
Free volume sizes in intercalated polyamide 6/clay nanocomposites

Petra Winberga, Morten Eldrupa,b, Niels Jørgen Pedersenb, Martin A. van Esc,

Frans H.J. Maurera,*

aDepartment of Polymer Science and Engineering, Lund Institute of Technology, Center for Chemistry and Chemical Engineering,

Lund University, SE-221 00 Lund, Sweden
bMaterials Research Department, Risø National Laboratory, DK-4000 Roskilde, Denmark

cResearch and Development DSM Dyneema, Urmond, The Netherlands

Received 12 April 2005; received in revised form 14 June 2005; accepted 22 June 2005

Available online 19 July 2005

Abstract

The effect of incorporating modified clay into a polyamide 6 (PA6) matrix, on the free volume cavity sizes and the thermal and viscoelastic

properties of the resulting nanocomposite, was studied with positron annihilation lifetime spectroscopy, differential scanning calorimetry and

dynamic mechanical analysis. At low concentrations of clay the fraction of PA6 crystals melting close to 212 8C was increased, while the

fraction of the a-form PA6 crystals, melting close to 222 8C, was reduced. At higher concentrations of clay, a crystal phase with increased

thermal stability emerged. Addition of more than 19 wt% clay caused a reduction of the heat of fusion of PA6. An unexpected reduction of

the DCp at the glass transition, contradicting the measured reduction of the heat of fusion, was detected, indicating an altered mobility in the

non-crystalline regions. The viscoelastic response of PA6/clay nanocomposites, as compared to unfilled PA6, pointed towards a changed

mobility in the non-crystalline regions. At high concentrations of clay (O19 wt%) an increase of the free volume cavity diameter was

observed, indicating a lower chain packing efficiency in the PA6/clay nanocomposites. The increased free volume sizes were present both

above and below the glass transition temperature of PA6.

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

Recently there has been an increased interest in the

physical behavior of polymers in confined environments and

of polymers in close contact with surfaces. The behavior of

polymers under these conditions is of great importance in

many fields of technology such as polymer composites and

blends, and in applications such as biomedical implants,

electronics, adhesives and lubricants. Many studies of

confinement and surface effects on polymers have been

focused on layered silicates dispersed in a polymer matrix,

often referred to as polymer clay nanocomposites [1–6].

Depending on the preparation method and the properties of

the components, two main types of polymer clay

nanocomposite structures can be achieved. An intercalated
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structure is obtained when polymer chains are able to

intercalate and expand the distance between the silicate

layers, while an exfoliated structure is obtained when the

silicate layers are fully separated and dispersed in the

polymer matrix.

A large influence of layered silicates on the crystalline

structure and crystallization kinetics in polymers has been

observed for a number of different polymer/clay systems [7–

16]. The changes in crystalline structure and crystallization

kinetics have been ascribed to the small distance between

the silicate layers which hinders the crystal growth, as well

as to the confinement of chains in between the silicate

surfaces in intercalated nanocomposites [11,12] and to

surface interactions [10,11]. In polyamide 6 (PA6), layered

silicates have been shown to alter the crystalline structure by

favoring the formation of pseudohexagonal g-form crystals,

which have a lower packing density as compared to the

a-form crystal, which is the primary crystalline form in

unfilled PA6 [7,8,10,11,13,14]. The crystallization kinetics

of PA6 is influenced by the clay content and by the

interaction between the clay and the polymer. In addition,
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the crystal structure of PA6 undergoes a phase transition

when subjected to heating and the crystal structure of PA6/

layered silicate composites is, therefore, also influenced by

processing and thermal treatment [11,13,14,17].

Altered chain dynamics in polymer clay nanocomposites

have been observed with a number of different experimental

techniques including nuclear magnetic resonance [14,18],

dielectric spectroscopy [1,14], quasi-elastic neutron scatter-

ing [19] and differential scanning calorimetry [5]. Exfo-

liated polymer clay nanocomposites have been reported to

exhibit longer relaxation times, as compared to bulk PA6,

indicative of solid-like behavior [3,5,18]. The increased

relaxation times have been ascribed to polymer segments

adjacent to the silicate layers experiencing strong inter-

action with the silicate layers and reduced entropy. In

addition to the slower relaxation behavior, enhanced local

dynamics much faster than the bulk have been reported for

intercalated hybrids with an inter-gallery distance much

smaller than the radius of gyration of the polymer. The

enhanced dynamics are typically ascribed to confinement

induced density inhomogeneities in the inter-gallery region,

suggested to be caused by absence of chain entanglements

and packing constraints [1,3,14,18]. Fast relaxation of

polymer chains confined between clay layers, due to

density-inhomogeneities, has been supported by molecular

dynamics simulations [20].

Given the observed large effects of clay on chain

dynamics and crystalline structure in semi-crystalline

polymers and considering the strong interrelations between

chain dynamics and free volume in polymers, it would be

particularly useful to gain information on the free volume

structure in polymer clay nanocomposites. The free volume

in a polymer is the space available for segmental motions,

such as the large-scale motions associated with the glass

transition. The chain dynamics, therefore, depends on the

free volume in the system in a wide temperature range [21,

22]. Positron annihilation lifetime spectroscopy (PALS) is a

technique, which probes the free volume cavities by

measuring the lifetime of ortho-positronium (o-Ps) before

annihilation at the free volume sites of the polymer. The

lifetime of o-Ps is a direct measure of the free volume cavity

size. So far, studies on the free volume structure of polymers

in close contact with surfaces, which have mainly been

focused on thin polymer films [23–26] and polymers filled

with nano-sized spherical fillers [27–30], have revealed

changes in the free volume sizes as compared to the bulk

state. Positron lifetime experiments on polymer clay

nanocomposites have been reported for only a few polymer

clay systems [31–34]. Intercalated polystyrene/clay compo-

sites with a very high clay content (75 wt%) showed a

positron annihilation behavior in the nanocomposite very

similar to the behavior in the clay itself. Recently, Becker et

al. [32] studied the influence of clay on the free volume

properties in cured epoxy and found an indication of

increased free volume sizes in the polymer due to the

presence of clay.
The aim of this study was to investigate whether changes

in thermal and viscoelastic behavior of intercalated

polyamide 6 (PA6)/organically modified clay composites

as compared to the bulk polymer can be correlated to

changes in the free volume cavity sizes in the composites.

The intercalation of the organically modified clay was

measured with small-angle X-ray scattering (SAXS).

Changes in thermal and viscoelastic behavior of intercalated

PA6/clay composites were measured with differential

scanning calorimetry (DSC) and dynamic mechanical

analysis (DMA). The free volume cavity sizes in all

PA6/clay nanocomposites were measured by means of

positron annihilation lifetime spectroscopy (PALS) at

ambient conditions. The temperature dependence of the

free volume cavity sizes in unfilled PA6, organically

modified clay and composite with 35 wt% clay were studied

at temperatures between K10 and 150 8C.
2. Experimental

2.1. Materials

Polyamide 6 (PA6), Akulon K123 with a number average

molecular weight of 13,000 g/mol was received from DSM

Research, the Netherlands, and layered silicate (Cloisi-

teNaC) and organically modified layered silicates (Cloi-

site20A, Cloisite30B, Cloisite93A) were obtained from

Southern Clay Products, USA. The cation exchange

capacity of the layered silicates was between 90 and

95 mequiv. The cation in Cloisite20A, Cloisite30B and

Cloisite93A was dimethyl dihydrogenated tallow quartern-

ary ammonium ions, methyl tallow bis-2-hydroxyethyl

quarternary ammonium ions and methyl dihydrogenated

tallow ammonium ions, respectively, which in the following

text is referred to as organic modification. The total content

organic modifier in Cloisite20A was determined by thermal

gravimetric analysis (TGA) to be 38.8 wt%. Based on the

exchange capacity of the clay and the molecular mass of the

organic modification [35], about 21 wt% of the total content

organic modifier is in excess. Nanocomposites were

prepared at DSM Research, the Netherlands, by melt

mixing cryogenically milled PA6 and Cloisite20A in a

W&P ZSK 30 42D co-rotating twin screw extruder operated

at 400 rpm [14]. After drying in vacuum at 80 8C for 24 h

the melt-mixed composites were compression molded in a

press at 250 8C with subsequent cooling to room tempera-

ture at approximately 10–5 8C/min while maintaining

constant pressure. Samples were stored in a dry environment

at room temperature before measurements. Unless stated

otherwise, the composites are labeled by the content of

organically modified clay. PA6-35 wt% contains 21 wt%

silicate and 14 wt% organic modifier. It should also be noted

that unless stated otherwise data regarding the physical

properties of clay and its organic modifier, as well as its

influence on the physical properties of PA6, was obtained
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from measurements on Cloisite20A and PA6/Cloisite20A

nanocomposites.

2.2. Extraction of organic modifier and preparation of

PA6/organic modifier

Organic modifier, reported as dimethyl dihydrogenated

tallow quarternary ammonium salt [35] was extracted from

Cloisite20A with refluxing ethanol using a soxlet extraction

apparatus. The ethanol was evaporated and the remaining

extract dried in vacuum at room temperature for 1 h. The

dried organic modifier was mixed with PA6 using a DSM

Midi 2000 co-rotating twin screw extruder with a chamber

capacity of 15 cm3, at 260 8C and 80 rpm for 10 min. The

melt-mixed material, which contained 7 wt% organic

modifier, was compression molded immediately after

mixing in a press at 250 8C with subsequent cooling to

room temperature at approximately 6 8C/min while main-

taining constant pressure. Samples were dried in vacuum for

24 h at 80 8C and stored in a dry environment at room

temperature before measurements. FTIR spectra of the

extracted modifier and Cloisite20A for comparison are

shown in Fig. 1.

2.3. Differential scanning calorimetry (DSC)

The thermal properties of the molded materials were

studied using a DSC Q1000 from TA Instruments. The

samples were contained in hermetic aluminum pans and the

analysis was performed under N2 purge. Glass transition

data, Tg and DCp, were recorded during heating at

20 8C/min, while melting data were recorded during heating

at both 10 and 20 8C/min. The cooling rate was 10 8C/min.

The samples were dried in vacuum at 80 8C for 24 h before

measuring. The cell resistance and capacitance was

calibrated before the measurements, using empty cells and

sapphire disks, in the temperature range between K90 and

400 8C. The heating rate was 20 8C/min. The enthalpy

constant and the x-axis temperature were calibrated by

measuring the melt enthalpy and temperature of indium,

using a heating rate of 10 8C/min.
Fig. 1. Infrared absorption spectra of organically modified clay (a) and

extracted modifier (b). The Si–O–Si and C–H absorption bands are

indicated with arrows at 1047 and 2850 cmK1, respectively.
2.4. Positron annihilation lifetime spectroscopy (PALS)

The free volume structure of the unfilled PA6, clay and

the nanocomposites was studied with positron annihilation

lifetime spectroscopy (PALS). PALS employs a radioactive

material, in this case 22Na encapsulated between sheets of

Kapton, which emits positrons during its decay. The

encapsulated radioactive material is sandwiched between

two pieces of the material, which is under study. When the

source emits a positron, a 1.28 MeV gamma ray is

simultaneously emitted and the ‘birth’ of the positron can

thus be detected. When the positron annihilates with an

electron, two gamma rays of 0.51 MeV are emitted. One of

these gamma rays is detected and the lifetime of the positron

can thus be measured. The positrons can annihilate directly

with an electron, yielding a lifetime (t2) of about 0.4 ns, The

positrons can also form bound states with an electron from

the polymer. para-positronium (p-Ps), which is the bound

state between the positron and an electron with anti-parallel

spin, has a lifetime (t1) of about 0.125 ns. ortho-

positronium (o-Ps), which is the bound state between the

positron and an electron with parallel spin, exhibits a much

lower annihilation rate reaching a lifetime of about 142 ns in

vacuum. However, in polymers o-Ps can annihilate through

pick-off of a second electron which shortens its lifetime (t3)

to about 1–5 ns [36]. It has been shown that o-Ps mainly

resides in regions with low electron density, which in

polymers are the free volume sites, and t3 is related to the

size of the free volume cavities. The relationship between

the o-Ps lifetime (t3), in ns, and the free volume cavity

radius (R) and size (V), is described by a simplified model

proposed by Tao [37], which leads to a semi-empirical

relationship (1a) and (1b) [38]. The model assumes that the

positronium is localized in an infinite spherical potential

well with a radius R0. Assuming an electron layer thickness

(DR) equal to 0.166 nm [38,39], the mean radius (RZR0K
DR) of the free volume cavities can be calculated. We apply

this approximate relationship to estimate the free volume

sizes in PA6/clay nanocomposites from PALS measure-

ments.

t3 Z 0:5 1K
R

R0

C
1

2p
sin

2pR

R0

� �K1

(1a)

Vðt3ÞZ
4pR3

3
(1b)

The measurements of positron lifetimes in PA6, Cloisi-

te20A and PA6/clay nanocomposites as a function of clay

content were performed using a source which gave a count

rate of 60–80 sK1 and each spectrum consisted of at least 2.5

million counts. While the measurements performed at room

temperature as function of clay content were performed at

atmospheric pressure, the temperature dependent measure-

ments, starting at K10 8C were performed under vacuum.

The heating rate between the isothermal measurements was
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1 8C/min. The time difference between the start gamma ray,

emitted at the birth of the positron, and one of the stop

gamma rays, emitted at the annihilation, was recorded

employing a fast–fast coincidence system.

The spectra were evaluated using the POSITRONFIT

[40] software, which fits the measured spectra with a model

function consisting of a sum of decaying exponentials

convoluted with the resolution function of the lifetime

spectrometer plus a constant background. The resolution

function was obtained from reference measurements on

Kapton before the measurement series. The PALS measure-

ments showed a rather broad distribution of o-Ps lifetimes in

the organically modified clay. Due to this broadness, and the

accompanying partial overlap of the lifetime distribution in

the organically modified clay and the polyamide 6, it was

not possible to resolve the o-Ps lifetime of the respective

components in the composites. A three-component fit was,

therefore, used when evaluating all the measured spectra.

The shortest lifetime was fixed to 0.125 ns. Using a three-

component fit, the o-Ps lifetime in PA6/clay composites will

be a forced average of o-Ps lifetimes in the two phases,

polymer and modified clay. In order to separate changes in

o-Ps lifetime, due to the additive effect, from changes

caused by actual free volume changes in the polymer and/or

modified clay, lifetime spectra representing immiscible

mixtures of PA6/modified clay nanocomposites were

simulated. The simulated composite spectra were based on

measured spectra of PA6 and organically modified clay,

weighted with the respective weight fraction of the

components. The simulated spectra, therefore, represent

positron annihilation in PA6/clay composites with no

changes in either matrix or modified clay structure due to

mixing.

2.5. Dynamic mechanical analysis (DMA)

The shear storage (G 0) and loss modulus (G 00) were

determined, using an automated torsion pendulum ATM3

from Myrenne, during heating 2 8C/min starting from K100

to 200 8C at 1 Hz. The measurements were performed under

a dry nitrogen atmosphere. The mechanical properties were

measured on materials obtained after compression molding.

In addition to previous treatment, the samples were again

dried in vacuum at 80 8C for 24 h before measuring.

2.6. Small angle X-ray scattering (SAXS)

The inter-gallery spacing of layered silicates was studied

with a Kratky compact camera equipped with a linear

sensitive detector OED 50 M from MBraun. The Cu Ka

radiation (lZ1.542 Å) was generated with a Seifert ID

3000. The samples were placed in a sealed holder between

mica sheets and were measured for 1 h at room temperature.

The spacing (d) of the clay layers was determined from the

angle (q) of maximum scattering according to Bragg’s

relation: lZ2d sin q.
3. Results and discussion

Table 1 displays the inter-gallery spacing of the as

received organically modified clays and PA6/clay nano-

composites with 4–35 wt% organically modified clay

(Cloisite20A). The inter-gallery spacing of the clay in the

composites is increased with 0.9–1.8 nm, as compared to the

neat organically modified clay, showing that polymer chains

have entered the clay galleries in all composites. Consider-

ing that the inter-gallery distance is only a fraction of the

mean end to end distance of an unperturbed PA6 chain [41],

the polymer chains present in the inter-gallery region

experience significant one-dimensional confinement. A

crude estimate, based on a purely intercalated composite

without the presence of exfoliated platelets (Eq. (2)),

suggests that about 11 wt% of the polymer can be present

in the galleries in PA6/clay nanocomposite with 35 wt%

clay.

wi Z
SAwsDlr

2ð1KwcÞ
(2)

SA refers to the specific surface area of the clay and is

reported to be at least 750 m2/g [35]. Dl is the increase of the

inter-gallery distance upon mixing organically modified

clay with PA6 (0.9 nm for PA6/clay nanocomposite with

35 wt% clay). r refers to the polymer density, taken as the

measured bulk polymer density (1.018 g/cm3) neglecting

any differences in the inter-gallery region. W indicates the

weight fraction of polymer in the inter-gallery region (i),

silicate (s) and modified clay (c).
3.1. Thermal and dynamic mechanical properties

In Fig. 2(a), DSC heating scans of intercalated PA6/clay

nanocomposites are shown. The melting of PA6 crystals

occurs at temperatures between 190 and 250 8C. The

melting of unfilled PA6 has two maxima at 212 and

222 8C, which corresponds well with reported melting

temperatures of the g- and a-form PA6 crystals, respect-

ively [42], with the higher temperature endotherm (a)

exhibiting the highest intensity. Upon addition of clay, the

fraction of crystals melting close to 212 8C increases as

compared to the fraction of a-form crystal, indicating an

increasing fraction of g-form crystals. An increased fraction

of g-form crystals in these PA6/clay nanocomposites with

increasing clay content has earlier been noticed by means of

temperature derivative FTIR measurements [14]. A third

broad melting range close to 235 8C, indicating the presence

of a crystal phase with increased stability, emerges upon

clay addition and is observed in composites with 14–35 wt%

clay content. This stable crystal phase has earlier been

shown to consist of g-form crystals [14]. Chain orientation,

when stable at elevated temperatures (TOTg), can lead to an

increased melting temperature and in the case of PA6 also to

favored formation of g-crystals [42]. Chain deformation and



Table 1

Inter-gallery spacing of organically modified clays and PA6/Cloisite20A composites as measured with small-angle X-ray scattering

Inter-gallery spacing of organically modified clays (nm)

Cloisite NaC Cloisite 20A Cloisite 30B Cloisite 93A

1.17a 2.42a, 2.4 1.85a 2.36a

Inter-gallery spacing of PA6/Cloisite20A composites (nm)

4 wt% clay 10 wt% clay 14 wt% clay 19 wt% clay 27 wt% clay 35 wt%

4.1 3.9 4.2 4.1 3.5 3.3

a Inter-gallery spacing obtained from the supplier [35]. The inter-gallery distance equals the inter-gallery spacing minus the thickness of the silicate layer

(1.0 nm).
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orientation can be caused by stresses created during

extrusion of polymer clay nanocomposites due to high

shear forces and interaction of polymer segments with the

clay surface.

Fig. 2(b) shows that the fraction of crystals, which melt

close to 212 and 235 8C is reduced upon repeated heating

and cooling. Chain orientation, when introduced during

processing of a non-crosslinked polymer, can be expected to

be relieved upon melting of the crystals. The change in
Fig. 2. (a) Heat flow from DSC heating scans of PA6/clay nanocomposites.

(b) Heat flow from repeated DSC scans of PA6/clay nanocomposites with

35 wt% clay. The effect of repeated heating and cooling on PA6 with

35 wt% clay is representative for all measured PA6/clay nanocomposites.

First heating (solid), second heating (dash) and third heating (dash-dot).
crystalline structure upon repeated heating and cooling,

therefore, indicates that the formation of g-form crystals and

a more stable crystal phase in these PA6/clay nanocompo-

sites is a combinatorial effect of thermal history and

processing conditions in combination with the presence of

clay particles. These results agree well with previous studies

on the crystallinity in PA6/clay nanocomposites, which

have shown g-form crystals to be more stable in composites,

where PA6 chains are tethered to the clay surface [11].

However, even after three repeated heating cycles a fraction

of the crystals still exhibits increased stability and melt close

to 235 8C. This indicates that some degree of chain

orientation exhibits long-term stability, possibly stabilized

by the presence of clay particles, in agreement with previous

reports [7,11,14,43].

Fig. 3 displays the effect of clay on the heat of fusion

(DH) of PA6 crystals and the change in heat capacity (DCp)

at the bulk glass transition in PA6/clay composites. The heat

of fusion of PA6 is fairly constant up until 19 wt% clay,

after which it decreased reaching a reduction of about 20%,

as compared to unfilled PA6 at 35 wt% clay content.

Considering that the heat of fusion of g- and a-form crystals

has been reported to be approximately equal, 239 and 241 J/g,

respectively [44], the reduction of the heat of fusion in PA6/

clay composites at high clay content (O19 wt%) does not

appear to be due to different crystalline forms (g and a). The
Fig. 3. Change in heat capacity (DCp) of the polymer at the glass transition

and the heat of fusion (DH) of the polymer as function of clay content in

PA6/clay nanocomposites. DCp of the polymer was measured between 45

and 75 8C. DCp (empty circles) and DH (filled circles) in PA6/clay

nanocomposite and unfilled polymer are normalized with reference to the

polymer content.



Fig. 4. (a) Shear Loss modulus of PA6/clay (G00) nanocomposites and PA6

mixed with 7 wt% organic modifier. (b) Shear Storage modulus of PA6/clay

(G 0) nanocomposites and PA6 mixed with 7 wt% organic modifier.

P. Winberg et al. / Polymer 46 (2005) 8239–82498244
reduced heat of fusion thus indicates that the degree of

crystallinity of PA6 is decreased upon addition of high

concentrations of clay. Due to the geometric constrictions it

is unlikely that the fraction of polymer present between the

clay layers, which is less than 11 wt% in PA6 with 35 wt%

clay, is able to crystallize, which can account for part of the

reduction in crystallinity [4]. In addition, it is possible that

the presence of high concentrations of intercalated clay

agglomerates and some exfoliated clay particles hinders the

growth of crystalline lamellas, creating more amorphous

defects in the crystalline regions, in agreement with

previous reports [14].

DCp at the glass transition, measured at around 56 8C in

PA6, remains unaffected up until 10 wt% clay after which it

is continuously decreasing reaching a reduction of close to

50% at 35 wt% clay. The observed reduction of DCp for

PA6 at the glass transition upon addition of clay would

normally be accounted for by an increased crystallinity.

However, as mentioned above, such an increase of the

crystallinity was not observed in these PA6/clay nanocom-

posites. The reduction of DCp, therefore, has to be

interpreted as an altered mobility in the non-crystalline

regions. This agrees well with the observed changes in

crystalline morphology. In addition, the fraction of polymer

present between clay layers, separated by about 1 nm,

experiences an environment much different than the bulk

polymer. Interaction with the organic modifier and/or

silicate surfaces, as well as confinement in spaces smaller

than the typical length-scale of cooperative motions, are

likely to influence the mobility of polymers [3,45–47].

The loss shear (G 00) modulus of PA6/clay composites at

temperatures between K100 and 200 8C in Fig. 4(a) shows a

significantly altered viscoelastic response of PA6/clay

nanocomposites as compared to unfilled PA6. The

mechanical losses increase in magnitude with increasing

clay content with a maximum deviation from the behavior

of unfilled PA6 around 0 and 120 8C, indicative of a

broadening of the glass transition. Chain deformation and

orientation, as was suggested to be the cause of the observed

changes of the crystalline structure in PA6/modified clay

nanocomposites, will effect the polymer mobility and hence

also the glass transition behavior [46,48]. However, if chain

deformation and orientation is localized to regions close to

the clay surface, creating an interphase with properties

different from the bulk phases, the mechanical losses do not

necessarily reflect actual molecular relaxations in the

interphase. The observed increased mechanical losses can

be a micro-mechanical transition, a combinatorial effect of

the morphology of the composite and the properties of the

bulk phases and the interphase [49,50]. In such a case, the

contribution from an interphase, composed of polymer

segments and/or modifier, to the viscoelastic response of the

nanocomposite would be enhanced. Fig. 4(a) also includes

the shear loss modulus of PA6 with 7 wt% organic modifier,

which displays a small loss peak at around 10 8C. In

addition, at temperatures above the glass transition, the
mobility of the polymer can be sufficient to allow for

crystalline rearrangements causing increased mechanical

losses in this temperature region.

The storage shear modulus (G 0) of PA6/clay composites,

shown in Fig. 4(b), increases with increasing clay content

both above and below Tg. G 0 at K20 8C increases from

about 1.4 GPa for unfilled PA6 to 2.2 GPa at 35 wt% clay

content. The reinforcing effect of the clay is as expected

larger at temperatures above Tg as compared to below Tg

due to the decrease of the modulus of PA6 when passing

from the glassy to the rubbery state. G 0 at 150 8C increases

from about 0.2 GPa for unfilled PA6 to 0.4 GPa at 35 wt%

clay content. It is, however, clear that the observed increase

of the shear modulus in the intercalated PA6/clay

nanocomposites is much lower than what is expected for

nanocomposites with exfoliated clay particles [51,52].

3.2. Free volume sizes

DSC and DMA measurements showed a considerable

effect of organically modified clay on the thermal and

viscoelastic behavior of PA6, suggested to be caused by coil

deformation and orientation in the composites and the

significantly altered environment experienced by the

polymer segments present between clay layers. Chain

deformation and orientation, caused by internal stresses



Table 2

ortho-Positronium lifetime and intensity in PA6/clay nanocomposites

measured at ambient conditions

Clay content (wt%) t3 (ns)G0.02 I3 (%)G0.5

0 1.67 22.9

5 1.68 22.1

10 1.69 21.7

14 1.72 21.8

19 1.73 21.1

27 1.84 20.7

35 1.90 19.2

100 2.17 12.2
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[53–55] and interaction with surfaces [27,28,56] alter the

free volume sizes in polymers. Measuring the free volume

sizes in the PA6/clay nanocomposites can, therefore,

provide further insight into the effect of clay on the

behavior of polymers.

The measured and simulated free volume sizes in

PA6/clay composites as a function of weight content clay

is shown in Fig. 5. The corresponding measured o-Ps

lifetimes and intensities are shown in Table 2. The

simulated free volume cavity diameter represents the

mean of a weight average of cavity sizes in a physical

mixture of polymer and clay with no changes in the free

volume sizes in either polymer or clay, i.e. the free volume

structure of the respective components is not influenced by

the presence of the other component. The simulation

procedure is described in Section 2. The measured mean

free volume cavity diameter in PA6/clay nanocomposites

follows the simulated cavity diameter at clay concentrations

up to 19 wt%. At high concentrations of clay (O19 wt%) an

increase in the free volume cavity diameter is observed. At

35 wt% clay the measured mean free volume diameter is

0.55 nm, as compared to the simulated cavity diameter of

0.53 nm, indicating a lower chain packing efficiency in

PA6/clay nanocomposites. Such a small increase in free

volume size might appear insignificant, but it has been

shown that seemingly small changes in free volume size

have a large effect on the physical properties of polymers,

such as bulk modulus and gas diffusion coefficients [54,57,

58]. This sensitivity of the properties of polymers towards

the free volume cavity size can be explained by the high

concentration of free volume cavities (z1020/g) in

polymers [59–61].

In addition, the measured mean free volume diameter is

likely to be a weight average of the cavity sizes in the

unaffected bulk and affected regions of the composite. The

changes in free volume cavity size in affected regions can,
Fig. 5. Mean free volume cavity diameter in PA6/clay nanocomposites (C)

as function of modified clay content and mean free volume cavity diameter

in PA6 with 7 wt% organic modifier (B). The cavity diameter in PA6

mixed with modifier is displayed as 19 wt% modified clay, which

corresponds to 7 wt% modifier. Simulated free volume cavity diameter in

a physical mixture of PA6 and modified clay is depicted as a dashed line.
therefore, be expected to be larger than the mean difference,

which can be shown via a simplified estimation of the free

volume sizes in the affected regions of the composite. The

estimation (Eq. (3)) is based on linear weight addition of the

o-Ps lifetime (t3) and intensity (I3) in three phases, bulk

polymer (p), organically modified clay (c), affected regions

(i) and the measured o-Ps lifetime in the resulting

nanocomposite (nc). w indicates the estimated weight

fractions of the respective phases. Assuming that the effects

on the free volume sizes are localized to a 1 nm thick

polymer layer covering all of the clay surface, which

roughly corresponds to 16 wt% of the nanocomposite, this

estimation indicates that the o-Ps lifetime in the affected

regions can then be increased to about 2.29 ns. The

corresponding free volume size in the affected polymer

phase, which is equal to about 0.62 nm is then much larger

than the free volume size in the bulk PA6, which is equal to

0.51 nm.

t3i Z
t3nc I3pð1KwcÞC I3cwc

� �
K t3pI3pð1Kwc KwiÞCt3cI3cwc

� �
I3pwi

(3)

Although it is far from certain that free volume size changes

are localized to a nano-meter thick polymer layer covering

the clay surface, this estimation shows that large changes in

affected regions of the composite can have a relatively small

effect on the mean free volume size. It is, therefore, possible

that while DSC and DMA experiments showed an altered

behavior of the polymer/clay nanocomposites already at

lower concentrations of clay (!27 wt%) the detection of

altered free volume sizes at these filler contents is limited by

the sensitivity of the PALS measurement. Fig. 5 also shows

that addition of 7 wt% organic modifier to unfilled PA6 does

not influence the mean free volume cavity diameter

significantly.

The temperature dependence of the free volume diameter

at temperatures between K10 and 150 8C in unfilled PA6,

organically modified clay and intercalated PA6/clay

nanocomposite containing 35 wt% clay is displayed in

Fig. 6. Enclosed in Fig. 6 is also the inter-gallery spacing of

the organically modified clay (Cloisite20A) obtained from

Gelfer et al. [65]. The corresponding o-Ps lifetimes and

intensities are displayed in Table 3. Around 60 8C a second



Fig. 7. DSC heating scans of free organic modifier (solid), organically

modified clay (dash) and PA6 mixed with 35 wt% organically modified

clay (dash-dot). The heating rate was 20 8C/min. Arrow indicates the glass

transition of PA6.
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order transition of the temperature dependence of the free

volume sizes in unfilled PA6, indicative of the glass

transition, is observed. The glass transition of PA6,

measured with DSC, was located at 56 8C. The mean free

volume cavity size in glassy PA6 ranges from 0.47 to

0.50 nm and is increased to 0.62 nm at 150 8C, which is in

good agreement with previous studies [62].

The mean free volume size in the modified clay, is

increased from 0.54 nm at K10 8C to 0.65 nm at 70 8C.

DSC heating scans displayed in Fig. 7 show that the organic

modifier in the clay undergoes a transition with a maximum

at around 47 8C. This transition corresponds to a phase

transition from a well ordered structure with a low gauche/

trans conformation ratio to a disordered liquid like structure

with a high ratio of gauche conformations [63–65]. A liquid-

like structure will have lower chain packing, which explains

the increase in free volume size in this temperature region.

The transition behavior of the organic modifier is sensitive

to the environment in which the modifier is present, as

evidenced by the shift from 59 to 47 8C when comparing

free organic modifier and organic modifier exchanged with

cations in the inter-gallery regions of the clay. The order to

disorder transition is shifted to an even lower temperature of

about 32 8C when the organically modified clay is mixed

with PA6 forming intercalated PA6/clay nanocomposites.

Above 70 8C the free volume sizes in the organic modifier in

the clay decreases slightly to about 0.64 nm at 150 8C. This

is rather surprising and indicates an intricate relationship

between the free volume sizes in the organic modifier and

inter-gallery spacing of the clay, which is increasing from

1.6 to 1.8 nm in the same temperature region. Contrary to

what is observed it could be expected that the free volume

sizes in the organic modifier should continuously increase

above the order to disorder transition at 70 8C. The inverse

relationship between the free volume sizes in the organic

modifier and the inter-gallery spacing, at temperatures
Fig. 6. Left axis: Mean free volume cavity diameter in PA6 (C), PA6/clay

nanocomposites with 35 wt% clay (B), organically modified clay (;) and

simulated mean free volume cavity diameter in PA6/clay nanocomposites

with 35 wt% clay (- - - -) as function of temperature between K10 and

190 8C. Right axis: Inter-gallery spacing (6) of the modified clay as

function of temperature between 26 and 200 8C from Gelfer et al. [63].

Arrow indicates the glass transition temperature of PA6 measured with

DSC and DMA.
above the order to disorder transition of the organic

modifier, could be explained by excess organic modifier

entering in the inter-gallery region when the molecular

mobility is increased. An increasing number of aliphatic

units per unit surface area of the clay, which can results in a

larger inter-gallery spacing [63,66] can, however, also be

accompanied by an increasingly ordered structure of the

molecules due to the decrease in available volume to each

molecule in the inter-gallery regions. The onset of

degradation of the organic modification has been reported

to occur at temperatures between 155 and 180 8C [65,67],

which can explain the larger decrease of the free volume

sizes with increasing temperature observed at temperatures

above 150 8C.

The apparent intricate relationship between the free

volume size and inter-gallery spacing of this organically

modified clay, as evidenced by the shift of order-to disorder

transitions upon intercalation and the inverted relationship

between free volume size and inter-gallery spacing when

measured above and below this transition, promotes an

extension of this study to include additional modified clays.

The free volume sizes and inter-gallery spacing of a number

of clays, modified with different alkylammonium salts, are

shown in Fig. 8. Although a weak trend of increasing free

volume sizes with decreasing inter-gallery spacing appears

to be present, it is also clear that such a comparison requires

additional knowledge of the actual state of the modified

clays. The number of aliphatic ions per unit surface area of

the clay, the length of these chains and also the chain

mobility, which is influenced by the temperature, will

influence the free volume sizes as well as the correlation

with the inter-gallery spacing [66].

The free volume sizes in PA6/clay composite with

35 wt% clay increases from 0.51 nm at K10 8C to 0.63 nm

at 150 8C. The measured free volume sizes are larger than

the simulated free volume sizes in the entire temperature

range. DSC and DMA measurements have shown that the

properties of the polymer in intercalated PA6/clay nano-

composites is significantly influenced by the modified clay.



Table 3

ortho-Positronium lifetime and intensity in unfilled PA6, organically modified clay and PA6/clay nanocomposite with 35 wt% modified clay at K10–190 8C

Temperature (8C) PA6 Clay PA6/clay

t3G0.02 (ns) I3G0.5 (%) t3G0.02 (ns) I3G0.5 (%) t3G0.02 (ns) I3G0.5 (%)

K10 1.50 25.3 1.85 12.8 1.68 21.3

10 1.54 25.7 2.05 11.9 1.78 21.1

30 1.60 25.7 2.15 12.7 1.84 21.6

50 1.65 26.2 2.40 13.7 1.92 21.9

70 1.75 25.6 2.49 14.1 1.97 22.2

90 1.85 25.0 2.43 14.5 2.07 22.0

110 1.99 24.1 2.42 14.4 2.17 21.7

130 2.10 23.7 2.40 14.0 2.24 21.8

150 2.26 23.1 2.37 13.3 2.33 21.5

170 – – 2.29 12.3 – –

190 – – 2.10 12.1 – –
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DSC measurements have shown that also the organic

modifier is influenced by the presence of the polymer in the

intercalated composites causing a shift of the order to

disorder transition of the organic modifier from 47 to 32 8C

(Fig. 7), when the organically modified clay is mixed with

PA6. The shift of this transition will most likely cause a

horizontal shift, along the temperature axis, of the free

volume sizes in the organic modifier. According to

simulated data, a shift of the order to disorder transition

with 20 8C, which is 5 8C larger than what was measured

with DSC, would increase the o-Ps lifetime in the

intercalated PA6/nanocomposite to about 1.78 ns, corre-

sponding to 0.53 nm, at 30 8C, without any effects on the
Fig. 8. Mean free volume cavity diameter in organically modified clay

versus inter-gallery spacing. (:) Montmorillonite modified with dimethyl,

dihydrogenatedtallow, quaternary ammonium measured at ambient

conditions. (&) Montmorillonite modified with methyl, dihydrogenated-

tallow ammonium measured at ambient conditions. (;) Montmorillonite

modfied with methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium

cation measured at ambient conditions. (,) Montmorillonite modified with

dimethyl, dihydrogenatedtallow, quaternary ammonium measured at

temperatures between 30 and 190 8C, inter-gallery spacing (d001) [65].

(B, C) Montmorillonite modified with long-chain alkylammonium

cations measured at ambient condition [68]. ($) Organically modified

mica-type silicate measured at ambient condition [31]. (%) Montmor-

illonite modified with octadecylammonium cation [69]. (7) Rectorite

modified with octadecylammonium cation [33]. (6) Montmorillonite

modified with octadecylammonium cation measured at ambient condition

[32].
polymer free volume sizes being present. When comparing

this simulated lifetime and free volume diameter with the

actual measured lifetime and corresponding diameter at

30 8C, 1.84 ns and 0.54 nm, respectively, it appears likely

that the free volume sizes in both the organic modifier and

the polymer are affected in these intercalated PA6/clay

nanocomposites. Since mixing free organic modifier with

PA6, without the presence of clay, did not result in any

significant free volume changes (Fig. 5), it is possible that

observed free volume changes in the intercalated PA6/clay

nanocomposites are promoted by the clay layers.
4. Conclusions

High concentrations of organically modified clay

dispersed in a PA6 matrix was found to significantly

influence the thermal and viscoelastic behavior of the

polymer. The clay promoted an increased fraction of g-form

crystals and the appearance of an additional crystal phase

with increased thermal stability. A decreased heat of fusion

of PA6, at high clay contents (O19 wt% clay), indicating a

significant decrease in the degree of crystallinity of the

polymer, as well as a decrease of the DCp at the glass

transition of the bulk polymer was measured. These rather

conflicting findings were interpreted as an altered mobility

in the non-crystalline regions. A broadening of the glass

transition upon addition of modified clay was also observed

by means dynamic mechanical analysis. PALS measure-

ments showed that high concentrations of clay (O19 wt%)

caused an increase of the mean free volume cavity diameter

in the composites, suggesting a lower chain packing

efficiency in the intercalated PA6/clay nanocomposites.

The lower packing efficiency was observed both above and

below the glass transition of the polymer. However, not only

was the polymer affected by the presence of the clay, but

also the behavior of the organic modifier, which constituted

a significant fraction of these nanocomposites, was

influenced by the presence of both clay and polymer. The

order to disorder transition of the organic modifier, when
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exchanged with cations between the clay layers, was shifted

with 12 8C towards lower temperatures, as compared to the

free organic modifier. The transition was shifted to even

lower temperatures when the organically modified clay was

dispersed in the PA6 forming intercalated polymer

nanocomposites. It is, therefore, likely that the measured

increase of free volume sizes in the nanocomposites

originates from structural changes in both the polymer as

well as the organic modifier. The changes found in the

behavior of the organic modifier in combination with the

large effects that the clay was shown to have on

the crystalline structure of the polymer, makes the process

of deducing a quantitative measure of the effect of

organically modified clay on the free volume sizes in PA6

challenging.
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