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Abstract

Nanoindentation of organomodified clay filled maleated polypropylene (MAPP) was investigated. The study aims to identify the relative in-
crease in local stiffness in comparison to the increase in mechanical properties of the bulk in polypropylene-based nanocomposites. Such a study
allows one to assess confined material property in addition to increased filler volume at the local scale. A mixture of highly intercalated and well
exfoliated clay structures, when dispersed in MAPP matrix, was observed under transmission electron microscopy. The degree of exfoliation was
found to increase with clay loading, which was attributed to the higher viscosity and mechanical shear forces during melt compounding. Instru-
mented indentation was performed on (1) clay aggregate supported by MAPP matrix, (2) clay—matrix boundary, and (3) the MAPP matrix. The
clay aggregated region generally showed higher stiffness as compared to the matrix. And, the relative increase in indentation stiffness is sub-
stantially higher than the relative increase in tensile and compressive stiffnesses for clay reinforced systems. Polymer chain confinement and
topological constraint appeared to be operative to enhance local stiffness in the clay aggregated region. Good correlation was, however, obtained

between the change in macroscopic stiffness and the change in highly local indentation stiffness as a result of clay reinforcement.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent advances in polymers reinforced by organomodified
clays have shown that the polymer nanocomposites derived
thereof possess attractive attributes such as enhanced mechan-
ical strength and stiffness [1—3], improved fracture toughness
performance [4—6], and barrier performance [7—9]. Little is
understood on the local mechanical performance vs. global de-
formation of polymer nanocomposites [10]. Global deforma-
tion is defined herein as the macroscopic elastic stiffness,
which is quantified by the Young’s modulus, at the beginning
of deformation. And, in this paper, we present results from
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both tensile and compressive modes of loading in comparison
to local indentation loading. A notion has been suggested that
inference of mechanical properties such as dynamic mechani-
cal properties can be made directly from local indentations of
polymers [11] or the notion can be modified by a scaling law
in polymeric materials. If true, this would allow assessment of
mechanical properties using miniaturized specimens. How-
ever, it has been noted that local composite properties in a con-
fined region may introduce strengthening mechanisms not
predicted by composite theory, which mainly takes into ac-
count filler volume fractions and not matrix stiffening effect
due to molecular chain confinement and/or topological con-
straint. In this study, we compare global and local stiffening
behaviors and evaluate if indeed local property is influenced
by filler volume fraction alone or not.
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Success for processing polymer nanocomposites is most
notably demonstrated in nylon 6 [2,3] and, more recently, in
smectite clay reinforced epoxy [12,13]. Polypropylene is one
of the most cost-effective commodity plastics and it is in
high demand in the world market. However, the non-polar
nature of polypropylene creates challenges for uniformly and
disorderly exfoliated nanoclay platelets to be formed [14,15].
This study demonstrates mixtures of intercalated and exfoliated
nanoclay structures dispersed in maleic anhydride modified
polypropylene. From the relationship between local indenta-
tion stiffness and global tensile and compressive properties,
we could gain some insight into the influence of clays on local
vs. global deformations for polymer nanocomposites, the un-
derstanding of which can be fruitful for polymer testing and
future applications in scratch resistant polymers and polymer—
clay interactions. Electron microscopy is employed to directly
examine the clay dispersion and exfoliation in maleated PP. An
instrumented indenter that can perform continuous stiffness
measurement (CSM) is used to indent on the selected areas
of interest. Local and global elastic moduli are compared.

2. Experimental work
2.1. Materials

The matrix materials studied were commercially available
maleic anhydride modified polypropylene (MAPP) (polybond
3200) from Crompton. The organoclay (Nanomer 1.31PS
onium ion modified montmorillonite clay), which was modi-
fied with octadecylamine, was supplied from Nanocor Inc.
MAPP was chosen over unmaleated PP for its acid content
and reactivity, enhancing the interfacial bonding between PP
and organomodified montmorillonite. Our previous studies
on mechanical and fracture properties were also performed
on MAPP and the current study forms part of a series of re-
search efforts conducted in USA and Singapore [1,4,14].
The physical properties of the as-received MAPP used in
this study are given in Table 1.

Maleic anhydride modified polypropylene and organoclay
were melt compounded in a counter-rotating intermeshing
twin screw extruder (Leistritz LSM 34GG, L/D = 32.5). The
compounding temperature was 180 °C to produce the master-
batch containing 10 wt% clay, followed by recompounding
with fresh maleated PP to obtain MAPP nanocomposites at 0,
2.5, 5, 7.5 and 10 wt% clay loadings. The blended samples
were re-extruded to achieve more uniform dispersion. Materials
were injection molded into 3.5-mm thick dumbbell specimens
(Type V specimens according to ASTM standard D638-02a)
and 3.00-mm thick rectangular specimens. All materials were

Table 1
Physical properties of maleated polypropylene (MAPP)

Grade/supplier Polybond® 3200/Crompton
Melt flow rate (g/min) 11

Melting temp. (°C) 157

Density at 23 °C (g/ml) 0.91

dried at 80 °C in a vacuum oven for at least 16 h, prior to
compounding and injection molding.

2.2. Transmission electron microscopy

To examine the morphology of the nanocomposites, ultra-
thin sections with thicknesses of 80—100 nm were cut from
the molded samples using a Leica Ultracut UCT microtome.
Then the sections were picked up with 200 mesh formvar/car-
bon coated copper grids and observed under a Philips CM 300
TEM at an accelerating voltage of 300 kV. Image analysis was
used to assess the increase in filler content in the clay—
polymer intercalated region based on the TEM micrographs.
The area fraction was obtained using the software Imagel]
(Image Processing and Analysis in Java). The area of interest
was converted into a binary (black and white) image which
assumes that clay platelets are black and background is white.
The software scans the image until it finds the edge of an
object. The area fraction was automatically calculated from
the measurement.

2.3. Mechanical tests

To compare local vs. global deformation, tensile and com-
pressive tests of bulk specimens were performed according to
ASTM standards using an Instron Model 5567 computer-
controlled testing machine equipped with an extensometer.
The crosshead speed was kept constant at 0.08 mm/min at
ambient temperature. At least five specimens of each compo-
sition were tested. Compression tests were also conducted in
this study at the same crosshead speed.

2.4. Nanoindentation

Nanoindentation tests were conducted on MTS Nano-
indenter XP using a Berkovich indenter tip on polished nano-
composite samples. The nanoindenter has displacement and
load resolutions of 0.01 nm and 50 nN, respectively. Dynamic
Contact Module (DCM) option offers high precision and res-
olution such that the displacement and load resolutions of
DCM are 0.0002 nm and 1 nN, respectively. A total of 15 in-
dentations were conducted on each specimen using the contin-
uous stiffness measurement (CSM) technique [16] and the
average values of 15 indentations are presented in the present
study. In some specimens, indentations with DCM option were
also employed to verify the results from XP module. The CSM
allows the measurement of dynamic stiffness continuously
throughout the loading segment by superimposing a small dy-
namic oscillating displacement on top of the quasi-static force
by means of a frequency-specific amplifier. This technique
measures the contact stiffness at any point of the quasi-static
loading curve and not just at the point of unloading as in other
models of nanoindentation. The area function (A) of the
Berkovich tip, which depends on indenter shape and is also
known as the indenter shape function, is represented by:

A(h):C0h2+C]h+C2h1/2+C3hl/4+...+C8hl/128 (1)
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where Cy...Cg are constants determined by curve fitting, and 4 is
the indentation depth. A(h) allows for the calculations of the
elastic modulus, which is reported in the current study, and hard-
ness [16]. Note that the contact area is automatically calculated
by the indenter software for each indentation experiment.

An indentation test is composed of several segments. In the
first segment the indenter tip approached the surface of the
specimen while the surface was located by the change in stiff-
ness. In the next segment, the indentation load was applied
with a constant strain rate of 0.05/s up to a depth of
4000 nm with a harmonic displacement of 2 nm at 45 Hz. Af-
ter a 10 s hold at the maximum load, the unloading segment
proceeded until 90% of the maximum load was removed, after
which another 10 s hold was applied for the thermal drift cor-
rection. The indentation test was then completed after 100%
unloading. When DCM option was employed, the oscillation
displacement, the frequency and the maximum indentation
depth were 1 nm, 75 Hz, and 700 nm, respectively.

3. Results and discussion

This study examines directly the local morphology of nano-
clay reinforced MAPP and their subsequent local mechanical
properties. The mechanical properties and fracture toughness
of the bulk of a similarly prepared MAPP-based system
were reported earlier [1,4] but the MAPP used previously
was different from the current study as specified in Section
2.1. The maleic anhydride modified PP aims to enhance inter-
action between the hydrophilic clays and hydrophobic PP. To
aid our discussion on instrumented indentation properties, the
clay morphology is revealed using TEM herein so that one can
gain understanding of where and how instrumented indenta-
tions were performed. Fig. 1 compares the low magnification
TEM micrograph and high magnification TEM micrograph
of 2.5 wt% reinforced MAPP. The intercalated and exfoliated
morphology of nanoclay reinforced MAPP is evidently illus-
trated. Clay aggregates (Fig. la), when enlarged (Fig. 1b),
show clearly the highly intercalated morphology, which is
consistent with the clay morphology of other PP-based sys-
tems [14,15]. Some sparsely exfoliated clay structures can
also be observed. In our study, the exfoliation is not optimized
until a higher loading of clay is introduced. Figs. 2—4 show
the clay morphology at 5, 7.5 and 10 wt% reinforcements, re-
spectively. From the TEM micrographs, it appears that the clay
platelets become more uniformly dispersed as clay loading in-
creases, see Figs. 3 and 4. And extensive exfoliation of
maleated PP nanocomposite is evident at 7.5 and 10 wt% load-
ings of clays, see Figs. 3b and 4b. This is attributed to the
higher viscosity, which in turn produces higher mechanical
shear forces, as clay loading increases in the extrusion process.
The mechanical shear forces appear essential for good exfoli-
ation of clays in polypropylene-based system, as the driving
force from chemical interactions is insufficient to expand
and exfoliate the clays completely.

The observed morphology as a function of the clay loading
also casts light in our previously reported fracture toughness

Fig. 1. TEM photomicrographs of 2.5 wt% clay reinforced maleated PP:
(a) low magnification and (b) high magnification. The micrographs demon-
strate a mixture of clay aggregated intercalation and sparsely exfoliated clay
structures in MAPP.

[1,4]. Our previous work showed that the fracture toughness,
represented by the non-linear elastic J-integral fracture tough-
ness, and molecular deformation as evident in small-angle
X-ray scattering (SAXS) were enhanced in the presence of
2.5 wt% clay loading. Thereafter, the toughness drops consid-
erably and molecular deformation becomes increasingly con-
strained as clay loading increases. The small clay loading,
say 2.5 wt%, is unique in enhancing the toughness of increas-
ingly exfoliated nanocomposite system. Such a small clay
loading is consistent with the fracture toughness results
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Fig. 2. TEM photomicrographs of 5 wt% clay reinforced maleated PP: (a) low
magnification and (b) high magnification. Clay aggregates with intercalated
structures can be observed.

reported independently from a different laboratory [13]. As the
clays become increasingly exfoliated in extruded pellets, the
driving force to separate the clay platelets are aided by in-
creasing viscosity and shear forces, in addition to the surface
chemistry and thermodynamic parameters. At the same time,
the polymer chains become more confined due to the presence
of exfoliated clay platelets. As a result, the fracture toughness
decreases under the given loading rate whereby the polymer
chains cannot deform in a timely manner before catastrophic
fracture takes place.

Exfoliated clays

Fig. 3. TEM photomicrographs of 7.5 wt% clay reinforced maleated PP:
(a) low magnification and (b) high magnification. More well exfoliated clay
structures emerge.

It would be interesting to investigate the relative change in
local stiffness in light of the presented micrographs. Instru-
mented indentation was performed on the (1) clay—polymer
intercalated region, (2) the boundary region between clay ag-
gregate and matrix, and (3) MAPP matrix alone. The positions
of indentations were determined with the aid of a 40x objec-
tive lens. Indenter to microscope calibration was performed as
prescribed by the manufacturer’s manual. Fig. 5 shows the rep-
resentative load vs. displacement curves for MAPP matrix and
one for the 10 wt% clay congregated region on MAPP. The
quasi-static loading curve consists of both elastic and plastic
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Fig. 4. TEM photomicrographs of 10 wt% clay reinforced maleated PP: (a)
low magnification and (b) high magnification. Note the more uniform disper-
sion of clay platelets and well exfoliated clays in comparison to Figs. 1—3.

deformations. It is from the beginning of the unloading slope
that the conventional elastic indentation stiffness is calculated
[16]. Fig. 6 illustrates the positions where indentations were
performed according to the 40x objective lens with the nano-
indenter. The indentation was monitored and applied on the
intercalated clay platelets, which are embedded in MAPP
matrix. This region can be considered as a sub-composite sys-
tem. Image analysis of a range of TEM micrographs indicates
that the increase in filler content ranges from 16 to 50% by
area, which is assumed to correspond to the local filler volume
fraction, in the clay congregated region, but the overall weight
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Fig. 5. Representative load vs. displacement curves for the instrumented inden-
tation tests. The solid line (—) represents indentation on unreinforced
maleated PP and the dashed line (------ ) represents the indentation on the
clay congregated region.

fraction of clay increases with the values (0, 2.5, 5, 7.5 and
10 wt%) reported for the bulk. Fig. 7 plots the indentation
stiffness as a function of indentation depth. The instrumented
indenter operating under continuous stiffness measurement
(CSM) can sensitively assess local stiffness as the indenter
tip traverses the polished surface and the composite medium.
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Fig. 6. Schematic indicating the observed morphology and where the nano-
indentations were performed: (i) unreinforced region; (ii) clay—matrix bound-
ary; (iii) 2.5 wt% clay congregated region; (iv) 5 wt% clay congregated region;
(v) 7.5 wt% clay congregated region and (vi) 10 wt% clay congregated
region.
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Fig. 7. Elastic modulus vs. displacement curves for (i) unreinforced region;
(ii) clay—matrix boundary; (iii) 2.5 wt% clay congregated region; (iv) 5 wt%
clay congregated region; (v) 7.5 wt% clay congregated region and (vi) 10 wt%
clay congregated region.

As anticipated, the local stiffness of the clay-containing region
is much higher than that of unreinforced MAPP matrix. The
clay congregated regions (2.5, 5, 7.5 and 10 wt% loadings)
exhibit drastically higher local elastic stiffness as compared
to the indented stiffness on MAPP matrix, up to 4000 nm.
Note that at the indentation displacement less than 100 nm,
the resistance against elastic deformation is generally high,
consistent with other published results [17]. This is due to the
indentation size effect which is physically modeled by Gao
[18], that is, the smaller the indentation, the larger the Young’s
modulus when the indentation radius is very small. The con-
tact area between the indenter tip and the sample surface
increases as indentation displacement increases (Eq. (1)).
The indenter contact area is calculated semi-empirically [16]
in this study using the Nanoindenter XP software and is shown
to be 7.32 pm? and 26 pm? for 500 nm and 1000 nm in dis-
placements, respectively. Such a large contact area suffices
to justify the data obtained from indenting on a comparatively
homogenous structure of clay-intercalated polymer region in
the nanometer scale.

Fig. 7 shows that the elastic modulus decreases and levels
off steadily as the indentation depth increases. Some anoma-
lies can be seen in the region of a few hundred nm in displace-
ment for the clay congregated regions. The anomalies are
understood when the indenter interacts with the various geom-
etries of clay galleries and stacking orders such as those
observed in Fig. 1b. Fig. 7 by no means indicates that the
clay congregated regions will continue to give rise to higher
local stiffness as the indenter traverses beyond the clay
(>4000 nm), which is embedded in the MAPP matrix. We
conjecture that the curves representing the clay congregated
regions (iii—vi) will eventually merge with those from the
less congregated and unreinforced regions (i—ii) as the in-
denter traverses beyond the clay aggregate. This is understood
because the indenter has to travel and puncture through the
clay-intercalated structures and come into contact directly
with MAPP on its unloading path. At present, the indentation
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Fig. 8. Relative increase in local and global stiffnesses vs. clay content.

depth at 4000 nm is far from the converging point. And, the
vertical displacement beyond 300 um of the indenter tip is
limited by experimental setup and the machine design capacity
for nanoindentation tests. As a result, such an assumption
awaits future verification when nanoscale instrumented inden-
tation technology advances.

At low indentation depth on clay congregated region, the
relative increase in local modulus is more drastic than the rel-
ative increase in the moduli of the bulk. Fig. 8 shows the rel-
ative increase in stiffness of nanoclay-filled polypropylene
modified with maleic anhydride (MA). By comparing the rel-
ative increase in stiffnesses instead of the actual stiffness, the
influence of the viscoelastic effect is minimized and it is beyond
the scope of our present discussion. It was reported that load-
ing rates had little influence on the unloading stiffness of vis-
coelastic polymers [19]. In Fig. 8, the indentation stiffness is
compared to the stiffnesses obtained from (1) standard tensile
and (2) compressive tests using the specimens discussed in
Section 2.1. Fig. 8 shows the relative change in stiffness,
which is given by the following:

Ei—E
AF, =2 (2a)
ELPP
and
Egi—E
AEG =-S5~ (2b)
Ecpp

where, AE} indicates the relative increase in local stiffness and
AEG the relative increase in global stiffness. The subscripts i,
L and G denote reinforced, local and global stiffnesses, respec-
tively, and E; pp and Egpp are, respectively, local stiffness of
unreinforced maleated PP from the nanoindenter and global
stiffness of unreinforced maleated PP from the uniaxial tensile
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and compressive tests. The relative change in stiffness for
unreinforced PP matrix is naturally assumed to be O for illus-
trative purposes.

As the indentation depth increases on the clay congregated
region, the difference between “the relative local modulus
increase” and “‘the relative increase in modulus of the bulk”
increases as a result of nanoclay reinforcement. It is under-
stood that in the clay congregated region, the sub-composite
possesses a high filler volume fraction than what is assessed
from the bulk. However, the increase in local stiffness exceeds
what is anticipated from the increase in local filler content
which is less than 50 vol%. The results suggest that the nano-
reinforcements appear to create a more potent stiffening effect
on the local scale when compared to the stiffening effect pre-
dicted from composite theory. The potent stiffening effect is
conjectured to be related to the molecular chain confinement
and topological constraint [20] imposed by clay platelets.

As shown in Fig. 8, it is clear that stiffness increases as clay
content increases and the relative change is more pronounced
for lower indentation depth at 500 nm when compared to
higher indentation depth at 1000 nm. The results suggest
that the clay congregated regions provide considerably higher
resistance against local deformation in comparison to resis-
tance against global deformation under both tension and com-
pression. This finding can be rationalized by the fact that the
clay possesses inherent stiffness higher than the matrix and
the indenter is indeed indenting on the clay in a comparatively
shallow depth profile. From the clay morphology as we
observed from Figs. 1—4, however, the clays are indeed inter-
calated in the clay congregated area, and a mixture of interca-
lated and exfoliated morphology can be seen. As a result, the
elastic stiffness is not entirely attributable to the clay, which is
intercalated and supported by the polymer matrix in the inter-
gallery spacings and underneath the clay platelets. The local
polymer confinement, and thereby reinforcement, is more sig-
nificant on lower indentation depth (500 nm) as compared to
one for higher indentation displacement (1000 nm). The in-
crease in local stiffness cannot be sufficiently accounted for
by the increase in local filler volume. Factors such as polymer
chain confinement and topological constraint at the nanometer
scale need to be considered. Future work is under way to eval-
uate these two important contributions to local stiffness in
nanocomposites.

To qualitatively assess the role of stress state on the results
presented, we also subjected precisely the same specimens
studied under nanoindentation and tensile tests for macro-
scopic uniaxial compression. In compressive stress, the rela-
tive increase in global elastic modulus due to clay loading is
interestingly similar to the tensile stiffness and the local inden-
tation regime, which is under biaxial tension. Nevertheless, the
difference between local and bulk properties is still evident,
particularly at small load-point displacement (500 nm). The
role of clay on local material’s properties is clearly distin-
guishable from the lower sub-surface and more so from the
bulk sample. From nanoindentation results, it was found that
nanoclays play a drastically different role on the local compos-
ite properties vs. the composite bulk as a whole. Yet, some
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Fig. 9. Linear correlation between the % change in nanoindented stiffness and
in tensile and compressive stiffnesses: (a) indentation depth = 500 nm and (b)
indentation depth = 1000 nm.

degree of comparison could be observed. Fig. 9 plots the
% change in indentation stiffness vs. the % change in macro-
scopic stiffnesses. It is clear that a rather good correlation
(linear correlation coefficient, R ~ 0.99) could be obtained. An
estimate with the least squares fit for the data in Fig. 9a shows
that AEindentation ~39 AEtension + 13, where AEindentation is the
% change in unloading stiffness during indentation at 500 nm
and AFE.sion 18 the % change in tensile stiffness. Likewise,
AEindentalion ~52 AEcompression + 2’ where AEcompression is
the % change in compressive stiffness. The value of such an
estimate awaits more extensive data validation in future.
Nevertheless, our results suggested that some form of scaling
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law is plausible for prediction of the mechanical properties of
the bulk using localized nanoindentation data.

4. Conclusions

Maleic anhydride modified polypropylene was reinforced
with organomodified clays. The clay dispersion morphology
showed a mixture of highly intercalated and well exfoliated
structures. Exfoliation improved as clay loading increased up
to 10 wt%. The enhancement in clay exfoliation was attributed
to higher viscosity and mechanical shear stress as clay loading
increased, which assisted the chemical driving force to peel
the clay inter-gallery spacings apart. Instrumented indentation
was performed on the polished samples. Indentations were
chosen on (1) the clay aggregated region; (2) the clay—matrix
boundary; and (3) the unreinforced MAPP matrix. The inden-
tation stiffness for the clay congregated region was found to be
twice as high as the unreinforced polymer. Such a potent stiff-
ening effect at the local scale was attributed to the increase in
local filler content as evident from image analysis. But the en-
tire stiffening effect could not be accounted for by an increase
in local filler volume fraction alone. Local polymer chain con-
finement and topological constraint imposed by nanoscale clay
platelets are likely to contribute to the additional increase in
stiffness. The difference between the stiffnesses obtained
from the two distinct areas (clay congregated region and un-
filled matrix) subsided as the indenter tip travels greater into
the sample depth. The change in local stiffness on the clay
congregated region was generally higher but remained rela-
tively constant as the clay content increased further. Good cor-
relation between the change in local stiffness and the change
in global stiffness was obtained (R ~ 0.99). The results sug-
gested that some form of a scaling law is potentially plausible
to predict mechanical properties of the bulk using highly local
indentation methods.
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