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Abstract

Polymer/clay nanocomposites are materials that display rather unique properties, even at low clay content, by comparison to more

conventional mineral-®lled polymers. Two systems are considered in the present study: the ®rst one consists of nylon 6/clay hybrids in

which in situ polymerisation is aimed at obtaining a nylon matrix strongly bonded to the delaminated clay platelets. The second one is

prepared by melt dispersion of organophilic clay in polypropylene, which should in principle result in a reduced degree of polymer±clay

interaction. Dynamic viscoelastic analysis is indeed indicative of a noticeable difference when referring to the molecular dynamics of the

glass transition. Plasticity results, in which volume strain is recorded by video-extensometry, show extensive cavitational behaviour while

retaining a fairly large strain at break, as long as deformation is performed above the glass transition temperature of the matrix. In the

particular case of PA6, it is clear that the usual shear banding plastic deformation mode is altered at least in its initiation step. Localised

interfacial damage promotes extensive polymer matrix ®brillation and fracture occurs predominantly in areas where delamination of the clay

platelets was not fully achieved. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The development and characterisation of nanostructured

polymer±clay composites has been a subject of raising

interest in recent years (see e.g. [1,2] and references

therein). These systems appear as a new class of materials,

when compared to conventional ®lled polymers. This shows

strikingly in the mechanical properties [3], but it turns out

that these systems offer new perspectives in ®re retardant [4]

or barrier properties [5,6]. As a consequence a broad range

of potential applications may be envisioned, from stiffer

automotive parts, yet at lower ®ller content, to high barrier

packaging ®lm with insigni®cant loss of clarity, together

with improved safety in relation to enhanced ¯ame-

retardance. Early publications have mainly dealt with poly-

amide 6-based nanocomposites issued from the Toyota

technology which relies on in situ polymerisation of e-

caprolactam in the presence of organophilic clay platelets

[7]. More recent work turns towards polyole®n matrix

materials with the goal of achieving clay dispersion in the

melt state. It is thus a key issue in the design of these

materials to monitor the dispersion of the elementary clay

platelets in the polymer matrix. This involves delamination

of the original layered silicate structure, as well as polymer

matrix intercalation. Clay surface cation exchange is

required in order to provide organophilic cations capable

of interacting with the polymer. Recent developments

have primarily focused around these aspects, since with

either in situ polymerisation of the polymer matrix or

during melt processing, chemical modi®cation is always

required for promoting nanoscale compatibility. Local

structural organisation of the nanocomposites is referred

to as intercalated when some polymer material is

con®ned in a slightly enlarged gap between elementary

clay platelets whereas it is termed exfoliated when, upon

in situ polymerisation or shearing in the melt state, the clay

platelets have lost registry.

It is clear that from a process engineering point of view

many challenging aspects still need to be addressed, but the

same also holds regarding basic understanding of the

elementary mechanisms operative in the observed proper-

ties. Dealing speci®cally with the mechanical property

issue, it is possible to identify some general trends related

to nanostructure organisation. When considering delami-

nated mineral ®llers with large aspect ratio, geometrical

percolation of the reinforcing elements may be considered

as a reasonable assumption to account for improved

mechanical response (modulus, yield stress) at low mineral
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content (of the order of a few percent). The situation is,

however, not optimum in all instances since thermoplastic

matrix materials exhibit extremely poor sub Tg strain at

break.

It is the purpose of the current study to examine the

plastic deformation behaviour of nylon 6/clay and poly-

propylene/clay nanocomposites to gain some basic under-

standing on the deformation mechanisms.

2. Materials and experimental procedure

The ®rst system under investigation is a nylon 6/

montmorillonite clay nanocomposite, with 2% by weight

mineral content, and its parent nylon matrix polymer.

These are products from Ube Industries under license

from Toyota. The nylon/clay hybrid is obtained by in situ

polymerisation of e-caprolactam in the presence of ion-

exchanged montmorillonite [7]. Reports on clay chemi-

cal modi®cation and nanocomposite elaboration and

properties may be found in the literature quoted

previously [1,2].

The second materials are a PP homopolymer from

Montell and a PP/clay compound prepared by melt extru-

sion of PP with 3% by weight alkyl quaternary ammo-

nium modi®ed Bentonite from Southern Clay Products

in a rotor/stator type Kex extruder [8]. All samples have

been prepared from compression moulded rectangular

plaques.

Tensile testing at constant strain-rate is performed on an

Instron machine, model 6025 at a crosshead speed of 5 mm/

min which corresponds to a strain-rate of 1023 s21. Both

stress and strain are recorded, as well as volume strain

[9,10]. A speci®c video-extensometry equipment is used

for this purpose. The experimental set-up comprises the

following elements:

² two CCD video cameras with zoom lenses;

² a digitising and image processing unit;

² a computer with a video interface board and three video

monitors.

A speci®c sample geometry is used to perform the video

tensile testing. It consists of a dumbell-shaped specimen

with a large radius of curvature in order to localise defor-

mation while minimising stress triaxiality. The digitised

picture of the central part of the specimen with the ink

marks is processed so that the number of white pixels in

all three directions is recorded as a function of time. We are

thus able to obtain the true stress±strain curve and the

volume strain [11].

The true stress is expressed as: s � F=�S0�1 1 e1��1 1
e2��; where S0 is the initial sample cross-section and e 1,2

are the deformations in both transverse directions.

The volume strain writes: DV =V � �1 1 e1��1 1
e2��1 1 e3�2 1; where direction 3 refers to the tensile

testing axis.

Morphological studies are performed on a Field Emission

Scanning Electron Microscope Hitachi S4700. Observations

concern fracture surfaces as well as deformed samples

viewed along the draw axis.

3. Results

The viscoelastic behaviour is quite revealing of the differ-

ent microstructures achieved in these materials. The case of

PP-based systems is examined under dynamic tension in

Fig. 1a and b. The reinforcing effect of only 3% by weight

of the clay is clearly displayed over the whole temperature

range of evolution of E 0 under investigation. A 25±30%

increase in stiffness is observed. The loss tangent curve in

Fig. 1b shows little or no change in both the temperature

position and amplitude of the relaxation peak associated

with the glass transition motions around 08C. Some differ-

ences seem to exist in the case of the crystalline relaxation

beyond 508C but though it is quite signi®cant any comments

would be too speculative at the present time and further

investigations are needed. The case of the PA-based

materials is considered in Fig. 2a and b. The nanocomposite
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Fig. 1. (a) Tensile storage modulus at 1 Hz for the PP-based materials.

(b) tan d versus temperature plot for the PP-based materials.



and its parent nylon matrix have been tested in ¯exion. The

reinforcing effect on E 0 is clearly more pronounced above

the glass transition temperature and this may thus be indi-

cative of a key role of mobility hindrance in the amorphous

phase by the clay platelets. This assumption is supported by

the reduced amplitude of the tan d peak linked to the glass

transition around 508C, although there is no evidence for a

shift of its temperature maximum. This situation of

constrained dynamics has already been evoqued for this

particular system [3], and furthermore some clear insight

regarding the change in the degree of cooperativity of

chain motions in con®ned clay intercalated environments

has been reported [12].

Returning to the present systems, comparison of Figs. 1b

and 2b shows that in both cases if the position of the

temperature maximum remains the same, the peak area

reduction for the PA6-based nanocomposite is in contrast

with the absence of any signi®cant in the PP system. The

clay platelets are expected to be bound to the polymer

matrix during the in situ polymerisation of the nylon,

whereas no such situation is to be encountered in the PP-

based nanocomposite.

Fig. 3a and b present the room temperature tensile

response of the PP-based systems. The true stress±true

strain behaviour is indicative of a slightly reduced yield

stress in the nanocomposite, although both materials

exhibit a fairly large ductility. Draw temperature is situ-

ated above the glass transition temperature of the poly-

mer matrix. The volume strain versus tensile strain plot

is, however, quite revealing of a major cavitational

behaviour of the nanocomposite by comparison to the

PP homopolymer behaviour. The apparent sudden jump

in the volume strain of the pure PP around 10% elon-

gation is related to the development of a plastic

instability (necking) in the zone of observation. A

more appropriate treatment of the videoextensometry data

is required in such a case but will not be considered here

since it does not bring any fruitful information to the present

discussion.

The data of Fig. 4 reveal the extremely fragile room

temperature behaviour of the PA6 nanocomposite with a

strain at break as little as 5±7%. The stress at break is of

the order of 80 MPa, that is twice the yield stress of the

reference PA6 material. The deformation behaviour is better

compared for both systems in Fig. 5a and b above the glass

transition temperature. The yield stress of the nano-

composite at 808C is roughly twice as large than that of
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Fig. 2. (a) Flexural storage modulus at 1 Hz for the PA6-based materials.

(b) tan d versus temperature plot for the PA6-based materials.

Fig. 3. (a) True stress±true strain curves at room temperature for the PP-

based materials. (b) Corresponding volume strain versus elongation for the

PP-based materials.



PA6, thus indicating that the reinforcing effect of the clay

platelets is preserved when the amorphous component of

PA6 is in the rubbery state. Fig. 5b illustrates the volume

strain response. Owing to the signi®cant ductility at 808C, it

is possible to take all advantages of the video-extensometry

equipment in this respect. The volume strain evolution upon

drawing is completely different, i.e. pure PA6 deforms with

little volume variation, whereas the clay nanocomposite

show an extensive cavitation. The observed behaviour for

PA6 is in agreement with the fact that shear banding is the

elementary deformation mechanism for this material. The

prominent voiding in the case of the nylon/clay hybrid mate-

rial is thus indicative of an important change in the response

of the material.

It is worth expressing the various contributions to the

overall strain, i.e. elastic, deviatoric (shear banding) and

dilatational (cavitation/crazing) with the simple assump-

tions that shear occurs at constant volume and that cavita-

tional and crazing strain accounts for the non-elastic volume

strain [13]. According to this simple scheme, the three strain

components of deformation are presented in Fig. 6a and b

for the pure nylon matrix and the nylon/clay hybrid,

respectively. It is clear from the data in Fig. 6a that shear

banding accounts for more than 90% of the non-elastic

deformation in pure nylon 6, whereas at least 45% of the

latter is of cavitational nature in the nanocomposite as

deduced from Fig. 6b.

4. Discussion and conclusion

Cold ®eld emission scanning electron microscopy
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Fig. 4. Room temperature nominal stress±strain curves for the PA6-based

Fig. 5. (a) True stress±true strain behaviour of the PA6-based materials at

808C. (b) Corresponding volume strain behaviour.

Fig. 6. (a) Contributions of the various strain components to the overall

strain (PA6). (b) Contributions of the various strain components to the

overall strain (Nanocomposite).



observations provide some qualitative indications of the

microstructural evolution upon drawing. Considering ®rst

the case of the PP-based nanocomposite in Fig. 7a and b,

it is clear from a fracture surface observation (a) and when

viewed along the draw axis that ®brillation and cavitation is

operative. Moreover, Fig. 7b shows in its central part some

evidence of polymer±clay platelet (stack) interaction

although no speci®c treatment was achieved to promote it.

The identi®cation of these clay structures in the ®brillated

zones is con®rmed by X-ray microanalysis which reveals

the presence of Si, Al, O peaks at the speci®c locations of

these irregular shaped platelets.

Concentrating on the case of nylon/clay hybrids, Fig. 8a

presents a typical view of the highly cavitated ®brillar struc-

ture parallel to the draw axis. Very localised damage at the

polymer±mineral interface obviously induces cavitation

and ®brillation much akin to profuse crazing as seen for

example in High Impact Polystyrene. The extremely high

surface to volume ratio of the clay mineral, and presumably

strong polymer chain linkage to the mineral surface as

suggested by the linear viscoelastic response is certainly

able to alter noticeably the local chain dynamics. It is,

however, too early to provide a clear answer as to whether

some speci®c constrained chain conformations and/or crys-

talline organisation in the vicinity of the clay platelets play a

role in the observed behaviour. It has yet to be con®rmed if
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Fig. 7. SEM observation: (a) of cavitated PP-nanocomposite; (b) showing ®brillated PP-nanocomposite and polymer±clay interaction.



we are dealing with very local micronecking and ®brillation

or if nanoscale interfacial cavitation induces craze-like

features. Nevertheless when comparing PP and PA6 nano-

composites, the largest cavitational behaviour belongs to the

strongly bonded PA6 system. Dealing with microvoid

formation, an interesting suggestion is provided by Michler

and coworkers [14] in their work on PA12-based nano-

composites where they attribute a speci®c role to stacked

silicate layers, depending on their orientation with respect to

the tensile axis. In this scheme, splitting of intercalated

structures ought to promote microcavitation rather than

plastic shear and this would contribute to the development

of the observed damaged structure. Fig. 8b shows an exam-

ple of a typical fracture surface where stacks of clay plate-

lets obviously badly dispersed have induced local breakage.

This is indeed consistent with the suggestion evoked above.

Whether toughness may be brought by this kind of rein-

forcement has yet to be proved but it is quite clear that major

improvements rely on the quality of nanocomposite elabora-

tion and processing. Polymer±clay nanocomposites propose

challenging questions regarding the fundamental aspects of

the deformation mechanisms, both with respect to the local

polymer dynamics and to the scale of initial interfacial

damage and local matrix ligament thickness. These para-

meters may alter the classical response of a given polymer

matrix. From an experimental point of view, video-

extensometry appears as an interesting tool to evaluate

the changes induced in these materials upon drawing.
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Fig. 8. SEM observation of: (a) cavitated and ®brillated nylon/clay hybrid (viewed along draw axis); (b) stacks of silicate platelets on a fracture surface.



Nanoscale observations are now needed in order to elucidate

the microstructural evolution as a function of strain.
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