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Abstract

The stiffness of PA6 silicate nanocomposites has been measured for a number of silicate fractions and moisture levels. The matrix modulus

was varied experimentally by moisture conditioning, resulting in three different moisture levels. The moduli have been analysed with a

Halpin–Tsai composite model. This model was used to calculate the matrix modulus in the nanocomposites based on the crystallinity, the

amount of surfactant and the moisture content. The measured modulus of the nanocomposites with different moisture content was used to

calculate the effective aspect ratios of the reinforcing particles with the Halpin–Tsai model. The calculated aspect ratio for each

nanocomposite is independent on the moisture concentration. This indicates the validity of this composite model to describe nanocomposites,

despite the small particle size. The results suggest that changes on the molecular level due to the presence of the silicate layers only have a

small influence on the modulus, because the modulus can be explained with a composite model. The reduced efficiency of reinforcement at

increasing filler levels can be partially explained by the reduction of the matrix modulus due to surfactant and reduced crystallinity, and

partially by the occurrence of small stacks of platelets.

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

Polyamide-6 (PA6) nanocomposites containing exfo-

liated layered silicate particles can be produced by in situ

polymerisation of 3-caprolactam [1–3] or by high shear

mixing of the polymer in a twin-screw extruder [4–8].

Nanocomposites have been developed to improve the

properties of polymers such as stiffness, flammability and

barrier properties at a very low filler content. Compared to

traditional filled polymers containing larger particles such

as talc or glass fibres, nanocomposites have the additional

advantage of a lower density and better surface smoothness
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and transparency. Nanocomposites can be transparent

because the particle size is below the wavelength of visible

light, so the particles do not cause scattering of light.

The most obvious enhancement in mechanical properties

that layered silicates can provide is a large increase in

modulus at very low filler concentrations. For example, 4%

exfoliated layered silicate filler can give the same increase

in modulus as 40% traditional mineral filler such as talc or

15% glass fibres [7]. The modulus increase is mainly in the

long directions of the particles because of the high aspect

ratio of the layered silicate particles. Compared to short

fibre reinforcement the particle shape in layered silicate

nanocomposites is more effective, because they can

reinforce in two dimensions instead of one [9,10]. The

stiffness and anisotropy of the particles also reduces thermal

expansion and shrinkage upon crystallisation in the long

direction of the platelets [11], although due to the anisotropy

the expansion is larger in the thickness direction of the

platelets [12,13].

Despite all the work done on nanocomposites, there is
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still discussion about the reason of the large modulus

increase by using such small amounts of filler. The nature of

the mechanism is a subject of debate were various

contrasting ideas seem to exist:

† The increased modulus could be contributed to the

reduced mobility of a constrained polymer phase close to

the silicate layers. The large surface area of the

exfoliated platelets is considered to be responsible for

this constrained polymer phase with a higher modulus

[1,14,15].

† The strong ionic bond between the polymer and the

silicate platelets is sometimes assumed to be the main

reason for the enhanced modulus [16].

† The reinforcement mechanism in nanocomposites could

be similar to traditional composites. In that case the

modulus of the composite is dependent on the modulus

of the matrix, the modulus of the filler and the shape and

orientation of the filler particles. According to this view

traditional composite theories can explain most of the

properties of nanocomposites without assuming a

change in the polymer properties [9,10].

In the first two theories the inherent modulus of the

silicate particles is considered to be of minor importance, or

even completely ignored. As has been shown by Van Es et

al. and Fornes et al. [9,10] the presence of very stiff, high

aspect ratio particles is expected to give a large increase in

modulus and should not be ignored, as is sometimes done

[14]. It is unlikely that the type of bond is very important for

the modulus, because the bonding strength is not important

for the modulus, although it is important for the strength of

the composite. It has been reported that it is possible to

make nanocomposites with layered silicates without any

surfactant, which can give similar moduli [17], despite the

lack of modification on the silicate filler.

By analysing the results of PA6 nanocomposites with

different moisture content and describing this with a

mechanical model we can add some valuable input to the

discussion on the nature of the modulus of nanocomposites.

In this paper the influence of the silicate content and

moisture content on the modulus of PA6 nanocomposites is

described. The results obtained for the various moisture

contents in the nanocomposites provide a good basis to test

the validity of the Halpin–Tsai composite theory for

nanocomposites. The experimental results are used to

estimate the average platelet aspect ratio using the

Halpin–Tsai composite model. The results of the model

can show if nanocomposites behave like conventional

composites or that the modulus of the matrix is changed

by the presence of the nanoparticles, as is often suggested

[1,14–16]. Composite models such as the series model,

parallel model and Halpin–Tsai model assume that the

matrix phase and the reinforcing phase do not change the

properties of the other phase, so it is interesting to see to

which extend this traditional composite model can predict
the properties of nanocomposites. By changing the moisture

content the modulus of the matrix can be varied over a wide

range while the composition and morphology of the

nanocomposites remains constant. The influence of the

silicate on the crystallinity is measured with DSC and

the orientation of the reinforcing platelets and the PA6

crystals is measured with WAXS. These parameters are

used in the Halpin–Tsai model to estimate the matrix

modulus in the nanocomposites and the effective aspect

ratio of the silicate platelets. The calculated effective aspect

ratios of the nanoparticles in nanocomposites with a wide

variety of matrix moduli are compared to determine if the

mechanism of modulus enhancement in layered silicate

nanocomposites is similar to that of conventional (micro)

composites.
2. Experimental
2.1. Materials

The polymer used to produce melt-blended nanocompo-

sites is an injection-moulding grade of polyamide-6, Akulon

K122D from DSM, The Netherlands.

An organically modified layered silicate based on natural

montmorillonite clay, Cloisitee 30 B from Southern Clay

Products (USA), was used as nanoparticles. The manufac-

turer has added an organic surfactant (methyl-bis-2-

hydroxyethyl tallow quaternary ammonium) on the silicate

platelets to enhance the exfoliation by improving the

interaction with the polymer. The amount of organic

surfactant, approximately 32 wt%, is determined using

thermo-gravimetric analysis (TGA).

Five different concentrations of Cloisite 30 B in

polyamide-6 were used; all concentrations were conditioned

to reach three different moisture levels.
2.2. Sample preparation
2.2.1. Extrusion

The nanocomposites were prepared by mixing Cloisite

30 B in PA6 in a Werner and Pfleiderer ZDS-K28 co-

rotating twin-screw extruder. The modified layered silicate

powder was mixed with the polymer granules and fed into

the extruder at a constant rate via a Plasticolor 2500 feeding

unit. The extruder was operated at a screw speed of 200 rpm

and a feeding rate of approximately 3 kg/h, which resulted

in an average residence time of 3 min in the extruder.

Temperature in the feeding zone was 150 8C, all the other

zones where heated to 230 8C. Cooling was applied to keep

the temperature constant since the high shear forces in the

melt can produce too much heat. First a 10.6 wt% (based on

the inorganic content of the filler) master batch was made.

Other concentrations were made by diluting the master

batch with unfilled K122D in a second extrusion step.
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2.2.2. Injection moulding

Dumbbell shaped samples according to ISO 527 standard

were injection moulded on an Arburg Allrounder 221-55-

250 injection-moulding machine. The feeding zone was

heated to 150 8C, the melting and mixing zones heated to

240 8C and the nozzle was kept at 260 8C. The mould was

heated to a temperature of 90 8C to reduce the cooling speed

and ensure a more homogeneous crystallisation.
2.2.3. Moisture conditioning

Dry as moulded samples were dried in a vacuum oven

at 80 8C for at least 48 h before testing. The moisture

conditioning was performed at 70 8C to increase the speed

of moisture transport, which is necessary because of the

barrier properties of nanocomposites. The sample weight

was measured after drying and conditioning on a Mettler

AE-240 to calculate the moisture level. The moisture

content was calculated based on the amount of polyamide-6,

so the silicate and surfactant weight were not included.

Samples with 3% water in the PA6 phase were prepared

by conditioning in a Heraeus climate chamber at 70 8C and

65% relative humidity and samples with 6% water in the

PA6 phase were prepared by conditioning at 70 8C and 92%

relative humidity.
2.3. Testing
2.3.1. Measurement of silicate content

Thermogravimetric analysis (TGA) measurements were

done to determine the exact silicate content in the tested

samples after processing. A Perkin–Elmer TGA-7 thermal

gravimetric analyzer was used to determine the weight

fraction of silicate by heating a sample in air at 800 8C for

1 h.
2.3.2. Measurement of the crystallinity

The level of crystallinity of the samples and the ratio of

the two crystal phases, a and g, was determined with

differential scanning calorimetry on a Perkin–Elmer DSC-7.

DSC samples of approximately 5 mg were cut from the

centre of the tensile test bar. The DSC measurements were

performed at a heating rate of 10 8C/min between 25 and

270 8C. The crystallinity was calculated using a heat of

fusion of 213 J/g for the gamma crystals, and 243 J/g for the

alpha crystals [13].
2.3.3. Measurement of the glass transition temperature

The glass transition temperatures (Tg) of the samples

were determined with dynamic mechanical analysis.

Samples of 0.5 mm thin were cut from the injection

moulded test bars and tested in three point bending in a

Perkin–Elmer DMA 7e at a temperature range from K130

to 210 8C. The temperature at the highest point of the largest

peak in the loss modulus spectrum was used to represent the

Tg. The tests were done for unfilled PA6 and 6.7% silicate
filled samples at moisture contents of 0, 3 and 6 wt% water

in the PA6 phase.

2.3.4. Measurement of the average crystal and silicate

platelet orientation

Wide angle X-ray scattering (WAXS) has been

performed on a Bruker D8 Discover diffractometer with a

2D (1024!1024) detector using a 10 cm sample to detector

distance and incident Cu radiation of 1.54 Å was used. An

incident beam cross-section of 0.5 mm was used. A 0.5 mm

thin cross section was cut through the thickness and the

width of the moulded sample tensile test bar and X-ray

measurements were taken at different positions starting

from the edge and each next measurement 0.5 mm further

inside the moulded sample.

2.3.5. Measurement of the modulus

The samples were tested on a Zwick 1445 tensile tester

with a 10 kN force cell. For the modulus measurement

Zwick clip-on extensometers were used. The test speed was

5 mm/min and the temperature was 23 8C.
3. Composite theory

The modulus of PA6 is strongly influenced by moisture

absorption, therefore different moisture levels can be used to

change the modulus of the matrix material without changing

the microstructure of the nanocomposite.

The amount of water that can be absorbed by PA6

nanocomposites is not reduced compared to unfilled PA6,

however, the rate of absorption is reduced due to the lower

diffusion coefficient [18,19]. The water is absorbed in the

amorphous part of PA6 [20], so in the model it is assumed

that the absorbed water does not influence the mechanical

properties of the crystalline phase. However, the amorphous

phase shows a dramatic change in modulus because the

absorbed moisture causes a decrease of the glass transition

temperature to below room temperature. The matrix moduli

are measured on the conditioned unfilled polymer, and they

are subsequently compensated for the differences in

crystallinity and the presence of surfactant with the

Halpin–Tsai model. The aspect ratio of the reinforcing

particles in each nanocomposite is calculated using the

Halpin–Tsai model with the measured modulus of the

nanocomposites and the different matrix moduli for

the three different moisture contents as input.

3.1. The Halpin–Tsai model

In this article the semi-empirical Halpin–Tsai model [21,

22] is used, because it is a relatively simple but accurate

model that takes into account the shape and the aspect ratio

of the reinforcing particles. Polydispersity of the reinforcing

particles in such a semi-empirical model will lead to an

average particle size as a result. The Halpin–Tsai model was



Fig. 1. Relative modulus as a function of aspect ratio for platelets (5 vol%,

EmZ3.1 GPa, EfZ172 GPa).
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originally developed to describe the properties of semi-

crystalline polymers [13,21], which are in essence also

nanocomposites, and can also be used for composites

reinforced with fibre and platelet shaped particles. Van Es

[9,13,21] has derived a set of shape factors for platelet-

reinforced composites by comparing results from the

Halpin–Tsai equations to results from more fundamental

approaches i.e. the Eshelby theory, the Mori–Tanaka theory

and 3D finite element modelling [13,21].

Eq. (1) shows the traditional way [21] of writing the

Halpin–Tsai equations:

Ec

Em

Z
1C2hff

1Khff

in which hZ
ðEf =EmÞK1

ðEf =EmÞC2
(1)

Ec, composite Young’s modulus; Ef, filler modulus; Em,

matrix modulus; z, shape factor, depending on the

geometry, orientation and aspect ratio of the particles; ff,

volume fraction filler.

The shape factors for the tensile moduli of platelet

reinforced composites are [9]:

E11 or E22 zZ 2=3 ðw=tÞ

ðin the radial direction of the plateletsÞ

E33 zZ 2 ðperpendicular to the plateletsÞ

(w/t)Zwidth of platelet/thickness of plateletZaspect ratio.

When Eq. (1) is rewritten in one equation as is shown in

Eq. (2), the nature of the Halpin–Tsai model becomes

clearer.

Ec ZEm

Efð1C2ffÞCEmð2K2ffÞ

Efð1KffÞCEmð2CffÞ
ðHalpin–TsaiÞ (2)

When the aspect ratios are much smaller then the ratio of

filler and matrix modulus (z/Ef/Em) the Halpin–Tsai

model gives results close to a series model:

Ecz
EmEf

Efð1KffÞCEmðffÞ

Z
1Kff

Em

C
ff

Ef

� �K1

ðSeries modelÞ (3)

When the aspect ratios are much larger then the ratio of

filler and matrix modulus (z[Ef/Em) the Halpin–Tsai

model gives results close to a parallel model:

EczEm

Ef2ff CEm2ð1KffÞ

Em2

ZEfff CEmð1KffÞ ðParallel modelÞ (4)

For nanocomposites the series model underestimates the

modulus, because the volume fraction of filler is very low,

resulting in domination of the first term in Eq. (3) and thus in

values close to the matrix modulus. However, the parallel

model overestimates the composite modulus at low matrix

moduli, since it assumes a continuous reinforcing phase.
The Halpin–Tsai model (Eq. (2)) leads to results that are in

between these two extremes when the aspect ratio is of the

same order of magnitude as the ratio of moduli (zzEf/Em).

The aspect ratio of the particles has a strong influence on the

results and, therefore, determines how close the results are

to either the series or parallel model. The calculated effect of

the aspect ratio on the relative modulus (Ecomposite/Ematrix) in

the Halpin–Tsai model for a platelet filled composite

(EmatrixZ3.1 GPa, EfillerZ172 GPa, ffZ0.05) is shown in

Fig. 1, which shows that the particles are hardly effective

below w/tZ10, and only when w/t is above 1000 the

maximum effect is reached.

This means that for typical platelet sizes in nanocompo-

sites, the influence of the aspect ratio and, therefore, also of

the exfoliation, on the modulus is very important. Platelet

aspect ratios for layered silicate nanocomposites are around

100–200, consequently when exfoliation is not optimal the

resulting reduction in aspect ratio has a large effect on the

modulus. The Halpin–Tsai model can, besides calculation

of the composite modulus, also be used to calculate the

aspect ratio of the reinforcing particles when the modulus of

the composite, matrix and filler are known. The Halpin–Tsai

model can only give an effective aspect ratio, because the

particles can have different shapes, sizes and thickness. The

effective aspect ratio represents the best fit with

the measured modulus data and can be considered a useful

parameter to compare different nanocomposite compo-

sitions, as well as providing a reasonable estimate of the

average aspect ratio.

In this paper the Halpin–Tsai model for a platelet

reinforced composite is used twice:

1. To calculate the modulus of the matrix, based on the

crystallinity and the amount of surfactant (Section 3.2).

2. To calculate the effective aspect ratio of the reinforcing

particles in the nanocomposite (Section 3.3).

In the second model the results of the first model, i.e. the

matrix moduli for each composition and moisture content,

are used as input.
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3.2. Calculation of the matrix modulus using the Halpin–

Tsai model

As mentioned before, the Halpin–Tsai model for

nanocomposites assumes that the filler does not influence

the properties of the matrix. However, the addition of the

layered silicate filler can influence the modulus of the matrix

because of its influence on the crystallinity and the presence

of the surfactant.

† Surfactant: by adding the modified layered silicate also

approximately half of its weight in anionic surfactant is

added. The volume fraction is even larger than the

weight fraction due to the lower density of the surfactant,

and, therefore, the surfactant fraction should not be

neglected.

† Crystallinity: it is known that the addition of layered

silicates can influence the crystallinity. The crystallinity

has a strong influence on the modulus of the matrix,

especially above Tg, where the modulus mainly depends

on the crystalline phase.

These two factors are accounted for by using a different

matrix modulus for each silicate concentration in the

Halpin–Tsai model to calculate the aspect ratios in the

nanocomposites. The matrix moduli are calculated with

the Halpin–Tsai equations because the semi-crystalline

polymer can be considered to be a composite with an

amorphous polymer matrix reinforced with crystalline

polymer platelets (lamellae).

Although a nanocomposite based on a semi-crystalline

polymer is a very complex system containing many different

phases that can influence each other, we have assumed a

simplified composition to be able to estimate the properties

with a relatively simple composite model. The four phases

of the simplified composition that is assumed in our model is

shown in Fig. 2. It consists of a crystalline PA6 phase, an

amorphous PA6 phase, a surfactant phase and an inorganic

silicate phase.

The nanocomposite matrix consists of the crystalline

PA6 phase, the amorphous PA6 phase and the surfactant

phase. The modulus of the nanocomposite matrix is

calculated with the Halpin–Tsai model that considers an

amorphous matrix reinforced with crystalline platelets. The

amorphous part of the matrix consists of amorphous PA6
 

Fig. 2. Simplified composition of the nanocomposite for the Halpin–Tsai

model.
and surfactant, and it is assumed in this model that the

surfactant has no stiffness (EsurfactantZ0). Therefore, the

modulus of the amorphous matrix is calculated with Eq. (5):

Eamorphous matrix ZEamorphous PA6ð1KfsurfactantÞ (5)

fsurfactantZvolume fraction surfactant in amorphous matrix

The result is that the modulus of the amorphous phase in

the model is slightly reduced when the modified silicate is

added. The input for the Halpin–Tsai model to calculate the

matrix modulus is the amorphous PA6 modulus, the

modulus of the crystalline phase, the volume fraction of

the crystalline phase, and the aspect ratio of the crystalline

lamellae:

† Modulus of amorphous PA6

The value used for the modulus of dry amorphous PA6 at

room temperature is 2.2 GPa, which is calculated from

literature results for moduli at different amounts of

crystallinity [23]. For moisture-conditioned samples with

3 and 6% water the value for the amorphous modulus is

calculated with the Halpin–Tsai model from the measured

sample modulus and the calculated crystalline modulus.

† Crystalline volume fraction

The heat required for melting in the tested samples was

measured with DSC and with the use of the mass fractions

of silicate and surfactant and the heat of crystallisation of

the crystals (DHalpha crystalZ243 J/g, DHgamma crystalZ
213 J/g [9]) the crystalline volume fraction of the matrix

has been calculated.

† Aspect ratio of the crystalline lamellae

For the aspect ratio of the crystalline lamellae a constant

value of 1000 is chosen in our model. Consequently, at these

high values the modulus is almost independent on the exact

aspect ratio, which was shown in Fig. 2. It is believed such a

high aspect ratio is a reasonable assumption because the

lamellae are very thin, around 5 nm [20], but relatively wide

(several micro meter). It will be explained in the discussion

(Section 4.3) why the exact value is not important in our

calculations.

† Modulus crystalline phase

The crystalline phase can consist of several different

crystalline structures, such as the a and g-crystal structures.

In this composite model it is assumed that the modulus of all

crystal structures is identical. In our model the modulus in

the long direction of the crystalline platelet is used, which is

perpendicular to the chain axis. In the literature not much

data is available for this direction of the crystal, and the

values that have been reported are rather diverse [24].

However, it is possible to calculate the effective crystal-

line modulus with the Halpin–Tsai model by using the

measured modulus of the dry polyamide-6 samples and the

amorphous modulus. The calculated value for the crystalline

modulus is used for all other samples to calculate how the

matrix modulus changes with the crystallinity.

The result of this approach is a different matrix modulus



Fig. 3. DSC melting curves first heating (curves are shifted up for clarity).
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for each nanocomposite sample, which depends on the crystal-

linity, the amount of surfactant and the moisture content.

3.3. Calculation of the effective platelet aspect ratio

The calculated matrix moduli for each sample can be

used in the Halpin–Tsai model to calculate the effective

aspect ratio of the silicate particles in the samples. Besides

the matrix modulus, the input for this model is the modulus

of each nanocomposite sample as measured on the injection

moulded samples, the volume fraction silicate platelets as

calculated from TGA measurements and the silicate

modulus. The degree of alignment of the platelets is

investigated using WAXS. In this model the modulus of

the silicate platelets is assumed to be 172 GPa, equal to the

modulus of a perfect mica crystal [25], which is comparable

in structure to the layered silicates in our samples. The

volume fractions are calculated from the mass fractions by

using the following densities: r surfactantZ0.93 g/cm3

[26], r amorphous PA6Z1.08 g/cm3, r a-crystalline PA6Z
1.24 g/cm3, r g-crystalline PA6Z1.18 g/cm3 [20,27], r

silicateZ2.8 g/cm3 (equal to the density of mica [28]).

The modelled aspect ratios for each silicate concen-

tration and moisture content are plotted versus silicate

content to see if they show the same trend for each matrix

modulus. If the aspect ratios are independent of the matrix

modulus, this provides support to the idea that the stiffness

of nanocomposites is based on the same mechanism as

traditional composites.

Many simplifications in the composition for the model

have been made and of several parameters the exact values

are uncertain or subject of debate. However, small

variations in the assumed values do not have a significant

influence on the results and do not change the overall

conclusions. The Tg’s are similar for unfilled PA6 and

nanocomposites.
4. Results and discussion

4.1. Silicate content, matrix crystallinity and Tg

The silicate levels as measured with TGA and the results

are shown in the first row in Table 1. These values were used

to calculate the silicate volume fraction, which is shown in

the second row of Table 1.
Table 1

Results TGA and DSC with calculated volume fractions

Properties nanocomposites PA6 2.6% 4

wt% silicate (TGA) 0 2.6

vol% silicate 0 1.1

Fraction alpha crystalline 0.9 0.5

wt% crystalline PA6 in PA6 36.3 36.5 3

vol% surfactant in matrix 0 1.5

vol% crystalline PA6 in matrix 33.4 33.4 3
The melting curves of the first heating sequence in the

DSC measurements are shown in Fig. 3 (curves are shifted

up for clarity).

The peak surface for the g-crystal phase around 213 8C

increases while the peak surface for the a-crystal phase

around 220 8C decreases upon addition of silicate. In

addition a new peak around 240 8C appears, which is also

associated with the g-crystal phase, as was shown by IR

results [13]. The higher melting point could be the result of a

higher lamellar thickness or of a stabilisation of the crystals

due to interactions with the silicate. The ratio of a to

g-phase is estimated based on the relative peak areas in the

DSC curves (fourth row in Table 1). The exact value of the

ratio does not influence the results much because the heat of

melting is very similar. The results for the heat of melting in

combination with the a to g-crystal ratio are used to

calculate the percentage crystallinity in the samples. The

crystallinity (wt%) based on the total PA6 content is shown

in the third row of Table 1. In the last two rows of Table 1

the volume fractions of surfactant and crystalline PA6 are

shown with respect to the total matrix of the nanocomposite,

so this includes the PA6 and surfactant, but not the silicate

filler. It can be seen that the volume fraction of crystalline

matrix decreases slightly with increasing silicate content,
.7% 6.8% 8.3% 10.6%

4.7 6.8 8.3 10.6

1.9 2.8 3.5 4.5

0.25 0.2 0.15 0.15

6.0 35.0 33.8 33.2

2.8 4.1 5.1 6.7

2.8 31.4 30.1 29.1



Fig. 4. WAXS spectrum 4.7% cloisite 30B nanocomposite. (a) 1 mm from the edge, (b) 0.5 mm from the edge.
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while the surfactant fraction increases. Both changes

probably lead to a reduction in matrix modulus at increasing

filler levels, because the amorphous modulus is lower than

the crystalline modulus and the surfactant does not add

stiffness to the polymer. These results are used in the

Halpin–Tsai model for the calculation of the matrix

modulus.

The glass transition temperatures determined from the

loss peak of the DMA measurements are 65 8C for the dry

polymer, 25 8C for the polymer with 3 wt% water and 0 8C

for the polymer with 6% water.

4.2. Silicate platelet and crystalline orientation

Two typical 2D WAXS scattering spectra are displayed

in Fig. 4. The intensity rings at high scattering angles relate

to the crystalline PA6 phases. The brightest high angle ring

is associated with the g-phase and the fainter ring inside is

associated with the a-phase, the ring at intermediate angles

is also associated with the g-phase [20].

It can be seen from the figure that for a given spatial

position inside the moulded bar, partial orientation of

crystallites is observed. Such partial crystal orientation is

strongly coupled to the observed oriented central scattering

pattern present at smaller angles. This central scattering is

the high angle limit of the form factor of the silicate platelets
Fig. 5. WAXS peaks for the g-crystalline phase (peak around 218) at various dept

shifted up for clarity; the horizontal line below each curve is the baseline. On the r

is shown, and at which points the measurements are done.
that are oriented with the flow direction. Although there is

partial coupling between the orientation of platelets and the

crystallites, the full dependence of crystal orientation inside

the macroscopic sample seems a complex issue. This can be

seen from the comparison of Fig. 4(a) and for Fig. 4(b) taken

at two neighbouring positions inside the sample: in Fig. 4(a)

the crystallite scattering seems to fully align with the

platelets (central scattering) while in Fig. 4(b), it seems that

a biaxial orientation is present. Also, as it can be seen from

the same figures, a and g-phases seem to orient differently

along the sample. Furthermore, the average crystal

orientation along the macroscopic sample may be evaluated

by considering data grouped along the 2q direction for

different positions within the sample as displayed in Fig. 5.

It can be seen from data on the g-phase that even from this

phase which is strongly induced by the silicate surface,

crystal orientation at different positions along the sample

seem to be uncorrelated. It is, therefore, reasonable to

assume an average random orientation of crystallites along

the macroscopic sample.

The absence of an inter-particle maximum in the

scattering spectra indicates a very high degree of

exfoliation. Consequently, the quantification of a degree

of alignment by considering a silicate peak is impossible

using WAXS. One way to relatively estimate the variation

of the degree of orientation of the platelets along the sample
hs within the injection moulded sample (4.7 wt% cloisite 30B). Curves are

ight the orientation of the cross section within the injection moulded test bar



Fig. 6. WAXS results for the shoulder of the central scattering around the beam stop, which is used to estimate the orientation of the layered silicate at various

depths. (4.7 wt% cloisite 30B). Curves are shifted up for clarity; the horizontal line below each curve is the baseline. The angles next to the peaks are the width

at half the height. On the right the orientation of the cross section within the injection moulded test bar is shown, and at which points the measurements are

done.
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is to consider integrating the data associated with the

shoulder of the central scattering around the beam stop

along the 2q direction. It was decided to arbitrarily integrate

data in 2q between 1.18 (next to the beam stop) and 7.98. The

resulting intensity as a function of the azimuthal angle c is

displayed in Fig. 6.

In order to estimate the orientation, the ‘shoulder width’

at half of the peak height was then calculated for each

position along the sample and the values are displayed in

Fig. 6. They vary between 10 and 198, suggesting a very

high degree of orientation along the sample. Performing the

same set of measurements on the perpendicular cross

section of the moulded bar we were able to construct a map

of the platelets alignment through the entire cross-section of

the injection moulded sample and subsequently calculate an

average orientation. The average ‘shoulder width’ at this

local length scales is 13.78 and hcos2(dc)iZ0.94. This value

is close to 1, which is an indication of a very good alignment

of the platelets in injection moulded samples, and it

confirms the results of several authors [10,29,30]. The real

orientation is probably even higher, as it would require

deconvolution of the scattering signal with the X-ray line
Table 2

Results matrix modulus calculation with the Halpin–Tsai model

Pure PA6 2.6%

Properties matrix (PA6Csurfactant)

wt% silicate (TGA) 0 2.6

vol% surfactant in matrix 0 1.52

vol. fraction surf. in amorphous matrix 0 0.022

Eamorphous matrix, dry [GPa] 2.20 2.15

Eamorphous matrix, 3% water [GPa] 0.31 0.30

Eamorphous matrix, 6% water [GPa] 0.038 0.037

Matrix moduli (calculated)

Ematrix, dry [GPa] 3.10 3.06

Ematrix, 3% water [GPa] 1.29 1.28

Ematrix, 6% water [GPa] 0.82 0.82
width. In any case, it may comfortably be assumed that there

is a very high degree of platelets orientation in the

mechanical modelling below. Any misalignment that

might affect the calculated effective aspect ratio has the

same influence on all moisture concentrations, and will not

influence the conclusions.

4.3. Calculation of the modulus of the matrix phase

The moduli of the amorphous part of the matrix

(consisting of amorphous PA6 and surfactant), which are

used in the calculation of the nanocomposite matrix

modulus, are shown in the fourth row in Table 2.

The modulus of dry PA6 is 3.10 GPa (measurement) and

the amorphous modulus of dry PA6 is assumed to be

2.2 GPa (calculated from measurements [23]). With the

Halpin–Tsai model a crystalline modulus of 5.25 GPa is

calculated based on the crystalline volume fraction as shown

in Table 2. This value for the crystalline modulus is similar

to literature data, calculated from PA6 fibres [31]. It is

assumed in the model that the a and g-crystals have equal

moduli, which is believed to be a reasonable assumption
4.7% 6.8% 8.3% 10.6%

4.7 6.8 8.3 10.6

2.79 4.11 5.12 6.71

0.042 0.060 0.073 0.093

2.11 2.07 2.04 2.00

0.30 0.29 0.29 0.28

0.037 0.036 0.036 0.035

3.01 2.94 2.87 2.81

1.25 1.20 1.15 1.09

0.80 0.76 0.72 0.67
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because the hydrogen bond density is very similar. The

value of 5.25 GPa for the crystalline phase is assumed to be

independent of moisture conditioning and is used in all

further calculations.

The Halpin–Tsai model is also used to estimate the

amorphous modulus in moisture conditioned samples. The

measured values for moisture conditioned PA6 are 1.29 GPa

for 3% water and 0.82 GPa for 6% water, and with the value

of 5.25 GPa for the crystalline modulus this leads to the

amorphous moduli shown in Table 2. For a moisture level of

3% the calculated amorphous modulus is 0.31 GPa and for a

moisture level of 6% it is 0.038 GPa; this large drop in

amorphous modulus is expected because at 3% water the

amorphous part of the PA6 has crossed Tg, reaching the

rubber plateau. In the fourth row the results for the dry

amorphous modulus at the various filler levels are shown, in

the fifth and sixth row the results for the moisture-

conditioned amorphous moduli are shown. The decrease

in the amorphous modulus with increasing silicate content is

caused by the increasing amount of surfactant.

In the next step for each silicate concentration and

moisture content a value for the nanocomposite matrix

modulus was calculated using the Halpin–Tsai equation.

The values for the modulus (5.25 GPa) and the aspect ratio

(w/tZ1000) of the crystalline lamellae are chosen to be

constant. For each sample the specific crystalline volume

fraction (Table 1) and the amorphous matrix modulus

(Table 2) were used. The resulting nanocomposite matrix

modulus for each sample is shown in the last three rows of

Table 2 and in Fig. 7.

The results of the calculated matrix moduli are

independent on the average orientation or on the aspect

ratio of the crystalline plates that is assumed. This is because

the modulus of the moisture-conditioned amorphous phase
Fig. 7. Influence of silicate and moisture content on the tensile modulus.
is basically a fit-parameter to describe the measured

modulus of the moisture-conditioned unfilled PA6 samples.

Therefore, if the aspect ratio would be assumed to be

smaller, the estimated modulus of the moisture conditioned

amorphous matrix would be higher, and vice versa. The

same applies for the orientation; if the platelets would not be

considered completely random but partially aligned, the

model would result in a lower amorphous matrix modulus.

The calculated dependence of the matrix modulus on the

silicate content is independent on the crystalline aspect ratio

or orientation (within reasonable limits). It is important to

realize that the Halpin–Tsai model that is used to calculate

the matrix modulus is not intended to provide an accurate

prediction of the aspect ratio of the crystalline lamellae or

the moduli of the different phases. It is only used to calculate

the influence of the modified silicate particles on the matrix

modulus by introducing the effect of the surface modifi-

cation and the small change in crystallinity.
4.4. Modulus of the nanocomposites and calculation of the

aspect ratios
4.4.1. Modulus

The measured results for the tensile modulus of the

nanocomposite samples at various moisture contents and

silicate concentrations are shown in Fig. 7, along with the

calculated matrix moduli that are used in the model. A

reduction of the stiffness is clear for both the unfilled

polymer (at 0% silicate) and the nanocomposites when

water is absorbed during conditioning. The previously

calculated matrix moduli (Table 2) were used in the Halpin–

Tsai model to calculate the effective aspect ratios. These

calculated aspect ratios are shown in the last three rows in

Table 3 and Fig. 8.

The calculated effective aspect ratios are based on par-

ticles aligned with their long dimensions along the test axis,

which is a reasonable assumption as was shown in Section

4.2. It can be seen in Fig. 8 that the effective aspect ratio

decreases with increasing silicate content, which can be
Fig. 8. Calculated aspect ratios versus silicate content.



Table 3

Nanocomposite moduli and calculated aspect ratios from Halpin–Tsai model

Nanocomposite

moduli

Pure PA6 2.6% 4.7% 6.8% 8.3% 10.6%

Dry [GPa] 3.10 4.21 4.88 5.44 5.86 6.21

3% Water [GPa] 1.29 2.07 2.41 2.70 2.81 2.86

6% Water [GPa] 0.82 1.39 1.69 1.90 2.01 2.07

Effective aspect ratios 2.6% 4.7% 6.8% 8.3% 10.6%

Dry 152 114 95 89 70

3% Water 155 110 94 82 64

6% Water 145 117 102 94 75
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explained by a less effective exfoliation at higher silicate

loadings. The reduced exfoliation at higher silicate content

has been shown previously by several authors [7,13,32]. It is

also in agreement with calculations based on diffusion and

melt-viscosity data, which will be published in separate

papers [18,33].

The most important result from these aspect ratio

calculations is the fact that the data for three different

moisture contents overlap in Fig. 8. This shows that the

modulus of a nanocomposite can be explained by the

combination of a very stiff filler particle with a high aspect

ratio and the normal matrix modulus, which in this case is

varied by changing the moisture content. Apparently, the

Halpin–Tsai composite theory can be used to describe the

stiffness of nanocomposites for a wide variety of matrix

moduli, both below and above Tg of the matrix polymer,

with the same aspect ratio for all matrix moduli. The fact

that the modulus of nanocomposites can be explained by the

Halpin–Tsai theory independent on the modulus of the

matrix proves that the reinforcing mechanism in nanocom-

posites is similar to traditional composites. No additional

stiffening of the matrix due to confinement of the polymer

has to be assumed to explain the modulus of nanocomposites.

To show the influence of errors in the modulus

measurements, error bars are displayed for the dry series
Fig. 9. 2.6% cloisite 30B (TEM).
in Fig. 8 (for clarity the other series do not show the error

bars). The error bars correspond to a constant error of G
0.1 GPa in the modulus measurement. It can be seen that at

low silicate concentrations a small error in the modulus

measurement has large effects on the calculated aspect ratio;

however, for higher concentrations the error is much smaller

and the calculated aspect ratios are more reliable. It is clear

that based on these calculations it has to be concluded that

the effective reinforcing effect of the particles seems to

decrease with increasing silicate loading. The effective

aspect ratios from the model are realistic values: the aspect

ratios are between 70 and 150, which is in the range of what

was observed in the TEM picture shown in Fig. 9.

With increasing concentration the exfoliation becomes

less perfect, resulting in an effective aspect ratio that is half

of the highest value. This means that when perfect exfoli-

ation is assumed in the low concentrations, an average stack

size of two platelets is present in the highest concentrations.

As a final point of discussion it is emphasized that the

Halpin–Tsai model is a semi-empirical model. The aspect

ratio’s reported here are, therefore, effective values,

incorporating effects of distribution, polydispersity and

shape variability. It appears from this study that the Halpin–

Tsai model is sufficiently accurate to describe the

reinforcing power of nanoplatelets in a single parameter,

the effective aspect ratio. Note that the effective aspect ratio

is more than a fitting parameter since the nanocomposite

stiffness at all the different moisture levels can be explained

by the same effective aspect ratio (for each silicate content).
5. Conclusions

Because the modulus of the PA6 matrix can be adjusted

by varying the amount of absorbed water, the nanocompo-

site series used in this study is very useful to investigate if

the nanocomposite modulus can be described with a con-

ventional composite theory such as the Halpin–Tsai theory.

The layered silicate used in this study induces a different

crystalline phase in the polymer, and causes a small

reduction of the crystallinity. WAXS measurements on the

injection-moulded samples have shown that the PA6

crystals show a certain degree of alignment at the local



D.P.N. Vlasveld et al. / Polymer 46 (2005) 6102–61136112
level. However, when all different areas and both crystal

phases are considered, the average alignment in the entire

sample seems to be almost isotropic. Therefore, the Halpin–

Tsai model with shape factors for platelet-shaped reinforce-

ment and random alignment is used to estimate the modulus

of the matrix in the nanocomposites as a function of

crystallinity and surfactant content. The calculations show

that with increasing silicate content the matrix modulus

decreases slightly compared to the reference polymer, due

to the reduced crystallinity and the dilution of the matrix by

the surfactant.

The WAXS measurements trough the cross section

revealed that the silicate layers are very well aligned in the

flow direction in most of the sample volume. The calculated

matrix modulus and the measured nanocomposite modulus

for each sample is used in the Halpin–Tsai model for

aligned platelets to calculate the effective aspect ratio of the

silicate platelets for each concentration and moisture

content. If the nanocomposite modulus is governed by the

same mechanism as traditional composites, the effective

aspect ratios that are calculated with the model should not

depend on the matrix modulus. This is indeed found to be

the case; all nanocomposites with different moisture content

can be described with one aspect ratio for each silicate

concentration. With increasing silicate concentration the

calculated effective aspect ratio decreases, probably because

of a reduced exfoliation of the silicate filler at higher

loading. The effective aspect ratios derived from the model

show a good similarity with the aspect ratios as they are

observed in transmission electron microscopy, and the

reduction of the effective aspect ratio can be explained by

the appearance of small stacks of on average two platelets at

the highest concentration. Therefore, it can be concluded

that the high aspect ratio and high modulus of the platelets

are the main reason for the strong increase of the modulus at

a much lower filler content compared to micro-composites.

The present results show that with the same microstructure

(i.e. equal aspect ratio particles) the model is able to predict

the measured modulus without requiring any major change

of the matrix properties. The small change in modulus due

to the different crystallinity and the addition of surfactant

molecules was taken into account. In addition, a reduced

mobility of the polymer phase would be unlikely to have

much effect at temperatures below Tg, since the amorphous

phase is rigid at those temperatures, but would have a larger

influence above Tg. The Halpin–Tsai composite theory can

be used to describe the modulus of nanocomposites both

below and above Tg of the matrix polymer using the same

aspect ratios. The results described here for different matrix

moduli support the theories of Van Es and Fornes [9,10].

The shape and modulus of the reinforcing particles is

sufficient to account for the observed moduli, without a

special influence of their exceptionally small size or surface

area, and without significantly influencing the modulus of

the matrix. Changes on the molecular level due to the

presence of the silicate layers apparently only have a small
influence on the modulus. The reduced efficiency of

reinforcement of the silicate sheets at increasing filler levels

can be partially explained by the reduction of the matrix

modulus due to the presence of surfactant and reduced

crystallinity, and partially by the occurrence of small stacks

of platelets.
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