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Abstract

The nanoindentation behavior and morphology of the injection-molded specimens of nylon-6 (PA6)/clay nanocomposites prepared by melt-

compounding have been studied in present study. The elastic and plastic properties as well as creep behavior of PA6 and its nanocomposites are

comparatively evaluated as the function of clay loading by using nanoindentation technique. The anisotropic characteristics in mechanical

properties are studied by indenting the injection-molded specimens in two different directions (i.e. parallel and perpendicular to the injection

direction). The uneven distribution of both the clay nanofiller and the crystallinity of the polymeric matrix induced by melt-processing leads to the

variation of the mechanical property of the nanocomposites in certain directions and locations within the molded specimens. The microstructural

and morphological changes of PA6 upon incorporating with clay nanofiller are evidenced by transmission electron microscopy and small-angle X-

ray scattering, which are closely correlated with the anisotropy of the mechanical properties observed by nanoindentation.

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

In the past decade, polymer nanocomposites have attracted

much interest in both academic and industrial arenas because

of their enhanced physical properties, including tensile

strength, modulus, heat distortion temperature, fire retardancy

and gas permeability [1–3]. In the family of polymer

nanocomposites, clay-based nanocomposites have received a

great deal of attention because of the high aspect ratio of

nanoclay platelets and their fine dispersion within the

polymeric matrices to form intercalation/exfoliation reinforce-

ment mechanisms [4,5]. In the late 1980s, the researchers from

Toyota successfully developed nylon-6 (PA6)/organophilic

montmorillonite clay nanocomposites by in situ polymer-

ization [1,6,7]. They reported that the PA6/clay nanocompo-

sites exhibit superior tensile strength, tensile modulus, flexural

strength, heat distortion temperature, water and gas barrier

properties and with comparable impact strength as neat PA6

[8–13]. Generally, the preparation methods of polymer/clay
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2005.10.006

* Corresponding author. Tel.: C86 21 556 64197; fax: C86 21 556 64192.

E-mail address: txliu@fudan.edu.cn (T. Liu).
nanocomposites are mainly divided into three groups according

to the starting materials and processing techniques: intercala-

tion of polymer or pre-polymer from solution, in situ

intercalative polymerization method, and melt intercalation

method [4]. The melt intercalation method is widely used to

develop polymer/clay nanocomposites because it has more

advantages than either in situ intercalative polymerization or

polymer solution intercalation. First, it is environmentally

benign due to the absence of organic solvents. Second, it is

compatible with conventional industrial processes, such as

extrusion and injection and other polymer processing tech-

niques, thus being easily commercialized. And, the melt

intercalation method may allow the use of polymers which are

previously not suitable for in situ polymerization or solution

intercalation [4].

In the process of melt intercalation, the rheological and

thermodynamic character of the materials can be important as

it may affect the degree of exfoliation and the dispersion of

nanofillers. In a recent study, we have presented the

inhomogeneous distribution of both the well-dispersed clay

and the crystalline structures in PA6 matrix due to polymer

melt processing [14]. This kind of processing-induced pattern

of material morphologies is expected to cause the variation or

distribution of (local) mechanical properties inside the speci-

mens, thus affect the performance of the final products [15–17].
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Fig. 1. Illustration of an injection-molded bar and three surface regions (A, B

and C) for indentation measurements. The arrow indicates injection flow

direction.
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Balta Calleja [18–22] and other researchers [23] have

extensively studied the structure-property relationship of the

polymers by microindentation technique. This advanced

technique can provide a wealth of valuable quantitative

information on the mechanical properties of the sample

surfaces depending on the localized deformation [24–27].

The dimension of the deformation is in the magnitude of

micron level. It is, therefore, possible to correlate the

mechanical characteristics with certain microstructures in the

materials. In addition, the morphologically anisotropic

materials in different loading directions or under certain pre-

deformed situation could be evaluated by the indentation

technique as well [22].

In an indentation experiment, the yield stress is normally

exceeded and the indentation depth variation is a combination

of both viscoelastic and viscoplastic contributions to the total

indentation depth. This technique has been applied on

polymeric bulk materials [28–30] as well as thin films

[31,32] to characterize the mechanical properties at the near-

surface and interface areas. To our knowledge, few studies on

the hardness and modulus along different directions in the

injection-molded polymer/clay nanocomposites have been

carried out. In present study, the nanoindentation technique is

used to study the anisotropy characteristics of mechanical

properties of the injectionmolded PA6/clay nanocomposites.

The elastic and plastic properties as well as creep behavior of

neat PA6 and its nanocomposites have been comparatively

evaluated as a function of clay loading. An attempt has been

made to correlate the observed mechanical properties with the

morphological changes due to the addition of nanoclay and the

injection process.

2. Experimental

2.1. Materials and sample preparation

The PA6 pellets (Grade SFw 1080A) used in this study were

provided by Ube Industries (under license from Toyota). The

organically modified clay (Nanomerw I.30TC) was supplied by

Nanocor Inc. All of the materials were dried in a vacuum oven

at 80 8C for 24 h prior to use. A wide range of PA6/clay

nanocomposites containing 0, 1.25, 2.5, 5, 7.5 and 10 wt% clay

was prepared via a melt-compounding method using a

Brabender twin-screw extruder at 250 8C with a screw speed

of 80 rpm [14]. The extruded nanocomposite pellets were

fabricated into rectangular specimens (with dimension of 6.5!
12.7!150 mm3) by using an injection molding machine

(Battenfeld 300 CD plus). The barrel temperature was set at

250 8C and the mold temperature at 80 8C.

2.2. Transmission electron microscopy

The morphologies of the PA6/clay nanocomposites

were studied by using a Philips CM300-FEG transmission

electron microscope (TEM) under an accelerating voltage of

200 kV. Thin sections (with thickness of about 70 nm)

for TEM observations were cut from the cross-section of
the injection-molded bars under cryogenic conditions by using

a Leica ultramicrotome with a diamond knife.
2.3. Small-angle X-ray scattering (SAXS) measurements

SAXS experiments were performed on a small-angle

diffractometer (Bruke Nanostar), using Cu Ka1 radiation

source (lZ0.15418 nm). The SAXS data were corrected for

absorption, background scattering and the fluctuation of

incident beam intensity, followed by smoothing of the data,

using the procedures described previously [33]. The one-

dimensional correlation function was calculated by using the

approach developed by Strobl et al. [34,35]. The long period

(L) can be obtained from the maximum peak of the corrected

Lorentz curves using Bragg law. The lamellar thickness (lc) is

approximately estimated by using lcZLWc; Wc is the degree of

crystallinity which can be obtained by calorimetry or X-ray

scattering [14].
2.4. Nanoindentation testing

The nanoindentation technique was employed to study the

material’s hardness, modulus, creep behavior and anisotropy of

mechanical properties induced by injection molding process.

Fig. 1 schematically shows an injection-molded specimen.

Two sets of experiments were performed on the samples for

different purposes. Firstly, to study the clay loading effect on

the indentation behavior, PA6 samples with 0, 2.5, 5, 7.5 and

10 wt% of clay were indented on surface A. The indentation

direction is perpendicular to the injection direction (indicated

by arrow). Secondly, to study the anisotropic character of

mechanical property of PA6 and its nanocomposites, the neat

PA6 and two nanocomposite samples containing 5 and 10 wt%

clay were cut and polished to expose three surfaces, i.e. A, B,

and C (as shown in Fig. 1), for the subsequent nanoindentation

experiments. The indentation tests were performed using an

UMIS-2000H Nanoindentation system (Australian Scientific

Instruments) with a Berkovich indenter (three-faced pyramid

diamond). The load and depth of penetration were indepen-

dently measured by two LVDT (linear variable differential

transformer) sensors. From the experimentally determined

load-penetration data, the hardness (H) and the elastic modulus
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(E) were determined through the following analysis:
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where the hardness of the specimen can be defined as the

average pressure that the specimen can withstand under a sharp

indenter; Pmax is indentation maximum load; A is the contact

area at the maximum load; n is Poisson’s ratio (nZ0.35 for

current study [21]); dP/dh is the unloading stiffness,

represented by the initial slope of the unloading curve. The

area of the indentation is related to the depth of penetration,

and for an ideal sharp Berkovich indenter, there is the

following relation [24]:

A Z 24:56h2 (3)

The indentation procedure performed on all samples was as

follows. Firstly, the indenter was brought into contact with the

sample surface at a constant strain rate (0.05 sK1 in present

study) until the load achieved 40 mN. The load was held at the

maximum value for 60 s to determine the creep behavior.

The indenter was then withdrawn from the sample surface in

the same rate until 2% of the maximum load was reached.

Since, the polymeric materials have prominent strain-hard-

ening effect [36], the constant strain rate was used to control the

load applying on the samples. A minimum of 10 indents was

made in each individual test. The averaged hardness and

modulus values were obtained from the unloading curve by

Oliver and Pharr method [24].
3. Results and discussion

3.1. Effect of nanoclay loading on modulus and hardness

of PA6 matrix

The averaged load-displacement relations of neat PA6 and

its nanocomposites with different clay loadings are illustrated

in Fig. 2. It is clearly shown that the maximum depth for
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Fig. 2. Typical indentation load versus displacement curves of PA6 and its

nanocomposites as a function of clay loading.
the five samples monotonously decreases with increasing clay

concentration. According to Eq. (3), the larger displacement (h)

corresponds to larger contact area (A) for a specified indenter.

In present experiments, the applied maximum load is

maintained at 40 mN. Therefore, the hardness is proportional

to the reciprocal of the contact area (Eq. (1)). The result

indicates that clay addition enhances the polymer’s hardness

with increasing the clay concentration. On the other hand, it is

also noted that the initial unloading gradients of the five

samples increase with clay concentration in the nanocompo-

sites. It is known from Eq. (2) that the modulus is determined

by the initial gradient of the unloading curve, which

corresponds to the unloading stiffness (dP/dh), together with

the contact area (A). As a result, the modulus of the

nanocomposite changes with the clay loading as well. The

creep behavior of the samples is represented in the maximum

holding session where the materials are subjected to same load

condition, i.e. 40 mN for 60 s. It is found that the amount of the

creep displacement at the maximum holding section consist-

ently decreases with clay loading. The detailed discussion on

the creep behavior of the nanocomposites is to be given in

following section.

It is noticed that the 5 wt% specimen showed very distinct

load-displacement relation comparing with those with 2.5 and

7.5 wt% of clay. It is believed to be the overall outcome of the

elastic–plastic response from the composite due addition of

clay. The averaged plastic response (hardness) and the elastic

response (modulus) for neat PA6 and its nanocomposites are

summarized in Fig. 3. The hardness and modulus are shown to

increase steadily with the clay loading as expected. With

addition of only 2.5 wt% of clay, the modulus of the polymer

has improved by about 74%, from 1.06 to 1.84 GPa, as

compared with its neat counterpart; while with addition of

10 wt% of clay, the modulus is enhanced by approximately

128%. In addition, it is found that the pace of increment in

modulus has been slowing down by further increasing the clay

concentration from 2.5 to 10 wt%. This may be related to the

clay morphology within the matrix. From our previous work,

the morphology of clay dispersion in PA6 matrix is changed

from exfoliation-dominated to intercalation/exfoliation
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mixture when clay loading exceeds 5 wt%, as evidenced by

TEM and XRD [14]. It has been well documented that the

intercalated clay morphology offers less enhancement in

mechanical strength than the exfoliated one [4,14,37,38].

Thus, it is not surprising to find the above changing trend of the

modulus with increasing clay loading. Similar phenomenon is

also found in hardness profile. The hardness has improved by

about 161% from 0.054 GPa for the neat PA6 to 0.141 GPa for

the nanocomposite with 10 wt% of clay.
Fig. 5. TEM images showing crystalline morphologies of neat PA6 (A) and the

nanocomposite with 2.5 wt% of clay (B). The insert is under high

magnification.
3.2. Creep behavior and morphology

Fig. 4 compares the creep displacements of neat PA6 and

its nanocomposites, which are deformed under constant load

of 40 mN for 60 s. The y-axis represents the relative

displacement incurred in the course of holding process.

It can be seen that the neat sample shows the maximum creep

susceptibility and the greatest creep rate, compared with those

of the nanocomposites. For the nanocomposite with 2.5 wt%

of clay, its creep displacement in 60 s is reduced by about

30% compared with the neat system. The addition of rigid

clay nanofiller is believed to be the cause of the enhancement

of the creep resistance of the nanocomposites. Moreover, it is

interesting to note that the creep resistance of the

nanocomposites does not monotonously increase with clay

loading. At higher clay loadings, i.e. 7.5 and 10 wt%, it is

difficult to differentiate the creep behavior of the two

nanocomposite samples. This unexpected phenomenon may

indicate that, in addition to the reinforcing effect from the

nanoclay, there might be other opposite effects, which

deteriorate the creep resistance of the nanocomposites (at

higher clay concentrations). One of the main opposite effects

is ascribed to the microstructural changes of PA6 matrix upon

addition of clay nanofiller, as discussed below.

The morphological changes of PA6 due to addition of clay

are investigated by TEM and SAXS. Fig. 5(A) shows the

crystalline morphology of neat PA6 thin section microtomed

from the molded specimen. A number of typical spherulites are

observed with size of about 5 mm. Careful examination reveals

that the well-developed spherulites consist of numerous closely
stacked fibrillar lamellae which radically grow outward from

the central regions (i.e. the nuclei). Upon incorporating

nanoclay (e.g. 2.5 wt%) into the PA6 matrix, however, the

crystalline texture of the matrix is greatly blurred, as shown in

Fig. 5(B). The crystal size decreases significantly, and the well-

defined spherulites are absent due to high (heterogeneous)

nucleation density from clay nanofiller. And, only numerous

bundle-like dark regions are observed with certain contrast.

At higher magnification (the insert of Fig. 5(B)), these blurred

crystalline bundles consisting of closely stacked lamellae can

still be seen clearly. Close inspection also shows the presence

of nanoclay platelets (darker lines in the insert). The

microstructural changes with increasing clay concentration

are further confirmed by SAXS measurements. Fig. 6 shows the

Is2 versus s curves (I is scattering intensity; s is the scattering

vector, sZ2 sin q/l) for the nanocomposites as a function of

clay content. It can be seen from the insert that the long period

and the lamellar thickness are significantly reduced with

increasing the loading level of clay nanofiller, as observed by

other researchers in the same system [39–41].

Fig. 7 shows the effect of clay concentration on the

crystallinity of PA6 nanocomposites. The degrees of crystal-

linity, Wc,XRD and Wc,DSC, are calculated on the basis of

previous X-ray diffraction (XRD) and differential scanning

calorimetry (DSC) measurements, respectively [14]. It can be
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seen that, despite of the difference in absolute values obtained

by XRD and DSC methods, both of Wc,XRD and Wc,DSC

decrease by about 30% with increasing clay loading up to

10 wt%. Therefore, it can be seen that the addition of nanoclay

significantly reduces the crystal size and the degree of

crystallinity of PA6 matrix, as also observed previously in

nylon-66 nanocomposites [42,43]. Thus, it is believed that the

dramatic changes of microstructure (e.g. the decreased crystal

size and the reduced crystallinity) with increasing clay content

are most probably contributed to the deterioration of creep

resistance for the materials studied here, especially at higher

clay loading. The two competing factors (i.e. enhancing effect

from rigid nanoclay and deteriorating effect from change of

crystalline morphology) simultaneously affect the creep

behavior of the nanocomposites with increasing clay loading.

From the present study, there exists a critical filler loading for

the creep behavior of the nanocomposites, that is, 7.5 wt%:

when nanoclay concentration is lower than 7.5 wt%, the

reinforcing effect from rigid clay dominates; and when clay

content is higher than 7.5 wt%, the microstructural changes of

PA6 matrix due to the presence of clay play an important role.

Similar phenomenon was also found in poly(ethylene oxide)/

clay nanocomposites [23], where the critical value of nanofiller

loading (for an adverse effect on the creep behavior) was found

to be 5 wt%.
3.3. Anisotropic characteristics of mechanical property

by nanoindentation

Fig. 8(A) shows the exfoliated clay morphology taken from

the central region of an injection-molded nanocomposite

specimen with 5 wt% clay. In addition, the TEM image clearly

shows clay orientation (along the injection flow direction
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indicated by arrow) induced by melt-processing. At higher

magnification under TEM (Fig. 8(B)), the wellexfoliated clay

nanoplatelets were clearly observed. Fig. 8(C) shows the clay

distribution pattern in the nanocomposite by TEM taken from
the near-surface region, illustrating an uneven distribution of

clay in the injection-molded sample, as also confirmed by

optical microscopy [14]. That is, the content of clay increases

from the sample surface to the inner region of the molded

specimen. It is, therefore, expected that the inhomogeneous

clay distribution in the injection-molded samples could lead to

the different distribution of mechanical properties in the

material.

Nanoindentation is used to detect the localized deformation

behavior, and an attempt to study the mechanical properties at

different locations in the injection-molded specimens of PA6

and the nanocomposites has been made. As shown in Fig. 1, the

surfaces A, B and C represent the near-surface, intermediate,

and core positions in the molding bar. The out-most layer, i.e.

approximately 500 mm from the sample surface, is removed by

polishing in order to exclude the uncertainties in top surface

layer, such as roughness of the surface [44]. The indentation

direction is normal to the A, B, C surfaces, i.e. perpendicular to

the flow direction. Fig. 9(A) shows the variations of the

modulus (Et) perpendicular to the injection molding direction

at the three planes for the neat PA6 and its nanocomposites

with 5 and 10 wt% of clay. It can be seen that, compared to neat

PA6, the modulus of the nanocomposite with 10 wt% clay

increases by about 120% for all the three surfaces (A, B and C).

For all samples, the modulus steadily increases from the

surface to core (i.e. from A to B to C). The Et at surface

A corresponds to the modulus reported in Fig. 3. For neat PA6,

the modulus increases by about 17% from surface A to B and

11% from surface B to C. It is known that after molding,
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the outer part of the sample experiences a relatively faster

cooling process (i.e. air-quenching) than the center, which

usually leads to higher degree of crystallinity in the inner

region than the outer [14]. This uneven distribution of

crystalline morphology is believed to be the main reason of

the enhancement in the modulus (from A to B to C) for the neat

sample. For the case of the nanocomposites, it is worth to note

that from surface B to C, the modulus enhancement is much

prominent than that found in the neat sample. It is believed that

addition of rigid clay is the main cause for this difference.

As shown in Fig. 8(C) and the previous report [14], the clay
Table 1

Modulus (GPa) and hardness (GPa) of the PA6 and its clay nanocomposites in the

Es Et

Neat PA6

Surface (A) 1.16G0.01 1.06G0.16

Intermediate (B) 1.42G0.03 1.24G0.01

Core (C) 1.50G0.04 1.38G0.03

PA6/clay (95/5)

Surface (A) 2.03G0.04 1.97G0.06

Intermediate (B) 2.37G0.04 2.20G0.08

Core (C) 2.96G0.13 2.58G0.06

PA6/clay (90/10)

Surface (A) 2.63G0.11 2.42G0.07

Intermediate (B) 2.77G0.07 2.50G0.12

Core (C) 3.13G0.14 2.79G0.20
distribution has relatively less density at the near surface region

than in the core. Higher concentration of clay can lead to higher

modulus in the core region.

The hardness (Ht) profiles of the three samples are shown

in Fig. 9(B), showing similar phenomenon as observed in the

modulus profile. The hardness of the nanocomposite with

10 wt% of clay is almost twice of the neat sample. Contrary to

the others, the nanocomposite with 10 wt% of clay has

insignificant difference between surface A and B. This could

be related to the dispersion state of the clay nanofiller in the

nanocomposite: exfoliated/intercalated mixture is usually

observed at higher clay loading (e.g. O5 wt%) [14]. With

clay loading further increases, clay agglomeration becomes

evident which would result in higher chances for the indenter

solely in contact with a clay cluster. Therefore, agglomeration

could significantly affect the nanoindentation measurement

when its size is comparable to the contact area.

Fig. 10(A) and (B) show the modulus (Es) and hardness

(Hs) fluctuation profiles along the x direction from point O to

O1 (refer to Fig. 1) in the plane of x–y for neat PA6 sample and

the two nanocomposites. Clearly, both modulus and hardness

of the nanocomposites are much higher (by about 100%) than

those of neat PA6. Here the indentation direction is parallel to

the injection direction. In this case, due to the effect of melt-

processing, most polymer chains (as well as the clay platelets)

approximately align along the indentation loading direction.

For the neat sample, the difference in the mechanical properties

may indicate variation of crystallinity at the corresponding

localized area. It can be seen that along the line O–O1, there is

an outstanding peak (i.e. increase) at near center location for

both modulus and hardness profiles. It clearly indicates that

there is inhomogeneous distribution of the crystallinity from

surface to core in the molded neat PA6 specimen, since

different locations from the surface to core experience different

cooling history upon injection. For example, the outer part of

the molded bar is cooled rapidly like a ‘quenching’ process in

the air. However, for the inner part in the sample, temperature

gradient of the molded specimen leads to different crystal-

lization rates as well as degree of crystallinity from surface to

core. For the case of the nanocomposites, in addition to the

effect of thermal history mentioned above, uneven distribution

of clay (from surface to core) within the molded specimens
directions of parallel (s) and perpendicular (t) to injection flow

Hs Ht

0.085G0.001 0.054G0.011

0.085G0.002 0.077G0.002

0.092G0.004 0.078G0.002

0.121G0.004 0.118G0.005

0.142G0.001 0.133G0.008

0.173G0.004 0.166G0.008

0.150G0.011 0.141G0.005

0.158G0.005 0.135G0.009

0.167G0.016 0.165G0.006



Table 2

Elastic modulus values from different measurements for PA6 and its

nanocomposites as a function of clay loading

Clay loading

(wt%)

Et (GPa) (from

nanoindentation)

Es (GPa) (from

nanoindentation)

E (GPa) [41]

(from tensile

tests)

0 1.06G0.16 1.16G0.01 1.50G0.08

5 1.97G0.06 2.03G0.04 2.25G0.06

10 2.42G0.07 2.63G0.11 2.66G0.10
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may play an additional role in affecting the modulus and

hardness profiles. As shown in Fig. 10, instead of sharp peak in

the core region on the hardness/modulus profiles for the neat

sample, the increasing and decreasing amplitudes are much

smooth and diffusing in the case of the nanocomposites,

probably because the addition of clay nanofiller into the matrix

dramatically reduces the crystal size of PA6 and thus may blur

the crystallinity difference between the surface and core.

However, the maximum values are still found in the core

region as observed in the neat sample, mainly due to

processing-induced gradient distribution of the clay platelets

as well as the crystallinity difference resulted from temperature

gradient (upon injection) from surface to core in the molded

nanocomposites specimens [14].

Table 1 summarizes the hardness and modulus values of

neat PA6 and the nanocomposites at the two indentation

directions, i.e. parallel and perpendicular to the injection

direction. As expected, all modulus and hardness in the

direction parallel to the flow are higher than those obtained in

the direction perpendicular to the injection direction. Thus,

care should be taken when performing the mechanical

measurements on the injection-molded semi-crystalline poly-

meric products since the different loading direction could

generate different absolute values of modulus/hardness,

especially for the particulate-filled multi-phase polymeric

systems. Table 2 compares the moduli obtained from the

indentation experiments and the tensile tests [45]. The modulus

values (parallel to the injection flow) obtained by indentation

are more comparable with the tensile results for the same

systems. This is understandable since the loading direction for

the tensile tests is also parallel to the flow direction. Moreover,

the hardness and modulus on both directions increase

monotonously from surface A to C, as shown in Table 1. The

difference between local mechanical properties on surface and

core regions can be as large as 20%.
4. Conclusions

In present study, nanoindentation has been used to probe the

hardness, modulus, and creep behavior of the PA6/clay

nanocomposites. Compared with the neat PA6 system, the

modulus and hardness of the nanocomposites with 2.5 wt% of

clay are enhanced by 74 and 80%, respectively. The values of

the modulus and hardness keep on increasing with further

increasing the nanoclay loading (e.g. here up to 10 wt%). With

addition of clay, it is found that the crystal size and the

crystalllinity of the PA6 matrix have been reduced
significantly, as evidenced by TEM and X-ray measurements.

It is believed that the creep resistance of the nanocomposite is

not only enhanced by addition of the stiff clay platelets, but also

deteriorated due to the reduced crystallinity and crystal size of

the polymer matrix with addition of clay. The two competing

effects are found to be balanced when the clay loading reaches

7.5 wt%. The nanoindentation also enables one to explore the

mechanical anisotropy and the hardness/modulus distribution

profiles resulted from the melt processing. The orientation of

polymer chains and the distribution of clay platelets

significantly affect the localized mechanical behavior of the

nanocomposites. The hardness and modulus along the

injection-molded flow direction are higher than those measured

in the direction perpendicular to the melt flow. The

nanoindentation results also prove that the core portion of the

injection-molded specimens of PA6 and its nanocomposites

generally possesses higher hardness and modulus than the outer

part of the specimens, which is caused by the processing-

induced uneven distribution of both crystallinity and nanoclay

within the molded products.
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