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Abstract

Strain rate effects on surface deformation behavior of exfoliated nylon 66 (PA66)/organoclay nanocomposites have been explored by

nanoindentation in present study. Sharp indenter (Berkovich) has been used to indent on the surfaces of polymer/clay nanocomposite with

different strain rates. Significant strain-rate hardening has been found consistently existing in both neat PA66 and its nanocomposite systems

from surface to subsurface (a few micron deep into the bulk). However, strain rate shows almost no effect on the elastic moduli of the neat

system and the nanocomposites. The elastic modulus and hardness increase with the indentation depth due to inhomogeneous distributions of

the crystalline morphology as well as clay concentration for the case of the nanocomposites along the indentation direction. The mechanical

properties observed are correlated with the inhomogeneous microstructures of the studied systems. The plastic index of PA66 and the

nanocomposites have been evaluated as a function of strain rate.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

As a new and advanced technique, nanoindentation can

provide a wealth of valuable quantitative information

regarding the mechanical properties, including elastic,

plastic as well as viscoelastic properties of a variety of

materials [1,2]. This method relies on the local deformation

induced on a material surface with an indenter with

specified geometry under the application of a given load.

In an indentation experiment, the yield stress is normally

exceeded and the indentation depth variation is a combi-

nation of both the elastic and plastic contributions to the

total indentation depth. One of the main advantages of

nanoindentation is that it could probe the mechanical

properties of the materials at specified locations on the
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material surface and measured properties could be quanti-

tatively correlated with the microstructure of the material.

By nanoindentation, hardness and elastic modulus can be

derived from the load–displacement curve [2], which are

closely related to materials physical and mechanical

property changes [3]. For example, for polymers, hardness

(H) is linearly related to the plastic yield stress (sy) with the

ratio of H/sy approaching 3 for crystalline (plastic)

polymers [4,5]. Tabor [6] showed that for metals which

are almost entirely plastic in their nature, the ratio of H/sy is

equal to 3. It is expected that, through hardness measure-

ments, nanoindentation technique could detect the changes

of microstructures as well as yield strength of the polymers.

In the past decade, nanoindentation method has been

employed extensively to characterize the mechanical

properties of various polymeric systems [7–10], such as in

polyvinylchloride, poly(ethylene oxide), poly(acrylic acid)

[11], poly(ethylene terephthalate) [1,12,13], nylon 6 and

their blends or composites [14]. However, less attention is

paid to their mechanical properties under different loading

conditions [15,16], never mentioned the investigation by
Polymer 45 (2004) 8221–8229
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means of nanoindentation. It is known that the mechanical

properties of most materials vary with the rate of loading

and this effect is particularly evident in polymers. In

general, the mechanical behavior is closely tied to the

manner in which the polymer chains move relative to one

another under load and the deformation process of polymer

chains depends on both time and the rate at which the load is

applied [17]. Generally, increasing the strain rate has the

effect of increase in yield stress and modulus of a polymer

[3,18]. By tensile test, for example, it was reported that the

yield stress (and the flow stress of a given strain) of

polystyrene (PS) increase significantly with increasing the

strain rate, and for nylon 6 and nylon 66 (PA66), their yield

stresses can be increased by 5 MPa per decade with

increasing strain rate [18]. The sensitivity of modulus to

strain rate is most significant in the glass transition region

where there is less limitation to the molecular movement.

However, this sensitivity is greatly diminished when the

temperature is much lower than the glass transition

temperature (Tg).

In present study, nanoindentation technique is employed

to study the PA66/clay nanocomposites with effect of strain

rate. A few studies on the preparation and structures

(particularly crystal transition or polymorphism) of

PA66/clay nanocomposites have been reported recently

[15,16,19–25]. In our previous work [26], the clay

concentration (less than 5 wt%) and its distribution in the

PA66 matrices are found to greatly affect the thermal as well

as mechanical properties of the nanocomposites probably

due to the large surface area of the nanoclay platelets and

their fine dispersion within the polymeric matrix. In current

study, the mechanical behavior including plastic, elastic and

viscoelastic properties of PA66 and its nanocomposite are

studied under different strain rates by nanoindentation.
2. Theory

2.1. Nanoindentation with continuous stiffness module

(CSM)

In conventional indentation test, indenter is driven into

the material surface by a static load, and the material

stiffness only can be measured from the unloading portion

of the experiment [2]. In the CSM technique, an oscillated

force is imposed on the indenter while monitoring its

response displacement. The characteristic of the material

properties, including phase and amplitude of displacement

response can be measured. The material stiffness (S) and

contact damping (uC) along indentation loading at the

frequency of the oscillation can be calculated using the

following Eqs. (1) and (2), respectively. The elastic

modulus and hardness are calculated using stiffness data

from Eqs. (3) and (4), respectively. Therefore, the hardness

and modulus are determined as a function of indentation

depth with a single loading/unloading cycle.
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where Pmax and h(u) are driving force and the displacement

response of the indenter, respectively; F is the phase angle

between Pmax and h(u); m is mass of the indenter column;

Ks is spring constant at the vertical direction; Kf is frame

stiffness. m, Ks and Kf are all constant values for specified

indentation system. u is angle speed which equals to 2pf; f
is the driven frequency of the AC signal. n is Poisson’s ratio

and set to be 0.35 for current analysis [14]. Ac is contact area

at the moment material in contact with indenter with load

Pmax.

Comparing with the conventional mode, where the

stiffness is determined by analysis of the unloading curve,

the CSM technique enables the instrument to determine the

contact stiffness throughout the experiment during the

loading segment. At each point where a load–displacement

data pair is acquired, the viscoelastic or anelastic effects are

accounted for [27,28]. In conventional indentation test, the

materials, such as polymers, which are strain-rate sensitive

materials and prone to room-temperature creep, show

widely varying hardness and modulus results depending

upon the load–time history for the indentation. Therefore, it

is not suitable to derive the mechanical properties of these

materials. However, the CSM technique makes it possible to

study the polymer’s plastic and elastic properties without

the effect of maximum holding time and no effect from

load–time history is accounted for in the results.
2.2. The strain rate

Strain rate is the imposed rate of deformation during

indentation. It is generally correlated with the displacement

rate or the loading rate of the indenting body over the softer

surface. In an indentation experiment, the strain rate acts

nominally in a direction perpendicular to the surface and is

defined as the displacement rate ð _hZdh=dtÞ divided by

displacement (h) as given by Eq. (5) [7,29].

strain rateZ
_h

h

� �
(5)
2.3. The plasticity index

The plasticity index, j, of a solid body is usually used to



L. Shen et al. / Polymer 45 (2004) 8221–8229 8223
characterize the relative plastic/elastic behavior of the

material when it undergoes external stresses and strains. In

the case of indentation contacts, the area below the loading

curve in the load–displacement diagram corresponds to the

total energy spent during pressing the indenter into the

material. The area below the unloading curve corresponds to

the energy released from the system during unloading. Their

difference expresses the irrecoverable energy, consisting of

the work spent in plastic deformation or other irreversible

processes, such as crack, and the elastic energy of residual

stresses caused. For the case of polymeric material, one of

the definitions for the plasticity index is the ratio of the area

encompassed between the loading and unloading curves

(equals to plastic work done during the indentation) to the

total area encompassed under the loading curve (total work

done involves plastic work and viscoelastic recovery). It

follows that jZ1 for a fully plastic deformation, jZ0 for a

fully elastic case, and 0!j!1 for viscoelastic–plastic

behavior [30].
Fig. 1. Loading–hold–unloading curves showing strain rate effect for neat

PA66 (A) and its nanocomposite containing 5 wt% clay (B).
3. Experimental

3.1. Materials and sample preparation

Neat nylon 66 (PA66) pellets (EPR32, with relative

viscosity of 3.2) used in this study were kindly provided by

China Shenma Group Co. Ltd Organoclay, Nanomerw

I.34TCN (from Nanocor Inc., USA), is a surface modified

montmorillonite mineral with a mean particle size of 16–

22 mm, which is specifically designed for extrusion

compounding and usually used in nylon 6 and nylon 66

systems [31]. PA66 nanocomposites with 5 wt% clay

concentration were prepared by melt-compounding using

Brabender twin-screw extruder at 280 8C with a screw speed

of 180 rpm, followed by pelletizing. The pelletized

materials were dried and injection molded into rectangular

bars with dimension of 12.5!6.5!160 mm3. The detailed

studies on preparation, structure/morphology, thermal and

mechanical properties of PA66/clay nanocomposites have

been reported elsewhere [25]. The specimens were then cut

into small pieces suitable to perform nanoindentation tests.

After that, the sample surfaces parallel to the injection flow

direction were polished using SiC paper in order to remove

or eliminate the processing-induced defects or other

artifacts until no discernible scratches are observed under

optical microscope. After being dried in oven at 60 8C for

about 24 h, the polished samples were mounted on

aluminum stub using super glue for subsequent indentation

tests.

3.2. XRD and DSC measurements

X-ray diffraction (XRD) patterns were recorded using a

Bruker GADDS diffractometer equipped with a 2D area

detector, operating at a voltage of 40 kV and current of
40 mA using a Cu Ka radiation (lZ0.15418 nm). Differ-

ential scanning calorimetric (DSC) was performed under

nitrogen flow from room temperature to 300 8C at a

scanning rate of 10 8CK1min by using a TA MDSC 2900.

For both XRD and DSC measurements, three sets of the

samples were taken from different locations (i.e. surface,

intermediate and core parts) of the injection-molded bulk

specimens, and detailed sample preparation is described

elsewhere [32]. The weights of samples varied from 4 to

6 mg. The degree of crystallinity was calculated by

deconvolution of the XRD patterns. And for comparison,

the crystallinity by DSC was estimated by dividing the

enthalpies of the samples by the heat of fusion

(DHo
mZ206 J gK1 [33]) of fully crystalline PA66.
3.3. Nanoindentation experiments

Typical loading–hold–unloading sequence was used to

indent on neat PA66 and the nanocomposite with 5 wt% of

clay (Fig. 1). Four strain rates, i.e. 2, 5, 10 and 20% sK1,

were used to explore the strain rate effect on the mechanical

properties of the materials. The typical nanoindentation

tests were carried out as follows. After the indenter was
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successfully in contact with the surface, it approached into

the material with pre-defined strain rate until 15 mm deep

into the surface; the load was then held at the maximum

value for 60 s in order to minimize the creep effect on

unloading session; and finally, the indenter was withdrawn

from the surface with the same rate as loading process until

the load decreasing to 10% of the maximum load. Another

series of test was carried out on the same material with

maximum depth to be 10 mm and without holding time at

maximum load. The purpose of the latter test was to

evaluate the plasticity index of the polymer where no plastic

displacement contribution from the material creep (i.e. hold

segment) is considered. At least 10 indents were performed

on the polished sample surfaces. One hundred micrometer

was chosen as interval between each two indents to avoid

interaction.

A three-side pyramid (Berkovich) diamond indenter was

employed for the indentation experiments. The area

function, which is used to calculate contact area Ac from

contact depth hc, was carefully calibrated by using standard

sample, fused silica, prior to the experiments.
4. Results and discussion

4.1. Effect of strain rate on load–displacement curves

Fig. 1(A) and (B) are typical loading–hold–unloading

curves with different strain rates for neat PA66 and its

nanocomposite with 5 wt% clay, respectively. On loading,

the curves steadily shift upwards with increasing the strain

rate, indicating that the resistance of the materials to

indentation gradually increases with strain rate. The

maximum loads at the hold segments are tabulated in

Table 1. For both neat and composite systems, the

maximum load increases steadily with strain rate. The

overall loads at different strain rates for the nanocomposite

are higher than those for neat system as addition of stiff clay

increases the material’s resistance to indentation. However,

the difference between the two systems at lower strain rates

(0.02–0.1 sK1) is more prominent than that at higher strain

rate (0.2 sK1). It seems that with high strain rate, it is

relatively difficult to discover the effects of clay addition on

the materials’ resistance to indentation. This phenomenon is

related to the plastic index of the material as to be discussed

later.
Table 1

Strain rate effect on the maximum loads of neat PA66 and its

nanocomposite with 5 wt% clay

Strain rate (sK1) Maximum load at indentation depth of 15 mm (mN)

Neat PA66 PA66/clay (95/5)

0.02 561.8G8.2 597.3G1.5

0.05 594.3G13.2 641.0G4.6

0.1 632.4G6.9 662.8G3.7

0.2 686.1G7.9 681.0G8.6
The loading curves are followed by a period of holding

time (here, 60 s) at which the peak loads are kept constant to

permit the material under load to relax before unloading.

During unloading, the load is reduced at the same rate as in

the loading cycle. In this case, the elastic displacements are

recovered. It can be seen that significant creep was clearly

found in the maximum hold segments for both neat PA66

and the nanocomposites. In particular, the (creep) depths or

displacements significantly increase with increasing strain

rate, suggesting that increasing strain rate on loading

segment leads to greater creep susceptibility of the

materials.

4.2. Effect of strain rate on hardness

Fig. 2(A) and (B) illustrate the hardness profiles for neat

PA66 and its nanocomposite with 5 wt% clay, respectively.

For neat PA66 (Fig. 2(A)), the hardness generally increases

with increasing the strain rate, indicating that significant

increase in yield stress has occurred. The hardness value

(averaged in the range of 4–5 mm) increases by about 21%
Fig. 2. Effect of strain rate on the hardness of PA66 (A) and the

nanocomposite containing 5 wt% clay (B).



Table 2(b)

Modulus and hardness calculated from unloading slope without maximum

hold segment (Oliver–Pharr method) of neat PA66 and its nanocomposites

Strain rate (sK1) Modulus (GPa) Hardness (GPa)

Neat PA66

2 2.06G0.04 0.122G0.003

5 2.07G0.03 0.125G0.003

10 2.10G0.03 0.128G0.003

20 2.06G0.08 0.134G0.002

PA66/Clay (99/5)

2 2.26G0.04 0.126G0.002

5 2.27G0.04 0.126G0.002

10 2.35G0.08 0.134G0.002

20 2.35G0.54 0.139G0.004
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from 111 to 134 MPa when increasing one order of strain

rate (from 0.02 to 0.2 sK1). Table 2(a) lists the hardness and

modulus calculated by CSM method with four different

strain rates. For neat PA6 and PA66, it was reported that the

increment of yield stress by tensile test is only about 5 MPa

when increasing strain rate per decade [18]. It shows that,

therefore, with nanoindentation technique where the

material deforms in compression mode, the degree of

improvement in yield stress with increasing strain rate is

greatly larger than the effect observed in the tensile test. A

possible reason causing the difference between the two

measurements (i.e. tensile and indentation) is the loading

direction for the tensile test is along the injection flow

direction; while in an indentation test, loading direction is

perpendicular to the flow direction. The relative orientation

of polymer chains and clay platelets (induced by polymer

processing) to loading direction may have effect(s) on the

mechanical properties of the injection-molded specimen,

thus leading to the discrepancy in the materials’ response to

the external load in two perpendicular directions.

For neat PA66 system, with a given strain rate, the

hardness profile could be generally divided into three

regions, as shown in Fig. 2(A). In region I, i.e. from surface

to approximate 4 mm, the hardness dramatically decreases

followed by a slight increase with increasing the indentation

depth. The initial decrease of the hardness may be due to the

indentation size effect or some uncertainties existing at the

very surface layer of the material [34]. After that, the slight

increase of the hardness with the indentation depth

(displacement) is probably due to the inhomogeneous

distribution of crystalline morphology (e.g. crystallinity)

in the injection-molded specimens along the indentation

direction [25]. Generally, due to the effect of temperature

gradient, the outer skin part of a molded bar experiences an

air-quenching process (i.e. less or even no time to crystal-

lize) upon injection molding, as evidenced below by XRD

and DSC. In this region, amorphous population is dominant,

while the degree of crystallinity slightly increases along the

indentation direction (into the bulk), which may cause slight

increment of the hardness. In region II, i.e. from about 4–

10 mm, the hardness of neat PA66 roughly stabilizes at

certain values. This region may be considered as a
Table 2(a)

Modulus and hardness calculated from CSMmethod (averaged in the depth

range of 4–5 mm) of neat PA66 and its nanocomposites

Strain rate (sK1) Modulus (GPa) Hardness (GPa)

Neat PA66

2 2.54G0.04 0.117G0.004

5 2.52G0.06 0.126G0.008

10 2.49G0.07 0.129G0.005

20 2.48G0.05 0.142G0.007

PA66/Clay (99/5)

2 2.67G0.05 0.119G0.004

5 2.70G0.03 0.132G0.003

10 2.66G0.034 0.136G0.002

20 2.69G0.09 0.147G0.005
‘transition zone’, which illustrates the microstructural

changes from the amorphous ‘skin’ to crystalline ‘core’ in

the injection-molded specimens. In region III, i.e. from

10 mm onwards, the hardness again shows to increase

steadily with indentation displacement. It is believed that

the inner (or ‘core’) part undergoes a slow/long cooling

process (i.e. having much time to crystallize), thus having

higher degree of crystallinity than the outer portion, and

consequently leading to increment of the hardness with

indentation depth.

The above-mentioned microstructural variations from

surface to core regions of the injection-molded specimens

were confirmed by XRD and DSC studies. The XRD

patterns of different locations (i.e. surface, intermediate and

core parts) of the injection-molded neat PA66 bulk speci-

mens are shown in Fig. 3. The degree of crystallinity was

calculated by deconvolution of the XRD patterns and

tabulated in Table 3. It can be seen that the crystallinity by

XRD (Wc,x) increases from outer or skin layer to the central
Fig. 3. XRD patterns of different regions (i.e. surface, intermediate, and

core) of injection-molded specimens for neat nylon 66.
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or core region of the molded specimen. This is mainly due to

the effect of thermal gradient upon injection molding.

Similar results have been reported recently for nylon 6 and

its clay nanocomposites by Paul and co-workers [35] and

Cakmak and co-workers [36]. The crystallinity estimated by

DSC (Wc,h) was also included in Table 3(a) and (b) for

comparison, showing that the crystallinities by XRD and

DSC have the same changing tendency but with different

values, that is, Wc,hOWc,x. This is probably because some

(amorphous or less ordered) material usually undergoes

reorganization during heating process in DSC, and the

reorganized population may contribute to the melting event.

It shows slightly different behavior for the case of the

nanocomposite with 5 wt% clay, where the hardness profiles

gradually increase with increasing penetration depth after

approximately 1 mm into the polymer surface (Fig. 2(B)).

The three regions observed for neat PA66 become unclear

for the nanocomposite system. That is, the existence of clay

has blurred the microstructural changes from the amor-

phous-dominated to the crystalline-dominated regions along

the indentation direction. Besides the temperature gradient

effect discussed above in neat PA66, clay addition is also

responsible for the gradual increase of the hardness with

increasing indentation depth. It has been found that, for

nylon 6/clay nanocomposites [32], a gradient distribution of

nanoclay induced by injection-molding was clearly evi-

denced by optical microscopy, X-ray diffraction and thermal

analysis. That is, clay concentration gradually increases

from the surface to the inner part for the molded bulk

(tensile or bending) bars. This flow-induced pattern for clay

distribution is usually formed and often observed during

polymer melt processing. Therefore, the increase of hard-

ness with indentation depth for the nanocomposites is

probably due to not only a temperature gradient effect but

also an inhomogeneous clay distribution from the surface to

the core of the molded specimens. The microstructures

(consequently the mechanical properties) of the matrix are

substantially affected by the two factors.

Similar to the neat system, PA66/clay nanocomposite

clearly shows that the hardness increases with increasing the

strain rate (Fig. 2(B)). The increment gradient of hardness,

due to inhomogeneous dispersion of clay and gradient

distribution of crystallinity, is almost the same for each

individual hardness profile for a given strain rate. As shown

in Table 2(a), the hardness values, which are averaged in the

range of 4–5 mm, increase by about 23% from 120 to
Table 3

Crystallinity data from XRD patterns (after theoretical fitting) and DSC

curves obtained on different regions (i.e. surface, intermediate, and core) of

injection-molded specimens for neat nylon 66

Surface Intermediate Core

Crystallinity by XRD,

Wc,x (%)

29 33 37

Crystallinity by DSC,

Wc,h (%)

37 45 48
147 MPa for increasing one order in strain rate. The data

show that, except that the clay loading increases the overall

hardness of the nanocomposites, the strain-rate hardening

effect is similar for neat system and the nanocomposites.

This probably indicates that the exfoliated clay platelets do

not affect strain rate sensitivity of the matrix. At very low

strain rate (e.g. 0.02 sK1), the hardness behavior at shallow

depth, i.e. less than 1 mm, shows to be somehow unusual

behavior where an abrupt decrease followed by a sudden

increase of the hardness is observed for the nanocomposite.

Again, this may be due to the indentation size effect or the

uncertainties existing in the very surface area (less than

1 mm) and detailed studies in this area are worth to be done

in the future.

4.3. Effect of strain rate on elastic modulus

Elastic modulus profiles for neat PA66 and its nano-

composite with 5 wt% clay are shown in Fig. 4(A) and (B),

respectively. Different from the hardness profiles, the strain

rate has insignificant effect on elastic modulus profiles. This

phenomenon agrees very well with the findings by Harold
Fig. 4. Effect of strain rate on the elastic moduli of neat PA66 (A) and its

nanocomposite containing 5 wt% clay (B).



Fig. 5. Hardness and elastic modulus of neat PA66 annealed at 200 8C under

vacuum for 24 h.
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[18] where the strain rate only has effects on plastic and

viscoelastic properties of PS but has slight effect on elastic

modulus of the polymer. The elastic constants (such as

elastic modulus, shear modulus and Poisson’s ratio), which

are in principle sensitive to strain rate, are mainly

determined by the amorphous fraction in the semicrystalline

materials [3]. When temperature is much lower than Tg, the

thermal energy available falls below the energy required for

chain segments thus overcoming the potential barriers to

movement. The system is therefore ‘locked’ into a glassy

state. In this state, the sensitivity of the elastic modulus to

strain rate effect becomes less with decreasing temperature.

Lower than half of the Tg, the effect of strain rate on the

elastic properties of the amorphous polymer is reported to

be nearly nil [3]. For PA66, its Tg is about 50 8C [25], which

is higher than the room temperature where the indentation

tests are performed. This probably gives the possible

explanation of the insensitivity of modulus to the strain

rate changes in indentation study. Thus, it may come to the

conclusion that the increased resistance to indentation with

higher strain rate, as shown in Fig. 1, is mainly attributed to

the increased yield stress with increasing strain rate.

To verify the conclusion drawn on the hardness–strain

rate sensitivity, Oliver and Pharr (O–P) analysis [2] has been

employed to calculate the hardness and modulus responses

to strain rate. To exclude the viscoelastic/anelastic effect on

unloading slope, no maximum hold is applied in the

indentation test. The calculated values of hardness and

modulus are listed in Table 2(b). The calculation on the

indentation tests without maximum holding segments (Fig.

6) by O–P method shows that the hardness for the neat

system increases steadily from 0.122 GPa at 0.02 sK1, to

0.134 GPa at 0.2 sK1. For the case of the nanocomposite

with 5 wt% clay, the hardness increases from 0.126 GPa at

0.02 sK1, to 0.139 GPa at 0.2 sK1. In both cases, the

hardness increases by approximately 10%, while there is

insignificant change in the modulus, indicating that the

calculations from O–P (Table 2(b)) and CSM (as shown in

Table 2(a)) methods give similar trend on the strain-rate

sensitivity for the studied systems.

It is also noted that the modulus values for all the samples

steadily increase with indentation depth from 1 to 5 mm,

especially for the nanocomposite. For neat system, however,

there is almost no effect resulting from the distribution of

nanoclay platelets within the matrix as explained pre-

viously. It is well known that the elastic modulus of polymer

greatly depends on the degree of crystallinity [37].

Obviously, for the PA66/clay nanocomposite, the inhomo-

geneous distributions of both clay and crystallinity function

simultaneously which lead to much faster increment of the

modulus with increasing the indentation depth. In order to

confirm the above speculations, i.e. the inhomogeneous

microstructure resulting from the temperature gradient

effect in injection-molded parts, similar indentation exper-

iment was performed on a highly crystallized neat PA66

specimen (which was annealed at 200 8C in an oven for
24 h). The purpose of this annealing process is to diminish

the inhomogeneous distribution of crystallinity from the

surface to the inner part of the molded specimen. Fig. 5

illustrates the hardness and the modulus profiles of the

highly crystalline PA66 sample. Compared with the results

shown in Figs. 2(A) and 4(A) for the as-molded samples of

neat PA66, it can be clearly seen that from the very first

surface (approximately 200 nm onwards), both hardness

and modulus are almost stabilized at certain constant values,

i.e. 0.19 and 3.29 GPa for the hardness and the modulus,

respectively, with increasing the penetration depth. It

indicates that long time annealing greatly diminishes the

microstructural inhomogenity from the sample surface to

the bulk, which is originated from the temperature gradient

effect upon injection molding. And, the hardness and the

modulus of the annealed sample are much higher than those

(0.12 and 2.5 GPa, respectively) of the as-molded one, due

to high degree of crystallinity after annealing.
4.4. Effect of strain rate on plasticity index

The loading–unloading curves at different strain rates are

shown in Fig. 6(A) and (B) for PA66 and its nanocomposite,

respectively. The data presented here are evaluated without

plastic displacement contribution of the material creep (i.e.

the maximum hold segments). Generally, the materials

appear more plastic in nature under higher strain rate. This

phenomenon is explained as follows: with fast strain rate,

there is less time for the polymer chains in amorphous

population to recover elastically after the external load

removes, thus leading to plastic deformation left in the

material. Fig. 6(C) shows the plasticity index (j) under

different strain rates for neat PA66 and its nanocomposite. It

is also noticed that, at higher strain rate (0.2 sK1), the plastic

indices for the two systems have similar values. It indicates

that, the materials behave more plastically with fast loading

rate, even for a ductile material like neat PA66. The effect of



Fig. 6. Loading–unloading curves for PA66 (A) and its nanocomposite

containing 5 wt% clay (B), and their plasticity index as a function of strain

rate (C).
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clay addition in the nanocomposite is less prominent under

this condition.

Clearly, the overall values of j at different strain rates for

the nanocomposite are higher than those of the neat system.

This indicates that the addition of stiff clay platelets could

restrict the elastic recovery of the deformed molecules of the
polymer matrix when the external load has been removed. It

may explain why the PA66/clay nanocomposites are much

less ductile and more brittle than the neat system [31].
5. Conclusions

Nanoindentation has been proven to be a suitable and

valuable technique which can provide localized mechanical

properties of the polymer and its nanocomposites. In present

study, the effects of strain rates on the plastic (hardness),

elastic (modulus) and viscoelastic (creep) behavior of PA66

and its nanocomposites have been comparatively investi-

gated by nanoindentation. And, the mechanical properties

observed have been correlated with the microstructures of

the materials used. Pronounced strain-rate hardening effect

has been observed for both neat PA66 and the nanocompo-

site samples. Clay addition, however, does not significantly

affect the plastic response of the matrix when changing the

strain rate. The plasticity index of the neat system and its

nanocomposite are shown to increase with the strain rate.

The elastic responses of the neat and nanocomposite

systems are shown to be insensitive to the strain rate as

the motion of the amorphous population in the semicrystal-

line materials has been ‘locked’ at the temperature much

lower than Tg. The increment of modulus and the hardness

with the indentation depth for neat system is due to the

inhomogeneous microstructure (e.g. crystallinity) caused by

injection molding, namely temperature gradient effect. For

the case of the nanocomposites, besides the microstructural

changes, the inhomogeneous clay distribution induced by

polymer processing is also responsible for the increases of

the modulus and the hardness with the indentation depth.

The creep susceptibility of both systems is enhanced with

strain rate increasing. The studies of the effects of other

experimental parameters for nanoindentation (such as

holding time, frequency imposed on loading, and so on)

on the mechanical properties of PA66/clay nanocomposites

are still in progress.
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