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Abstract

In this paper the influence of melt-processing on the final polymer/layered silicate nanocomposite morphology is discussed. In particular

the role of shear forces on the transformation of the original large clay agglomerates is of interest. Several polymer nanocomposites were

prepared by melt-extrusion, involving polycaprolactone, poly(ethylene oxide), polyamide-12 or polyamide-6 as the matrix polymer. The

nanocomposite morphology was characterised by X-ray diffraction and transmission electron microscopy and the clay tactoid morphology

with polarised optical microscopy and scanning electron microscopy. The development of the tactoid and nanocomposite morphology during

melt-mixing under shear was studied time-resolved by optical microscopy in conjunction with a rheometer and synchrotron X-ray scattering

together with a Couette type flow cell. The shear forces in the melt-preparation of polymer layered mineral nanocomposites facilitate the

break-up of large-sized agglomerates, whereas the extent of further exfoliation of the mineral layers is determined by the compatibility

between the polymer matrix and the mineral layers rather than by shear forces.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocomposites based on polymers and layered silicates

have attracted much interest in the last decade. Numerous

polymer/clay nanocomposites have been described, based

on a variety of polymer matrices like for instance

polycaprolactone [1–3], poly(ethylene oxide) [4,5], poly-

amide-12 [6,7], polyamide-11 [8], polyamide-6 [9–11],

polystyrene [12], polyester [13], polyurethane [14], epoxy

[15], polyvinylpyridine [16], poly(vinylidene fluoride) [17]

and poly(vinylidene fluoride)/poly(methylmethacrylate)

blends [17]. Polymer-layered silicate nanocomposites

(PLSN) show a considerable enhancement of the strength,

elastic modulus, gas barrier resistance and heat distortion

temperature compared to their pure polymer counterparts
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[10,18,19]. These enhancements are reached with silicate

loadings as low as 1–4 vol%. The PLSN form a new

fundamental scientific subject on account of the nano-scale

constraints of the filler to the polymer matrix and the ultra-

large specific interfacial area between the silicate and the

polymer matrix.

In the early work of Toyota Research, nanocomposites

were prepared by in situ polymerisation [20]. However,

nanocomposites can also be generated by melt-processing

[9,21–23], which for several reasons is commercially most

interestingly. Accordingly, a fundamental understanding of

the nanocomposite morphology formation during melt-

processing is important. The main difference between melt-

processing and other preparation methods is that strong

shear forces act on the systems. In the present paper the

influence of shear forces on the development of the

nanocomposite morphology is discussed.

For a good understanding of the nanocomposite

morphology it is necessary to describe the possible silicate

layer organisation modes. The original clay consists of large

clay agglomerates, subdivided into smaller primary clay

particles that in turn are composed of a compact (face-to-
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face) stacking or low-angle intergrowth of tactoids (crystal-

lites). These tactoids consist of unseparated clay layer

stacks. When clay is used in the preparation of nanocompo-

sites, the silicate layers can either be present in an

intercalated or an exfoliated morphology. In the former

case the polymer chains are inserted in between the silicate

layers, increasing the silicate long period of the stacks of the

original clay structure but not destroying them. In an

exfoliated morphology the silicate layers are uniformly

dispersed in the polymer matrix and the stacks of the

original clay structure are lost. Furthermore, the mor-

phology of a PLSN can be a mixture of these two extreme

types. In this case, individual silicate layers are present

alongside intercalated clay layer stacks. In Fig. 1 a

schematic overview is given of the different silicate layer

arrangements [21,24]. The goal of this work is to understand

the transformation of the original large clay agglomerates

into the final morphology of the nanocomposite. A number

of important aspects, however, have been communicated

earlier by others and are summarised below.

Vaia and Giannelis state that an interplay of entropic and

energetic factors determines the outcome of polymer

intercalation [21,24,25]. The entropy loss associated with

confinement of a polymer melt does not hamper nanocom-

posite formation as it is compensated by the entropy gain

associated with layer separation, resulting in a net entropy

change near to zero. Complete nanolayer separation needs

very favourable polymer–clay interactions to overcome the

penalty of polymer confinement. Furthermore, these authors

concluded that polymer intercalation proceeds from the

primary clay particle edges towards the particle center.

Because mass transport into the primary particle was found

to be the limiting step to nanocomposite formation, the
Fig. 1. Schematic overview of the different silicate layer morphologies.
degree of constituent mixing is critical for rapid nanocom-

posite formation. Shear processing, such as with an

ultrasonicator, parallel plate rheometer or conventional

compounding equipment, will decrease the nanocomposite

formation time by breaking up primary particles and

establishing sample uniformity. The formation of inter-

calated polystyrene nanocomposites was found to take place

in minutes, which made the residence time in extruders

more than sufficient.

Paul et al. demonstrated that the degree of delamination

and dispersion of layered silicate nanocomposites formed

from polyamide-6 by melt compounding is affected by the

clay chemical treatment as well as the type of extruder and

its screw design. Increasing the residence time and selecting

an appropriate shear history in the extruder generally

improves the delamination and dispersion [9,23,26].

However, the chemical compatibility between the polymer

matrix and the chemistry of the clay treatment plays the

dominating role for the final morphology of nanocompo-

sites. The shear intensity in the extruder can only decrease

the tactoid particles or the size of intercalated clay stacks

when the chemical compatibility is not strong enough. On

the other hand, when the clay chemical treatment and the

resin are compatible, almost any set of processing

conditions can be used to form exfoliated nanocomposites.

When the chemical treated clay and polymer are only

marginally compatible, the optimisation of the process

conditions determines the final morphology of the nano-

composite. However, shear forces are required to start the

dispersion process by shearing particles apart into tactoids

or intercalants. A residence time of a few minutes in a low or

mildly shearing environment is required to allow polymer to

enter the clay galleries and peel the platelets apart [23].

Relying on the conclusions formulated in the reports

quoted above, one could formulate the influence of shear

flow on the preparation of polymer layered silicate

nanocomposites as follows. The formation of a polymer/

clay nanocomposite is mostly dependent on the favourable

chemical compatibility of its constituents. At sufficient

compatibility the polymer can intercalate the clay layer

stacks and eventually exfoliate the individual silicate layers.

The role of the shear forces is merely to facilitate the

intercalation process by breaking-up the original clay

agglomerates and large primary clay particles into smaller

sized primary clay particles.

However, in this hypothesis a number of observations is

still not accounted for. When PA-6/MMT nanocomposites

are prepared with a single-screw extruder a lower degree of

exfoliation is found compared to when devices are used that

exert stronger shear forces [23]. This indicates that the shear

forces could also enhance the intercalation/exfoliation of the

clay layer stacks subsequent to the initial particle brake-up.

Furthermore, the conclusions reached in the work by Vaia

and Giannelis on the formation of the polystyrene/clay

nanocomposites have validity limited to intercalated

systems; the step of full exfoliation to individual silicate
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layers was not made. Therefore, the conclusions on the

influence of shear forces and required residence times

reached so far only apply to the first step of intercalation and

not to the subsequent process of exfoliation.

To acquire a more general picture on this topic, the

break-up of clay agglomerates to a final nanocomposite

morphology is further discussed in this paper. The polymers

polycaprolactone, poly(ethylene oxide), polyamide-12 and

polyamide-6 are selected as matrix polymers since they give

rise to polymer/clay nanocomposites of the different degrees

of intercalation/exfoliation [1–7,9–11]. Besides the usual

techniques for the study of nanocomposite morphologies,

such as X-ray diffraction (XRD) and transmission electron

microscopy (TEM), also polarised optical microscopy

(POM) and scanning electron microscopy (SEM) were

used in particular to characterise the clay tactoid mor-

phology. Furthermore, to follow processes as a function of

time during mixing under shear, optical microscopy in

conjunction with a rheometer and synchrotron X-ray

scattering together with a Couette type shear cell, especially

designed for this kind of work, were adopted.
2. Experimental

2.1. Materials

3-Polycaprolactone (PCl) (Capa 6500) with MwZ50,

000 g/mol was purchased from Solvay Interox Ltd, UK,

poly(ethylene oxide) (PEO) with Mvz300,000 g/mol from

Aldrich Chemical Company, Inc., USA and Polyamide-12

(PA-12) from Aldrich Chemical Company, Inc., USA.

Polyamide-6 (PA-6) (Akulon K123, MwZ24,000 g/mol)

was kindly supplied by DSM Engineering Plastics, Sittard,

The Netherlands. Montmorillonite types Cloisite 15A

(dimethyl bis (hydrogenated-tallow ammonium montmor-

illonite) and Cloisite 30B (bis(2-hydroxy-ethyl) methyl

tallow ammonium montmorillonite) were purchased from

Southern Clay Products, Gonzales, USA. These MMT types

will be referred to as CL15A and CL30B throughout the

text.

2.2. Melt processing

Pure polymers and polymer nanocomposites were

prepared by melt-mixing in a co-rotating twin-screw mini-

extruder for 15 min under nitrogen atmosphere. The melt-

temperatures that have been used are 80 8C for the

PCL/CL15A nanocomposites, 90 8C for the PEO/CL15A

nanocomposites, 220 8C for the PA-12/CL30B nanocompo-

sites, and 250 8C for the PA-6/CL30B nanocomposites. The

screw speeds were 65 tours/min for the PCL and PEO

nanocomposites and 50 tours/min for the PA-12 and PA-6

nanocomposites.

PCL and PEO nanocomposites have been prepared with

Cloisite 15A with loadings of 1,2,4 and 10 wt% CL15A,
respectively. PA-12 and PA-6 nanocomposites have been

made using Cloisite 30B with loadings of 1,2,4 and 10 wt%

CL30B, respectively.
2.3. X-ray diffraction (XRD)

X-ray diffraction measurements on PCl and PEO

nanocomposites have been performed on the Dutch–Belgian

Beamline (DUBBLE) at the European synchrotron radiation

facility (ESRF) in Grenoble, France. The wavelength of the

incident X-rays was 0.73 Å and a 2D wire chamber detector

was used to collect the scattering patterns for 5 min at 1.5 m

from the sample. The intensities were normalized to the

intensity of the primary X-ray beam, corrected for the

detector response and azimuthally averaged to 1D profiles

using the Igor Pro technical computing program (Wave-

metrics, USA). The scattering angles were calibrated using

silver behenate and later on converted to the angles expected

for Cu Ka-radiation for comparison with the other data sets.

Scattering patterns for PA-12 and PA-6 nanocomposites

were obtained in transmission mode at room temperature

with a horizontal Geigerflex diffractometer on a Rigaku

Rotaflex RU-200B rotating Cu-anode (incident X-ray

wavelength is 1.542 Å) at a power of 4 kW.
2.4. Transmission electron microscopy (TEM)

TEM micrographs were made on a Philips CM10,

operating at 80 kV. Ultrathin sections were prepared on a

Leica Ultracut ULT microtome, equipped with a Leica EM

FCS cryo-unit. The samples were first trimmed with iron

knifes to trapezoidal shaped faces. Next, ultrathin sections

(80 nm) were microtomed from these faces with a diamond

knife (Drukker, International) at a sample temperature of

K90 8C and a knife temperature of K75 8C. The

microtomed sections were collected in a water/dimethyl-

sulfoxide (50/50) filled boat, attached to the diamond knife.

The sections were collected out of the boat on copper TEM

grids (square, 300 mesh) and dried completely on filter

paper.
2.5. Polarised optical microscopy (POM)

The optical microscope used was an Olympus BH-2,

equipped with a digital CCD camera (JVC TK-C1381). The

samples were inserted as thin films of approximately 50 mm,

melt pressed between two glass cover slips. The temperature

of the samples was controlled by a Mettler FP-82HT hot

stage. Data collection was triggered from the Leica Qwin

Image Analysis software package.

Micrographs were taken in the melt. The melt-

temperatures that have been used are 100 8C for the

PCL/CL15A nanocomposites, 110 8C for the PEO/CL15A

nanocomposites, 220 8C for the PA-12/CL30B nanocompo-

sites and 250 8C for the PA-6/CL30B nanocomposites.
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2.6. Scanning electron microscopy (SEM)

SEM micrographs were taken on a Philips XL-20

scanning electron microscope at an accelerating voltage of

20 kV. The samples were fractured in liquid nitrogen and

the fracture surfaces etched with a suitable solvent to

partially remove the polymer matrix surface. The specimens

were dried for 3 days in a vacuum oven to remove remaining

solvent. Finally, the fractured surfaces were sputter coated

with gold in vacuum.

The etching solutions and residence times were as

follows: The PClC4% CL15A nanocomposite for 0.5–

1 min in Chloroform, the PEOC4% CL15A nanocomposite

for 10–30 min in a 10% ethanol solution of sodium

ethoxide, the PA-12C4% CL30B nanocomposite for 1–

4 h in formic acid and the PA-6C4% CL30B nanocompo-

site for 3–6 min in formic acid.
2.7. Optical rheometry

A ThermoHaake rheometer (Rheoscope), equipped with

a microscope and digital camera, has been used to study the

clay aggregate morphology under simple shear flow.

Measurements were performed in rotational mode. The

cone/plate configuration was used with an cone angle of 18,

a plate diameter of 70 mm and a measurement gap of 25 mm.

The temperature was controlled with a K20 Lauda thermo-

circulator set to 95 8C. The resolution of the microscope was

1 mm.

Such measurements were performed during the mixing

of PCL with approximately 4% CL15A. Component mixing

without applying any shear was compared to a situation with

continuous shearing at 5 sK1. Optical micrographs were

collected at regular intervals while recording the develop-

ment of the shear stress with time.
2.8. In situ XRD under shear in a Couette system

A Couette cell developed for XRD work was constructed

out of a polyimide (Vespel, Du Pont, France) and basically

consists of a central stator and an outer rotor. The design

resembles that of the polycarbonate cell reported earlier by

others [27] but was adapted for temperature control with air-

flow powered heating units for both the rotor and the stator.
Fig. 2. Schematic of the assembled Couette cell.
A schematic of the Couette cell is shown in Fig. 2.

Polyimide was chosen to replace polycarbonate because of

its higher dimensional stability at elevated temperatures and

its transparency to X-ray radiation.

The time-resolved XRD experiments were conducted at

the Dutch–Belgian Beamline (DUBBLE) as described

above but data were collected in consecutive 6 s intervals

for 15–30 min.

With this set-up the mixing of PCL/CL30B and PA-

12/CL30B nanocomposites was studied. Note that in the

case of PCL also CL30B was chosen instead of CL15A as

this clay type produces a clearer scattering peak. For the

experiments the MMT powder was manually pre-mixed

with the polymer granulate in a beaker. This powder was

placed in the stator of the Couette cell, which was heated to

the polymer melting temperature. After melting of the

polymer, the outer rotor was placed on the stator and the

Couette cell was further assembled to working order. After

this the shutter to the X-ray beam could be opened.

Unfortunately, in this way the very beginning of the mixing

process, i.e. approximately 3 min, could not be captured.

The mixing of PCl with 10% CL15A at 100 8C and of PA-12

with 5% CL30B at 220 8C was studied without shear and

while shearing at 50 sK1.
3. Results and discussion

3.1. Nanocomposite morphology

The Figs. 3–6 display the XRD curves of the PCL/

CL15A, PEO/CL15A, PA-12/CL30B and PA-6/CL30B

nanocomposites, respectively. The intensities of the patterns

associated with the nanocomposites increase with increas-

ing MMT content are, therefore, easily distinguishable and

can accordingly be indicated with the general term

‘nanocomposites’. The XRD-curve of pure CL15A

(included in Figs. 3 and 4) shows a strong peak at 2qZ
2.88, corresponding to the long period of the CL15A silicate

layer stacks. This corresponds to a long period of 32 Å. The
Fig. 3. XRD-patterns of PCl, CL15A and the PCl/CL15A nanocomposites.



Fig. 4. XRD-patterns of PEO, CL15A and the PEO/CL15A

nanocomposites.

Fig. 6. XRD-patterns of PA-6, CL30B and the PA-6/CL30B

nanocomposites.
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long period is, in this case, defined as the layer-to-layer

distance measured from the center of gravity of each layer.

All PCL/CL15A nanocomposites exhibit a peak at 2qZ2.38,

independent of the MMT contents, which corresponds to a

long period of 38 Å. This increase in long period compared

to the original CL15A MMT clay points to the intercalation

of one or two polymer chains between the silicate layers.

The presence of an XRD peak indicates that the MMT

morphology cannot be fully exfoliated. However, with such

a peak it cannot be excluded that the morphology contains

both intercalated stacks and exfoliated individual silicate

layers. The same holds for the PEO/CL15A nanocompo-

sites. In this case the MMT peaks are at 2qZ2.28,

corresponding to a long period of 40 Å.

The XRD-curve of pure CL30B (included in Figs. 5 and

6) shows a strong peak at 2qZ4.88. This corresponds to a

long period of 18 Å. The PA-12/CL30B nanocomposites

irrespective of the MMT contents, exhibit peaks at 2qZ2.58,

corresponding a long period of 35 Å. Clearly, the peak shift

is more pronounced compared to that in the PCL/CL15A

and PEO/CL15A nanocomposites. So, it can be expected

that the morphology of the PA-12/CL30B nanocomposites

contains a substantial amount of exfoliated material but of

course some intercalated stacks must be present as well. In
Fig. 5. XRD-patterns of PA-12, CL30B and the PA-12/CL30B

nanocomposites.
contrast, MMT peaks are fully absent in all PA-6/CL30B

nanocomposites pointing at a fully exfoliated dispersion of

the MMT silicate layers.

TEM micrographs of PCLC4% CL15A, PA-12C4%

CL30B and PA-6C4% CL30B are given in Figs. 7–9,

respectively, and are representative for samples with other

MMT concentration. Unfortunately, for PEOC4% CL15A

no TEM micrographs are available. The micrographs

confirm the XRD results. In the PCLC4% CL15A

nanocomposite, the majority of the silicate layers are

present as intercalated clay layer stacks. The amount of

individual silicate layers is extremely low (Fig. 7). The PA-

12C4% Cl30B nanocomposite contains mostly individual

silicate layers and only shows a few slightly thicker black

lines that indicate silicate layer stacks (Fig. 8). The PA-6/

CL30B nanocomposite clearly shows an almost fully

exfoliated nanocomposite morphology (Fig. 9).
3.2. Tactoid morphology

Figs. 10–13 show the optical micrographs of mixtures of

polymer and MMT clay in the melt. The matrix polymers in

Figs. 10–13 are PCL, PEO, PA-12 and PA-6, respectively.
Fig. 7. Transmission electron micrograph of the PCLC4 wt% CL15A

nanocomposite.



Fig. 8. Transmission electron micrograph of the PA-12C4 wt% CL30B

nanocomposite.
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In all figures three micrographs (a), (b) and (c) are depicted.

The first micrograph (a) represents the extruded polymer

nanocomposite of 4 wt% MMT after melt-extrusion as

described in Section 2.2. The second micrograph (b)

represents a molten mixture of polymer with 4 wt% MMT

without processing. Here, the polymer and clay were

manually pre-mixed in a beaker and then kept in the melt

for the same time as was allowed for extrusion. The last

micrograph (c) is similar to (b) but with an MMT

concentration of 1 wt%.

For the PCLC4% CL15A and PEOC4% CL15A

nanocomposites, the micrograph of the extruded nanocom-

posite (a) contains small white spherical objects about 1–

2 mm in size. Apparently some micron-sized tactoids remain

in the processed nanocomposites. This is in agreement with

Section 3.1, where it was found that the clay in the PCL/

CL15A and PEO/CL15A nanocomposites was not fully

exfoliated. However, the micrographs of the unprocessed

blends of polymer with the same MMT concentration (b)
Fig. 9. Transmission electron micrograph of the PA-6C4 wt% CL30B

nanocomposite.
show a much larger amount of tactoids/agglomerates of

clay. So, some part of the originally added MMT must have

lost its tactoid morphology and be dispersed to a sub-micro-

sized level during melt processing. Also, it can be observed

that in the unprocessed blends of polymer with MMT much

larger tactoids, up to 10–20 mm in size, are present. The

break-up of tactoids by the extrusion process is thus clearly

demonstrated. Note that the black spots which sometimes

appear in the micrographs of unprocessed blends of 4 wt%

MMT concentration are local, high concentrations of MMT

that fully block the microscope light beam. For comparison

of the extruded and the unprocessed polymer blends without

these black spots, optical micrographs of an unprocessed

blend of lower (1 wt%) MMT concentration (c) is also

depicted. Already at low concentrations of added MMT, a

considerable amount of tactoids can be observed in the

polymer melt. The amount of tactoids that can be observed

in the extruded blends is less than was added originally to

the blend.

For the PA-12/CL30B and PA-6/CL30B nanocompo-

sites, the micrographs of the extruded nanocomposite (a)

contain no or almost no clay tactoids. This is again in

agreement with the observations in Section 3.1. The PA-6/

CL30B nanocomposites are thought to be fully exfoliated,

while the PA-12/Cl30B nanocomposites are partially

exfoliated but with a much higher level of exfoliation than

the PCL/CL15A and PEO/CL15A nanocomposites. Micro-

graphs of the unprocessed polymer blends of 4 and 1 wt%

MMT, respectively, are again depicted for comparison in (b)

and (c). Interestingly a high amount of micron-sized clay

tactoids is present in the micrographs (b) that are absent or

reduced to a smaller size after extrusion (a).

The tactoid morphology of the extruded nanocomposites

has been further investigated using SEM because much

smaller tactoids—when they are present—can be observed

due to the higher resolution of this technique. However, it

must be noted that individual silicate layers and/or small

stacks of only a few silicate layers are not visible in the SEM

micrographs. So, on the micrographs of samples containing

only individual silicate layers, only the polymer matrix is

observed. The samples used in this technique are broken

polymer strands of mm-sized dimensions. The surface for

examination is quite large and the composition on a micron-

scale rather heterogeneous. Therefore, the micrographs that

are depicted are not necessarily representative for the whole

surface. Actually, places with clay tactoids are displayed

selectively.

The sample surface of the PClC4 wt% CL15A nano-

composites contained only a minor amount of clay tactoids,

concentrated in small areas. In the major part of the surface,

only the polymer matrix could be observed. This surface has

been depicted in the micrograph of Fig. 14(a). Fig. 14(b)

depicts a part of the surface with clay tactoids. From the

XRD and TEM measurements it was known that the PCLC
4 wt% CL15A nanocomposite was not fully exfoliated.

However, the low amount of clay tactoids observed with



Fig. 10. Optical micrographs of the extruded PCLC4 wt% CL15A nanocomposite (a), and the unprocessed blend of virgin PCL and 4 wt% CL15A clay (b) and

the unprocessed blend of virgin PCL and 1 wt% CL15A clay.
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SEM indicates that almost all clay has been dispersed to the

sub-micron level. Since only a single XRD peak is observed

it has to be concluded that the large and the sub-micron clay

layer aggregates exhibit the same internal structure or

degree of intercalation.

The sample surface of the PEOC4 wt% CL15A

nanocomposite is completely different. The whole surface

is covered with 5–10 mm sized clay tactoids. This can be

clearly observed in the low-resolution micrograph of

Fig. 15(a). The size and shape of the clay tactoids can be

examined in more detail in the high-resolution micrograph

of Fig. 15(b). As for the PCLC4 wt% CL15A nanocompo-

site, it was deduced for the PEOC4 wt% CL15A

nanocomposite from the XRD measurement that the

nanocomposite was not fully exfoliated. However, both

composites have a total different clay tactoid morphology.

Although the PEO/CL15A sample is packed with large clay

agglomerates comparison of the optical micrographs of

processed and unprocessed PEO/CL15A blends demon-

strates that also some part of the original clay has been

dispersed to a submicron level during extrusion. Also here,

in the XRD pattern only one shifted clay peak, associated

with intercalated clay stacks, can be observed. The original

CL15A clay peak of smaller long period is lost. So,

apparently clay stacks can be intercalated with polymer

chains without fully dissolving the clay tactoids.

The sample surface of the PA-12C4 wt% CL30B

nanocomposites contained almost no clay tactoids. This

surface is depicted in the micrograph of Fig. 16(a). After

intensive investigation of the sample surface, some clay

tactoids could, however, still be found. These are depicted in

the micrograph of Fig. 16(b). The observations with SEM

support those of the XRD and TEM measurements. The PA-

12C4 wt% CL30B nanocomposite was found to be
Fig. 11. Optical micrographs of the extruded PEOC4 wt% CL15A nanocomposit

and the unprocessed blend of virgin PEO and 1 wt% CL15A clay.
partially exfoliated with a high degree of exfoliation. The

very low amount of clay tactoids, as observed with SEM, is

again a strong indication that the clay layers of the original

clay are exfoliated to individual layers and/or small layers

stacks.

The sample surface of the PA-6C4 wt% CL30B

nanocomposites contained no clay tactoids whatsoever.

This surface is depicted in the micrograph of Fig. 17.

Clearly, only the polymer matrix can be observed. As was

known from the XRD and TEM measurements, the PA-6C
4 wt% CL30B nanocomposite was fully exfoliated. The

absence of clay tactoids in the SEM micrographs is a further

proof for the fully exfoliated morphology of the PA-6C
4 wt% CL30B nanocomposite.

An interesting conclusion from the presented investi-

gation on tactoid morphology is that the degree of

exfoliation is correlated with a lower amount of observable

clay tactoids. This is not unlogical since the exfoliation of

clay to individual silicate layers automatically implies the

disappearance of clay tactoids. However, in partially

exfoliated or intercalated polymer nanocomposites, non-

exfoliated clay is not necessarily present as clay tactoids.

Another possibility could have been that the non-exfoliated

clay consists exclusively of small clay layer stacks

containing only a few silicate layers, which is not the

case. Since shear was applied to all samples and since

nevertheless different degrees of tactoid degradation can be

obtained one has to conclude that the full break-up of the

tactoids is not only due to the shear forces from the

extrusion process. The intercalating/exfoliating ‘power’ of

the polymer/clay system is also a major factor for the full

break-up of clay tactoids. Only in the case of high

compatibility between polymer and clay, clay tactoids are

fully broken up. This is a strong indication that the role of
e (a), and the unprocessed blend of virgin PEO and 4 wt% CL15A clay (b)



Fig. 12. Optical micrographs of the extruded PA-12C4wt% CL30B nanocomposite (a), and the unprocessed blend of virgin PA-12 and 4 wt% CL30B clay (b)

and the unprocessed blend of virgin PA-12 and 1 wt% CL30B clay.
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the shear forces for the exfoliation of silicate layers lies only

in the first break-up of the clay tactoids. Further break-up of

the tactoids is apparently brought about for the major part by

exfoliation of silicate layers caused by compatibility of the

constituents and not through the shear forces. This is further

confirmed by the fact that the clay tactoids in the different

polymer nanocomposites studied, when present, have all

about the same size (around 5 mm). This seems to be the

limit for the break-up of clay tactoids under the influence of

shear forces.
3.3. Influence of shear on tactoid break-up and nanocom-

posite morphology

The effect of the shear forces in the extrusion process on

the break-up of the clay tactoids and the final nanocompo-

site morphology has been investigated with optical

rheometry and in situ SAXS measurements in a shear cell.

First the polymer sample was melted on the plate of the

rheoscope and later flattened by the cone. Afterwards the

MMT clay was added to the melt on a specific spot to

maximise the size of the original mm sized clay tactoids and

hence to facilitate visualisation of their break-up. Optical

images are taken at regular intervals from the melt between

the glassy cone and plate of the rheometer. In Fig. 18, the

rheoscope micrographs of the mixing of PCL with 4 wt%

CL15A without applying shear are shown at regular 1.5 min

intervals. The break-up of the very large clay tactoid into

smaller pieces can easily be followed. Moreover, besides

braking up the clay tactoid also ‘dissolves’ very slowly in

the polymer matrix. This process starts from the borders of

the clay tactoid and propagates inwards. For the ‘dissolving’

of the clay structure into the polymer matrix by

intercalation/exfoliation, it needs to be accessible to the
Fig. 13. Optical micrographs of the extruded PA-6C4 wt% CL30B nanocomposit

and the unprocessed blend of virgin PA-6 and 1 wt% CL30B clay.
intercalating polymer chains. As can be seen, the break-up

of the clay tactoid is a rather slow process.

The rheoscope micrographs of the mixing of PCL with

4 wt% CL15A while shearing at 5 sK1 are depicted in

Fig. 19. The clay tactoid is instantly broken up into smaller

ones (lighter areas in the image taken after 1.5 min). The

smaller clay tactoids are displaced with the moving polymer

melt. After a few minutes, all clay tactoids seem to have

disappeared. In principle, when clay tactoids are not visible

anymore in the rheoscope micrographs, they can still be

present at different places in the polymer melt between the

cone and plate. However, the clay tactoids, if present, would

reappear in the focal spot because of the continuous shear

flow. As this is not the case, it can be concluded that the clay

tactoids are indeed broken down to scales that are no longer

accessible with an optical microscope at this time. Besides

intercalating/exfoliating through polymer chains, the break-

up of the clay tactoid is clearly also assisted by the applied

shear forces.

These measurements give interesting information on the

break-up of clay tactoids under the influence of shear forces.

It must be noted, however, that the (simple) shear forces

applied with the rheoscope are not comparable to the higher

(complex) shear forces occurring in the extrusion process.

Also, the shear rate of the experiment is taken rather low

because the sharpness of the micrographs is better with

lower shear rates. The brake up time accomplished by

extrusion may thus even be shorter!

The influence of shear forces on the development of the

nanocomposite morphology during the mixing process has

also been investigated with in situ XRD under shear in a

Couette cell. The scattering patterns provide information on

the nanomorphology, like long period and degree of

exfoliation. However, the SAXS patterns do not provide
e (a), and the unprocessed blend of virgin PA-6 and 4 wt% CL30B clay (b)



Fig. 14. Scanning electron micrographs of the PCLC4wt% CL15A nanocomposite. The first micrograph is focussed on a location on the specimen without

tactoids (a) and the second on a location with tactoids (b).
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direct information about the clay tactoid morphology. The

scattering patterns of the silicate layer stacks that still are

arranged in the overlaying superstructure (the tactoids) are

identical to the ones of stacks that are dispersed on sub-

micron level. However, in a combination of the XRD

Couette shear cell measurement with the optical rheoscope

measurements all relevant length scales are covered.

The mixing of PCL with 10 wt% CL30B without shear

and while shearing at 50 sK1 are depicted in Figs. 20 and 21,

respectively. Note that also CL30B has been selected

instead of CL15A to enhance the XRD clay peak shift. In

Figs. 20(a) and 21(a), the scattered intensity is shown as a

function of scattering angle and time; higher intensities are

shown in black. For clarity, the same measurements are

depicted in Figs. 20(b) and 21(b) as a function of scattering

angle for a few selected times. For both types of mixing the

peak associated with clay appears approximately at 2.38

(38 Å). In Section 3.1 it was demonstrated that the Cl30B

scattering peak lies at 4.88 (18 Å). Apparently, the

intercalation/exfoliation process was already finished prior

to the first actual XRD measurement. This must have

happened during the three minutes that were needed to bring

the sample into the Couette shear cell.

In fact, the XRD patterns shown in Fig. 20 give a

confusing picture of the mixing process of PCL and CL30B

without shear. At some times the scattering peak associated

with clay can be seen while in other instances it cannot. The
Fig. 15. Scanning electron micrographs of the PEOC4 wt% CL15A nanocomposi

with a higher magnification (b).
scattering pattern taken at 15 min indicates an intercalated/

partially exfoliated state while, e.g. at 9 min the absence of

the scattering peak could be wrongly interpreted as an

indication of full exfoliation. The problem with the

measurement without shear was that the clay is not

homogeneously distributed over the Couette cell. The clay

tactoids float around in the polymer matrix by Brownian

motion and can only be observed when they pass the narrow

X-ray beam. The gab size of the Couette cell is 0.5 mm,

which is much larger then the original clay tactoids. As a

result and in contrast to the rheoscope set-up (50 mm gab)

clay tactoids cannot get stuck between the walls of the cell.

Remember that in the rheoscope case a large tactoid could

be fixed at rest. In the mixing process of PCL and CL30B

with shear (Fig. 21) the scattered intensities remain the same

throughout the experiment. This situation can be imagined

as being due to a fast homogenisation of the system by

braking up the larger particles into smaller ones. Examin-

ation of the polymer melt, after opening of the Couette shear

cell directly after the measurement, confirmed this

hypothesis. After the mixing process with shear, no large

clay tactoids are observed and the melt is homogeneous, at

least on a macroscopic scale. However, in the mixing

process without shear small large clay agglomerates can be

observed in the polymer melt. The shape of these clay

particles is like the clay tactoids observed during the

measurements in the optical rheoscope without shear
te. The first micrograph is taken with a low magnification (a) and the second



Fig. 16. Scanning electron micrographs of the PA-12C4 wt% CL30B nanocomposite. The first micrograph is focussed on a location on the specimen without

tactoids (a) and the second on a location with tactoids (b).
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(picture 18). The clay is slowly ‘dissolving’ in the polymer

matrix.

The scattering patterns associated with the mixing of PA-

12 with 5 wt% CL30B without shear and while shearing at

50 sK1 are depicted in Figs. 22 and 23, respectively. In Figs.

22(a) and 23(a), the scattered intensity is shown as a

function of scattering angle and time; higher intensities are

shown in black. For clarity, the same measurements are

depicted in Figs. 22(b) and 23(b) as a function of scattering

angle for a few selected times. For both types of mixing, the

peak associated with clay appears approximately at 2.58

(35 Å). From Section 3.1 it is known that the CL30B

scattering peak lies at 4.88 (18 Å). Again, the intercalation/

exfoliation process already finished in the time before the

first XRD pattern was collected, during sample insertion.

The patterns taken during the mixing process of PA-12 and

CL30B clay without shear shown in Fig. 22 are again

influenced by the inhomogeneity of the sample in the

Couette shear cell. This problem makes an unambiguous

interpretation of the measurement in Fig. 22 impossible.

However, investigation of the polymer melt after opening of

the Couette shear cell directly after the measurement

showed again the remains of small mm-sized clay

agglomerates. The clay agglomerates have a zigzag

edged shape, like the clay is slowly ‘dissolving’ in the

polymer matrix. The mixing process of PA-12 with CL30B
Fig. 17. Scanning electron micrographs of the PA-6C4 wt% CL30B

nanocomposite.
clay on the scale of clay tactoids seems to take place rather

slowly (more than 30 min at least, the time of the

measurement).

In the mixing process of PA-12 and CL30B clay with

shear (Fig. 23), the SAXS patterns do provide some

interesting information. Like before, the shift of the clay

peak from 4.8 to 2.58 could not be captured. However,

the peak associated with the silicate layers is gradually

decreasing with time at fixed angle. The slow declining

of the peak associated with the clay layer stacks

indicates the exfoliation of clay stacks to individual

silicate layers. In a time interval of 15 min an almost

fully exfoliated silicate layer structure is obtained. The

exfoliation of the silicate layers after initial intercalation

of the silicate layer stacks seems to be a very gradual

process.
Fig. 18. Rheoscope optical micrographs of the mixing process of PCL with

CL15A without shear.



Fig. 19. Rheoscope optical micrographs of the mixing process of PCL with

CL15A while shearing with 5 sK1.

D. Homminga et al. / Polymer 46 (2005) 9941–9954 9951
3.4. Overall discussion

In this section an attempt will be made to combine all

observations into a complete picture on the role of the shear
Fig. 20. SAXS patterns recorded during the mixing process of PCL with

10% CL30B without shear in the Couette shear cell as a function of

scattering angle and time (a) and as a function of scattering angle for several

individual times (b).

Fig. 21. SAXS patterns recorded during the mixing process of PCL with

10% CL30B while shearing with 50 sK1 (b) in the Couette shear cell as a

function of scattering angle and time (a) and as a function of scattering

angle for several individual times (b).
forces in the melt-preparation of polymer nanocomposites.

The combined model for organoclay delamination as

described in the introduction serves as a starting point for

the discussion and its main aspects will be confronted with

the results just described. The first major aspect of the model

is that the final morphology is mainly determined by the

chemical compatibility of the constituents and not through

direct peeling of individual silicate layers from silicate layer

stacks through the applied shear forces. The second major

aspect of the model is that the shear forces are essential for

rapid polymer nanocomposite formation because of the

break up of clay agglomerates and tactoids.

When the final morphology of the different polymer clay

nanocomposites studied are compared, it is immediately

clear that the nanocomposites differ strongly while the melt-

processing of all nanocomposites was the same. The degree

of exfoliation increases from PEO, PCL, PA-12 to PA-6

nanocomposites. Also, the amount of clay tactoids that are

left in the nanocomposites decreases from PEO, PCL, PA-

12 to PA-6 nanocomposites. The compatibility of the clay

with the specific polymer determines to a large extent the

final morphology of the resulting nanocomposite. There are



Fig. 22. SAXS patterns recorded during the mixing process of PA-12 with

5% CL30B without shear in the Couette shear cell as a function of

scattering angle and time (a) and as a function of scattering angle for several

individual times (b).

Fig. 23. SAXS patterns recorded during the mixing process of PA-12 with

5% CL30B while shearing with 50 sK1 in the Couette shear cell as a

function of scattering angle and time (a) and as a function of scattering

angle for several individual times (b).
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no indications for direct peeling of individual silicate layers

from silicate layer stacks through the applied shear forces.

Despite very long residence times in the extruder, the final

morphologies of the resulting nanocomposites are very

different. Also, the in situ XRD measurements in the

Couette cell under shear showed a clear difference between

the mixing of PCL and PA-12 with clay. With the mixing of

PCL with clay, a partially intercalated/exfoliated mor-

phology is reached quickly, but no further exfoliation takes

place during the remaining time of the measurement. In the

mixing of PA-12 with clay, the partially intercalated/exfo-

liated morphology is also reached quickly, but the

exfoliation process continues gradually during the remain-

der of the measurement. The gradual exfoliation of silicate

layers points strongly to the gradual break-up of the

remaining clay tactoids and silicate layer stacks through

the intercalation/exfoliation process by polymer chain

diffusion.

However, the shear forces do play a role in the

preparation of polymer nanocomposites through the second
aspect of the model. The shear forces increase the rate of

organoclay delamination through the break-up of clay

agglomerates and clay tactoids. The optical rheoscope

measurements clearly showed the increased break-up rate

of the clay tactoids under shear and the very gradual and

much slower break-up without shear. Also, the observation

of the melt in the Couette shear cell showed the very slow

break-up of clay tactoids when shear forces are not applied.

When shear forces are not applied, solely the silicate layers

that are present on the clay tactoid edges are available for

exfoliation. The mass transport into the primary particle was

found to be a major step to nanocomposite formation.

Therefore, the shear forces that are present during melt-

extrusion are very important for rapid polymer nanocompo-

site formation. The initial break-up of agglomerates and

tactoids that is provided by the shear forces is a very

essential step because the exfoliation to individual silicate

layers is a more gradual process. The residence time in

the extruder is, therefore, also an important parameter in

the preparation of polymer nanocomposites as the process

to fully exfoliate the silicate layer stacks takes time.

However, the elevated temperatures in the extruder are the
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most important for this process and not the applied shear

forces.

Summarising, the model for organoclay delamination

that has been postulated is confirmed in this research. All

observations confirm that the final morphology is mainly

determined by the chemical compatibility between the

constituents. However, break-up of clay agglomerates and

tactoids through the shear forces proved to be essential for

rapid polymer nanocomposite formation. A further refine-

ment to the model is that the shear forces also play a role in

the transportation of newly formed individual silicate layers

away from the surface of the clay tactoids. The intercalation

of silicate layers is possible when the polymer chains come

into contact with silicate layer stacks. The polymer

intercalation occurs as a front, which penetrates the clay

tactoid from the external edge. Along the external edges,

there will be large concentrations of just formed individual

silicate layers. Further penetration of polymer chains

towards the edges of the clay tactoid is hindered by these

high concentrations. However, during melt-extrusion, the

shear forces will transport the individual silicate layers away

from the edges of the clay tactoid. So, the shear forces do

not only have a role in the first break-up of clay

agglomerates and tactoids, but also continuously homogen-

ise the polymer/clay mixture during melt-extrusion.
4. Conclusions

The polymer/clay nanocomposites used in this paper

were found to have different nanomorphologies. The PEO

and PCL nanocomposites were found to have an inter-

calated/partially exfoliated morphology while the PA-12

and PA-6 nanocomposites were found to have highly

exfoliated morphologies.

The amount of clay tactoids present in the prepared

polymer nanocomposites was found to directly correlate

with the degree of exfoliation. This does not seem to be an

unlogical observation since the exfoliation of clay to

individual silicate layers automatically means the disap-

pearance of the clay tactoids. However, in partially

exfoliated or intercalated polymer nanocomposites, non-

exfoliated clay is not necessarily present as clay tactoids.

Another possibility could have been that the non-exfoliated

clay consists exclusively of small clay layer stacks

containing only a few silicate layers, which is not the

case. So, the full break-up of the tactoids is not only caused

by shear forces from the extrusion process.

In the study of the break-up of mm-sized clay tactoids

during melt-mixing, the following observations were done.

Without applied shear forces, a gradual disappearance of the

clay agglomerates was observed while with shear forces

applied, a fast break-up of the clay agglomerate morphology

was noticed.

In the study of the development of the nanocomposite

morphology during melt-mixing, the first step to silicate
layer exfoliation, the intercalation of polymer chains

between clay layer stacks, could not be observed. In the

set-up of the measurement, no data could be recorded in the

first 3 min. In this time, the silicate layer diffraction peak

had already shifted to the lower angles of the intercalated

state. However, in the mixing of PA-12 and MMT, the

gradual disappearance of the mineral layer diffraction peak

could be noticed after the initial shift of this peak. This is a

direct measurement of slow exfoliation of mineral layers

through polymer chain intercalation during shear flow. The

exfoliation of silicate layer stacks to individual silicate

layers was found to be a gradual process (taking about

15 min of time), even when shear forces are applied to the

melt. Despite some problems, the X-ray measurements in a

Couette shear cell proved to be a promising new technique

to follow the exfoliation process under shear in nanocom-

posites in real-time.

Overall, the investigations in this paper confirm a new

combined model for organoclay delamination that was

postulated and researched in this paper. The shear forces in

the melt-preparation of polymer layered mineral nanocom-

posites cause break-up of large-sized agglomerates. Further

exfoliation of mineral layers is caused by polymer chain

intercalation between mineral layers. The extent of further

exfoliation of the mineral layers is determined by the

compatibility between the polymer matrix and the mineral

layers.
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