented earlier suggest that this is not a result

of the silicates being dispersed and delaminated more

effectively in the solvent cast materials. Therefore it can be

postulated that 30B reduces the extent of microphase

separation in DMAc solution. Small-angle X-ray and

neutron scattering studies are planned to further elucidate

this phenomenon.

The high temperature side of the tan d peak is associated

with the relaxation of the interfacial region between the hard

and soft phases. The unusually low gradient of the high

temperature side of this peak observed for the HPU

materials suggests that there is a thick interfacial region. It

is likely that the one step bulk synthesis of the HPU, and the

processing-induced degradation, resulted in a polymer with

a broad hard segment molecular weight distribution that

hindered hard domain packing [4,33,45]. The solvent cast

materials display an even broader peak that is believed to be

a result of reduced microphase separation.

A hard segment glass transition can be seen in the HPU

materials at approximately 60–70 8C. However the weak

signal in this region prevents a comprehensive analysis of

this transition being made.

The storage modulus ðE0Þ curves of the SPU and HPU

materials are presented in parts (a) and (b) of Fig. 7,

respectively. The storage modulus of the HPU materials is

an order of magnitude higher than that of the SPU materials

at room temperature. This difference is a consequence of the

higher hard segment content and co-continuous microphase

texture reinforcing the soft phase. The well-dispersed and

delaminated 30B platelets restrict molecular motion result-

ing in an increase in storage modulus regardless of host

polymer or processing route.

3.5. Mechanical properties

A summary of the tensile properties of the host polymers

and nanocomposites are provided in Table 6. As observed

with the storage modulus results, the Young’s modulus of

the HPU materials is significantly higher than the SPU

Table 5

Solubility parameters

Compound Solubility parameter, d; (cal/mL)1/2

BDO 13.98 ^ 0.05a

(MDI-BDO)1 hard segment 12.2–12.7a

DMAc 10.8b

MDI 9.94 ^ 0.08a

PTMO (MW 1000) 9.55 ^ 0.09a

a From Gunatillake et al. [43].
b From polymer handbook [44].

Fig. 7. Storage modulus ðE0Þ of (a) SPU, and (b) HPU materials as a

function of temperature.

Table 6

Summary of tensile properties

30B Content

(wt%)

Solvent cast Melt compounded

Young’s modulus

(MPa)

Tensile strength

(MPa)

Fail strain

(%)

Young’s modulus

(MPa)

Tensile strength

(MPa)

Fail strain

(%)

SPU 0 7.5 ^ 0.2 45 ^ 4 1136 ^ 48 7.2 ^ 0.6 21 ^ 4 1445 ^ 97

3 13.8 ^ 1 31 ^ 4 1109 ^ 12 11.4 ^ 1 22 ^ 3 1163 ^ 125

7 24 ^ 0.2 21 ^ 4 1030 ^ 92 19.3 ^ 1 7 ^ 1 568 ^ 71

HPU 0 50 ^ 5 58 ^ 5 898 ^ 64 61 ^ 5 44 ^ 2 776 ^ 45

3 86 ^ 2 44 ^ 1 808 ^ 34 81 ^ 3 20 ^ 5 283 ^ 158

7 134 ^ 10 34 ^ 2 704 ^ 24 119 ^ 13 15 ^ 2 100 ^ 90
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materials. Once again this is result of the higher hard

segment content and co-continuous microphase structure.

The modulus of the host HPU polymer is higher when

prepared by melt compounding compared to solvent casting,

probably because of the higher hard segment crystallinity

[4]. The modulus of the host SPU polymer was similar for

the two processing methods despite having different degrees

of microphase separation. Incorporation of 30B into the host

polymers led to large increases in stiffness with increasing

inorganic content, in agreement with the storage modulus

results obtained from DMTA. The largest increase in

modulus (3.2-fold) was achieved at a 7 wt% loading of

30B in the SPU prepared by solvent casting. The stiffness of

the SPU was enhanced more than the HPU on silicate

addition because the SPU contains a higher fraction of

rubbery PTMO. Increases in modulus result from the

mismatch in the elastic constants of the polymer and filler

[46], and for this reason polymers in the rubbery state are

impacted more by nanofiller reinforcement than glassy

polymers [47]. Understanding the differences in E0 and

Young’s modulus between the solvent cast and melt

compounded nanocomposites is difficult, because in

addition to the degree of silicate delamination and polymer

molecular weight, the size, shape, and order of the hard

microdomains is important [1,2]. Future efforts will focus

on identifying the microdomain textures of these materials.

Tensile curves of the SPU and HPU series of materials

are presented in Fig. 8. The curves of the solvent cast

specimens have been offset for clarity. Considering the host

polymers initially, it is clear that the ultimate tensile

strength achieved by solvent casting is significantly higher.

The reduced strength of the melt compounded polymers can

be mostly attributed to degradation that occurred during

extrusion and compression moulding. The solvent cast

materials exhibit a larger upturn in the tensile curve that is

attributed to chain stretching and soft segment crystal-

lisation in thermoplastic polyurethane elastomers. In

addition to degradation, the cause of the reduced upturn in

the melt compounded materials may be a result to their

higher hard segment crystallinity, which is believed to

impose restrictions on soft segment crystallisation [4]. The

HPU displays a higher yield plateau when melt com-

pounded, providing further evidence for higher phase

separation and hard segment crystallinity being achieved

with this processing method.

The good dispersion and delamination of 30B in both

PUs led to a reduction in ultimate tensile properties with

increasing filler content. The reduction in ultimate tensile

properties of the melt compounded nanocomposites can be

primarily attributed to a reduction in PU molecular weight

brought about by degradation of the 30B surfactant. The

temperature required to melt process the PUs used in this

study was higher than the onset of the 30B surfactant

degradation temperature (,200 8C). Recently, the 30B

surfactant degradation products have been identified in our

laboratories, and this work will be reported elsewhere. Some

of the degradation products, such as alkenes [48], are known

to react readily with isocyanates that are present in melt

processing due to the normal urethane dissociation and

recombination reactions that occur above 170 8C [33,36].

Such reactions are believed to have decreased the molecular

weight leading to reduced strength and elongation, particu-

larly in the HPU materials because it was necessary to

process them at 220 8C. The one exception was the SPU

nanocomposite containing 3 wt% 30B, which maintained its

tensile strength.

The reason for reduced tensile properties in the solvent

cast nanocomposites is not clear at this point in time.

Possible reasons for reduced tensile properties include

altered microphase morphology, excessive polymer-filler

Fig. 8. Tensile curves of (a) SPU, and (b) HPU materials.
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interaction [48], and an inhibition of the usual morphologi-

cal changes that accompany deformation in segmented

polyurethanes (i.e. hard domain rotation, interchain slip-

page, fibrillation, and soft segment crystallisation) [1,8].

Future studies hope to elucidate the reason for the reduction

in ultimate tensile properties. It is also worth mentioning

that the layered silicates used in this study (,200 nm) are

very large relative to the microphase texture of the PUs

(,20 nm).

Hysteresis was calculated on the 5th cycle to observe the

behaviour of the nanocomposites under cyclic conditions.

The hysteresis and permanent set results are presented in

Table 7. Interconnecting hard domains undergo plastic

deformation at lower strains, resulting in the observed

higher hysteresis and permanent set values for the HPU

materials. The addition of 30B resulted in an increase in

hysteresis and permanent set. Energy is required to orientate

the silicate platelets and the platelets are unable to return to

their original positions. This in turn hinders the ability of the

elastomers to relax. The increase in hysteresis and

permanent set with filler content was more significant for

the SPU, which had relatively low initial values because of

its discrete microdomain structure.

4. Conclusions

Cloisite 30B dispersed and delaminated effectively in

both of the segmented polyurethanes employed in this

study, regardless of processing route. This result illustrates

that if there is a good driving force for intercalation between

the polymer and organosilicate, the need for an optimised

processing route is diminished. Addition of 30B led to an

increase in soft segment Tg in both PUs, and evidence for

altered microphase morphologies was provided. Nanocom-

posites based on the HPU displayed a high temperature

melting endotherm when prepared by melt compounding.

WAXD results suggested that this was not due to the

formation of a second crystal polymorph, which is observed

when layered silicates are added to other polymers such as

nylon 6 [20]. While melt compounding offered slightly

better silicate dispersion than solvent casting, solvent

casting must be the preferred processing route for these

materials due to the elimination of polyurethane and

surfactant degradation. Large improvements in stiffness

were observed on silicate addition, particularly for the SPU,

which contained a higher fraction of soft segment. At a

7 wt% loading of 30B, a 3.2-fold increase in Young’s

modulus was achieved via solvent casting. The improve-

ment in stiffness can be attributed to the good dispersion and

delamination achieved, in addition to the strong interaction

between these PUs and 30B. The addition of 30B resulted in

a decrease in tensile strength and elongation. At this stage it

is unclear why 30B had a detrimental effect on the ultimate

tensile properties and future work will aim to address this

issue. The addition of layered silicates with high aspect

ratios was observed to increase the hysteresis and permanent

set of these PU elastomers.
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