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Abstract

A nanoindentation technique using an atomic force microscope (AFM) was applied to characterize the mechanical behaviour of several
isotactic polypropylene (iPP) samples. The samples were solidified from the melt with a CCT (continuous cooling transformation) procedure
spanning a wide range of cooling rates thanks to a fast quenching apparatus developed by the authors. The influence of instrumental
parameters on the nanoscale mechanical properties (indentation depth, Young’s modulus) shows that for modulus determination one has to
rely on simpler methods of force curve analysis based on trace curve alone. Structure homogeneity up to the scale of macroscopic samples
used to evaluate elastic moduli allowed a successful comparison of these values with those determined by AFM, which showed that an
increase in cooling rate leads to a significant decrease in the material’s mechanical response. AFM can thus provide correlations between
operating conditions and mechanical properties and can be used for analysing the structure distribution and for mapping properties on a sub-

micron scale.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Atomic force microscopy makes it possible to study the
mechanical properties of materials and to obtain high-
resolution images, since it is possible to measure and control
tip—surface interaction [1,2]. Quantitative analysis and study
of the mechanical behaviour of materials on a nanometer
scale becomes feasible with the aid of micromechanical
contact models [3-9]. This perspective potentially makes
AFM a useful tool for connecting the mapping of properties
to the mapping of texture and, in turn, for investigating how
processing conditions affect the morphology distribution.

Indentation tests on a nanometer scale, when dealing
with polymers, require the use of very low applied loads [1],
in the range of 0.5-5 uN. This makes AFM a useful tool,
since a few microNewton is the upper limit for this
instrument. With respect to nanoindenters, AFM makes it
possible to collect images of the sample morphology and to

* Corresponding author. Tel.: +39 91 6567225; fax: +39 91 6567280.
E-mail address: piccarolo@unipa.it (S. Piccarolo).

0032-3861/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2005.03.055

indent specific areas since the AFM sharp tip allows an
outstanding lateral resolution. These possibilities turn out to
be extremely important when studying inhomogeneous
samples (like blends or rubber/matrix systems) or samples
with a structure distribution, such as injection moulded
samples.

Limitations related to this approach have already been
partly discussed in the literature for a variety of polymeric
materials ranging from polyurethanes to polystyrene,
HDPE-LLDPE mixtures and PET [10-16]. It is required
the evaluation of some parameters characterizing the two
interacting bodies. Cantilever elastic constant [17] is
certainly a fundamental one because AFM measures
cantilever deflection, from which one can estimate the
applied load. Tip geometry must also be known since
entering micromechanical contact models.

The cantilever elastic constant allows to change
indentation conditions remarkably: in fact its reduction
allows a better force resolution and offers the opportunity to
investigate adhesion behaviour, by studying pull-off and
jump-to-contact forces [1,18]. On the other hand, increasing
the elastic constant offers the opportunity to indent harder
materials although it cannot be used for softer ones [10]. So
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the cantilever elastic constant has to be carefully chosen,
depending on the latitude of the physical properties of the
materials under study [19].

As far as knowledge of the tip geometry is concerned,
manufacturer data are often not sufficient because of
production scatter. Moreover, upon making a force curve
analysis with large tip penetrations significant modifications
can arise in the tip geometry due to residues of the material
under study being removed and deposited on the tip and,
under drastic conditions of use, due to tip damage and wear
[20]. Tip condition can be characterized in terms of apex
curvature radius. Although being in the order of 10 nm, it is
difficult to measure even by electron microscopy. Despite
the crucial role of the tip radius in characterizing
mechanical properties through indentation tests, this
quantity is seldom reported. However, methods such as
blind estimation [21] can be used for routinely estimating
changes in tip geometry.

All things considered, contact models can only be
applied if these parameters are known. The three most
frequently used models in the literature are Oliver—Pharr,
Hertz and JKR/DMT. The first [4] requires a double
calibration by indentations performed on a reference
material, usually aluminium, tungsten or silicon, and it is
based on the hypothesis of a purely elastic unloading
recovery. The Hertz model [5] relates mechanical properties
to tip penetration depth into the material assuming a purely
elastic contact. The DMT [6] and JKR [7] models are based
on the Hertz approach but introduce corrections due to
adhesion forces.

Recently Arivuoli et al. have reported a model [9] based
on energetic considerations in which elastic and plastic
work estimates provide the elastic modulus in addition to
other interesting parameters linked to the influence of
plasticity on indentation.

The purpose of this work is to measure, through
nanoindentation, the mechanical response of several
isotactic polypropylene (iPP) samples solidified by a
continuous cooling transformation (CCT) approach in a
wide range of cooling rates, using an apparatus recently
introduced by the authors [22,23], thus emulating typical
polymer processing solidification conditions.

In the nanoindentation technique the AFM was used
as an indenter recording the so-called force-curve plots
(i.e. applied load vs. penetration depth) under different
experimental conditions (frequency, i.e. penetration rate
and load) for samples quenched at different cooling
rates and displaying a wide range of properties.
Subsequently these force-curve plots were interpreted
using force curve analysis methods reported in the
literature, so as to determine Young’s modulus values.
The calculated mechanical properties were then related
to the solidification conditions (namely the cooling rate)
in order to establish reliable structure—property
relationships.

2. Experimental section
2.1. Material and experimental technique

The material used was isotactic polypropylene (trade
name T30G) with M,,=75,100, and M,/M,=6.4, kindly
provided by Himont. It was crystallized from the melt at
four different cooling rates (2.5, 25, 110 and 350 °C/s)
according to a procedure fully described elsewhere [22].
Film thickness was in the order of 50 pm, ensuring that we
were measuring bulk film properties [24].

Force curves and topographic images were obtained with
a Digital Instruments Nanoscope IIIA Controller. Silicon
tapping cantilevers were used in order to be able to carefully
choose the area of the sample where to perform indenta-
tions, take post-indentation images and, in some cases,
study their time evolution.

Nanoindentations were performed at various loads,
frequencies and, consequently, penetration rates. Loads
ranged from approx. 0.7 to 4 uN; the lower bound was
determined by the occurrence of unstable results while
above the higher bound cantilever deflection is saturated so
that larger loads are not allowed due to the non-linear
response of the system. Although stiffer cantilevers could be
used to expand the allowable loads range, most of the
information on the occurring mechanisms are obtained with
the single standard cantilever.

Frequencies, (at a fixed ramp size of 900 nm) covered
four orders of magnitude, from 0.01 to 100 Hz. It is worth
remembering that 10 Hz is then equivalent to a penetration
rate of 18 pm/s, and 0.01 Hz to 18 nm/s. It is assumed that
such a rate is constant throughout the piezo scanning since
the wave form applied to the piezo is, to a good
approximation, a saw tooth if one excludes inertia effects
which are frequency dependent and mostly located around
the inversion point of the piezo scanning.

2.2. Sample preparation

Summarizing, a continuous cooling transformation
(CCT) approach like the one widely used in metallurgy
was adopted, allowing structure—thermal history quantitat-
ive relationships to be assessed through post-mortem
investigation of sample morphology (Optical microscopy,
wide-angle X-ray diffraction (WAXD), infra red (IR)
spectroscopy) and properties (density and microhardness)
[22,24]. Fig. 1 shows the dependence of density and WAXD
on the cooling rate for the material under investigation. The
samples investigated here cover 2 decades of cooling rates
hence, according to previous authors’ observations, a
continuous variation of mechanical properties is expected
showing a strong dependence of crystallinity, density and
microhardness on cooling rate [22,23,25].

As a matter of fact, owing to the CCT procedure adopted,
all samples exhibit the peculiarity of being solidified under
conditions emulating polymer processing. Under these
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Fig. 1. CCT behaviour of the iPP under investigation as obtained by the
density vs. cooling rate characteristic. Selected WAXD patterns are also
shown.

circumstances solidification gives rise to a metastable
crystalline structure that is farther removed from thermo-
dynamic equilibrium at higher cooling rates [22]. In
particular, cooling rates of 350 °C/s correspond to the
onset of the metastable mesomorphic structure of iPP
[23,25], 2.5 and 25°C/s give rise to the onset of the
stable a-monoclinic phase of iPP with a fully spherulitic
morphology and 110 °C/s, for the particular iPP used in
this work, corresponds to the dispersion of a-monoclinic
spherulites in a mesomorphic phase matrix [23,25].

It should also be emphasized that the aforementioned
experimental procedure of sample preparation ensures
complete structural homogeneity as revealed by micro-
metric resolution techniques [23,25] (optical microscopy,
density, micro hardness, WAXD).

Samples were prepared with the cited CCT procedure
between two microscope cover glasses in order to
obtain low roughness as confirmed by the possibility of
choosing a very smooth and homogeneous zone for
indentation upon imaging the sample in tapping mode
and phase contrast in air. Microroughness (calculated
within a 1X 1 pm? area) was in the range of 1.4-5.9 nm
and fractal dimension in the range 2.62-2.83. Thus, all
surfaces studied were smooth, with random variation of
elevations.

Residual stresses are quickly relaxed after sample
preparation since T, of iPP is around 263 K; however, in
order to prevent subsequent structural modifications due to
the metastable nature of the material solidified under such
conditions, samples were kept at 243 K between indentation
tests [26].

Standard tensile test experiments were also per-
formed in a previous study [27] using standard
equipment (Instron testing machine model 1122), in
order to compare nanoscale Young’s Modulus values to
macroscopic ones. Non-standard tensile samples with
dimensions of 30X5X0.2mm® and a crosshead speed
of 5 mm/min were used.

2.3. Data analysis method

In order to properly analyse AFM force-curve plots, in
particular to achieve a repeatable evaluation of the elastic
modulus, a number of prerequisites must be met. First of all,
the value of the cantilever elastic constant should be
carefully determined, as will be outlined below. Second,
knowledge of some geometrical parameters is necessary to
implement the contact models used to calculate material
mechanical behaviour on a nanoscale. Finally, some basic
definitions will provide a better understanding of the
phenomenology occurring during AFM nanoindentation
omitting however the details reported in a recent review [1].

We define indentation as the depth of the tip residual
imprint measured on the sample by a topographic scan
performed after the force curve is recorded, whereas we
define penetration as the tip maximum measured penetration
depth, as registered from the force curve. Penetration and
indentation differ because during unloading the sample
elastically returns so that indentation is always smaller than
(maximum) penetration. In polymer samples indentation
usually continues to decrease with time, and may eventually
vanish at very long times depending on sample character-
istics [28]. A quantitative account of this behaviour is
however beyond the scope of this work.

Thus penetration, as determined in this work, is indeed
due to the instantaneous sample response to the load
increasing to its maximum applied value during a trace of
the piezo scan at a given rate.

The elastic contact model due to Hertz [1,5] does not
consider adhesion forces between the interacting bodies and
it assumes contact between two elastically deforming
spheres. Setting one of the radii to infinite, the penetration
of a sphere into a plane is obtained. The relationship with
Young’s modulus is:

_ 3(1—v*) F

E 4 R]/2h3/2
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where F is the applied load, R the tip curvature radius, E the
sample elastic modulus, n the sample Poisson ratio, /& the
penetration depth. The relationship remains the same in
the case of a paraboloid in contact, by a finite contact area,
with a half-space, as was shown by Sneddon [3].

The tip is sometimes modelled as a pyramid or as a cone
with an equivalent opening angle. In this case a simple
dimensional analysis leads to a power law relation between
applied load and penetration depth, the exponent being
equal to 2, confirmed by numerical simulations [29] and
theory [3].

In the case of AFM nanoindentation with small
penetration depths, the comparable tip curvature radius
leans on the introduction of this radius as a suitable length
scale. The exponent, no longer equal to 2, turns out,
experimentally, to be very close to 1.5, again in agreement
with theoretical predictions by Sneddon [3].
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The slope of the unloading curve, corrected for
instrumental contributions, is used in the Oliver—Pharr
method to calculate the elastic modulus [5]. A double
calibration has to be performed on a reference material,
usually tungsten or fused silica, to determine the load-frame
compliance and the tip area function.

One may note from the force curves reported in Fig. 2
that adhesion, pointed out by the negative portion of
cantilever deflection, decreases with frequency [30,31];
moreover it is worth remembering that adhesion increases
with the applied load [31]. This raises doubts about the
applicability of the Hertz model for modulus calculation,
particularly at low frequencies and larger loads. Following
Johnson [32] one can estimate that the operating conditions
used in this work are at the boundary between the Hertz
model and the DMT model. Although it is true that the DMT
model accounts for phenomena that are not explicitly
accounted for in the Hertz model, it could be shown that,
under these conditions, it yields results that are very similar,
with an error of approx. 5% in the worst operating condition,
i.e. lower frequency and larger applied load. For this reason
its application has been omitted in the rest of the discussion
since an account of adhesion significantly complicates the
model formulation without leading to a significant improve-
ment in modulus prediction.

Arivuoli et al. [9] instead adopted an energetic approach,
assuming that during a force curve, piezo displacement
upon contact, is the sum of an elastic-like and a plastic-like
contribution.

The elastic contribution is calculated through the elastic
work, which is assumed to be the integral of the unloading
force curve vs. piezo displacement. The plastic-like
contribution can be derived from the area between the
loading and unloading curves. By dividing this parameter by
a geometric coefficient relating penetration to the cross-
sectional area of the imprint one gets the material hardness
parameter, through which the elastic modulus can be
evaluated [9].

The application of the above-mentioned methods
requires a good knowledge of the two interacting bodies’
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Fig. 2. Typical force curve plots for the samples studied in this work,
obtained at 0.1, 1, 10 Hz.

geometries, i.e. knowledge of the tip curvature radius,
modelled as a paraboloid, and the sample surface, modelled
as a half-space, which must be flat enough on the
indentation scale. Furthermore, the cantilever elastic con-
stant must be measured with good accuracy to work out the
applied load from the cantilever deflection.

The tip curvature radius was in the range of 5-10 nm as
provided by the producer. Its use ensures a very high lateral
resolution in mechanical characterization with respect to
Berkovich type indenters. Tip geometry blind estimates
were performed from time to time by imaging an aluminium
membrane, used as tip-characterizer sample, with a scan
size of 500 nm, at a scan frequency of 0.8 Hz, with a
resolution of 512X 512 pixel [20]. These estimates were
used for tip qualification in force curve analysis and gave
results very similar to the producer’s data. Results reported
elsewhere [33], achieved through tip profile deconvolution
from the image of gold nanospheres with radii comparable
to that of the tip, show a good agreement with the values of
tip radii we obtained.

Cantilever deflection is related to the instantaneous force
applied if the cantilever elastic constant, k, is known. Its
determination is very important because deviations from the
nominal value supplied by the producer may typically
amount to +200% when thinner cantilevers are used [17].
This error heavily reflects on the evaluation of the load
applied in nanoindentation. The elastic constant of the
cantilevers used in this work has a nominal value, provided
by the producer (DI Inc., Santa Barbara CA), of ~30 N/m.
In every case this has been confirmed experimentally,
according to the procedure described by Tsukruk [17] by
measuring the cantilever natural resonance frequency and
combining this with the geometric parameters as revealed
by a cantilever SEM image. Theoretical solution of the
mechanical problem has often been used to estimate the
cantilever elastic constant [34-38]. This turns out to be
accurate if a rectangular single beam one component
cantilever is used, whereas for V-shaped cantilevers a
precision of +25% is attained [1,17]. The procedure
consists in measuring the cantilever resonance frequency
to estimate its thickness. Thus, one gets, for k (N/m):

3EI
ST

where L and [ are the cantilever’s length and cross-sectional
(trapezoid) moment of inertia, respectively. Deviations from
the nominal value of up to 20% were observed due to the use
of tapping mode cantilevers. FEM simulations showed that
the method is in very good agreement with numerical
simulations (less than 1% difference).

2)

3. Results

Fig. 3 shows a comparison between indentation scale and
texture for an iPP sample solidified at 110 °C/s:
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Fig. 3. Nanoscale mechanical test: crosshatched lamellae in the 110 K/s
sample compared with typical indentations pointed out by arrow. Applied
load was 3.02 uN.

crosshatched lamellae are clearly visible, together with an
indentation residual imprint. The nanoscale mechanical
properties, arising from nanoindentation, are determined by
morphology on a very local scale since few lamellae are
involved.

The typical force curves, shown in Fig. 2, provide the
instantaneous cantilever deflection vs. piezo position. They
are representative of the material’s mechanical behaviour
through the penetration dependence on applied load,
function, also, of loading geometry and frequency. Taking
images immediately after the force curve one can measure
the residual imprint depth, i.e. indentation, and compare it to
the maximum penetration depth, as measured by the
abscissa in the force curve. The ratio of these two quantities,
always smaller than one, can be assumed as a plasticity

-
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Fig. 4. Indentation, i.e. permanent deformation, divided by penetration
depth of tip indenter vs. frequency for samples solidified at extreme
conditions (2.5 and 350 °C/s).

parameter. It is shown in Fig. 4 for 2.5 and 350 °C/s samples
and clearly depends on frequency and material response.
Material behaviour is closer to pure elastic response,
plasticity index equal to zero, at high frequency: the
recovery is very pronounced at 10 Hz and the force curve
thus occurs mostly within the material’s elastic response.

A typical plot of penetration depth as a function of
frequency is shown in Fig. 5 under different loading
conditions. It is clear from the figure that penetration
decreases with increasing loading rate at a constant applied
load. However, within the range tested, the load does not
influence the frequency dependence of the penetration
measured. Therefore a compliance parameter, obtained by
dividing the final penetration by the applied load, proves to
be independent of the applied load. Moreover, a comparison
of the compliance parameters of different samples shows
that the sample cooled at 2.5 °C/s is stiffer than the one
cooled at 25 °C/s, which in its turn is stiffer than the samples
solidified at 110 and 350 °C/s, i.e. with decreasing crystal-
linity as reported in Fig. 1. Finally, Fig. 5 shows that the
sample compliance, decreases with increasing sample
crystallinity.

These findings are in full agreement with previous
authors’ observations showing that bulk microhardness
continuously and gradually decreases with the cooling rate
[39] and therefore increases with increasing crystallinity.

Contact mechanics models, available in the literature and
already briefly summarized above, are needed to translate
these observations into quantitative information, i.e. into
elastic modulus values. Previous works [10,16] examined
and compared the Oliver—Pharr, Hertz and JKR methods,
showing that for indentations that are ‘not too moderate’, i.e.
indentations for which the instability of the contact and the
presence of superficial forces causes the elastic modulus to
oscillate by more than an order of magnitude, they all lead to
satisfactory predictions of the elastic modulus. The
threshold of the indentation adopted was found to be
approx. 20 nm in those experimental conditions. In other
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Fig. 5. Frequency dependence of compliance parameter drawn from ratio of
maximum penetration on load. Lines are a guide for the eye.
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words, this experimental observation defines a lower bound
for the size range in which it is possible to perform a
quantitative material mechanical characterization by inden-
tation on the nanoscale.

In the case of the Oliver—Pharr method the first difficulty
arises in the application of the double calibration since the
AFM cantilever cannot indent typical reference materials
[10]. However the use of softer materials is questionable, as
it has been shown that calibration results are significantly
affected by the reference chosen [40]. Moreover, in this
particular case (using AFM force curves), the use of a softer
material for the double calibration means that the most
important information is missing since the unloading curves
are always superimposed, as Fig. 2 shows, and are
apparently independent of the frequency and even of the
material’s mechanical properties, as it will be shown in the
following.

Fig. 6 shows the dependence of z./F, i.e. z,; normalized
by applied load, on the reciprocal cantilever elastic constant
for four different cantilevers used to analyse different
samples. This figure provides a quantitative interpretation of
this behaviour: the filled points represent the average z./F
obtained for different frequencies (from 0.1 up to 10 Hz)
and different applied loads (from 0.7 to 4 uN) and the bars
correspond to the standard deviation. Since the data points
refer to different samples and frequencies, it is clear that z;
does not depend on them and therefore does not depend on
the material’s mechanical response either.

This suggests that z.;, under the broad range of
experimental conditions used and sample properties, is not
a material feature but depends on instrumental character-
istics, i.e. on the cantilever elastic constant, as the data in
Fig. 6 clearly show.

The explanation relies on the fact that the retrace part of
the force curve is not really obtained unloading the sample
but moving the sample away from the tip. In this way, the
cantilever deflection decreases of an amount that is in any
case equal to the piezo displacement and the retrace is only
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Fig. 6. Cantilever elastic recovery, drawn from retrace AFM force curve,
normalized by load, vs. reciprocal cantilever elastic constant. Data points
taken at different frequencies and sample thermal histories are compared to
a linear fitting.

controlled by cantilever stiffness. For indentation on rubbers
the loading and the unloading curves are however super-
imposed, this suggests that in this case either inverse
plasticity phenomena occur [41] or that piezo retrace time in
the above range of frequencies is smaller than iPP minimum
relaxation time, as expected for a viscoelastic solid. This
observation, which limits the use of force curves analysis in
this context, needs however to be further investigated.

In addition, this result shows that elastic modulus
dependence on frequency and cooling rate is to be found
in z,;. This observation points to a serious limitation of AFM
force curves and casts doubt on the applicability of methods
using the retrace curve (i.e. the unloading portion of the
force curve) for modulus calculation.

The possibility of using the trace curve alone for modulus
calculation must thus rely on simpler models of contact
mechanics. The method of Arivuoli et al. [9] makes it
possible to estimate the mechanical work done by the
cantilever on trace and retrace during a piezo scan from the
force curve and filters the retrace work arising from
cantilever elastic deformation. On the other hand, by
adopting the Hertz method, based on a force balance and
making use of actual penetration only, the elastic modulus
can be calculated from the trace curve only.

Use of the Hertz method seems however an apparent
contradiction since elastic properties can be obtained only
from the trace portion of the force curve, where the
mechanism of indentation is apparently far from being
purely elastic (or viscoelastic), permanent plastic defor-
mations may well play a significant role particularly with
small tip radii [42] and impact fracture may be important for
high indentation frequencies [43].

Fig. 7 shows elastic modulus results calculated using the
approaches of Hertz and Arivuoli et al. The uncertainty in
the calculation by the Hertz method is mostly related to the
blind estimate of the tip radius, but tip radii values between
5 and 10 nm give rise to an error which provides values of
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Fig. 7. Dependence of nanoscale elastic modulus on load for an iPP sample
solidified at 2.5 °C/s. Moduli are calculated from force curve analysis using
the models of Hertz and Arivuoli (see text). Error bar for Hertz modulus is
obtained using tip radii of 5 and 10 nm.
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moduli in good agreement with those provided by the
energetic approach of Arivuoli et al.

In both cases a lower bound for the applied force is
apparent from the increased scatter in the value of the
modulus. Although in the case of the Hertz model this
threshold is the same as observed in the cited papers [1,10,
16] this must be a coincidence since this lower load bound
should not be an absolute threshold but should depend on a
combination of sample roughness and tip sharpness [44]
other than on penetration depth, which is in its turn
dependent on material properties. A decrease of the elastic
modulus on increasing penetration depth, as well as the
decrease of hardness, was shown to be a strain rate effect
[45] due to the decreasing strain rate with increasing
penetration depth. This explanation is however questionable
as Hochstetter et al. [41] showed that it was an artefact from
calculation and it was possible to get rid of it changing the
loading history.

It is relevant to observe that, for both methods, elastic
modulus calculation does not depend on the applied load if
this is above the lower bound. Given the complex
mechanism of indentation by the AFM tip, it would be
likely to relate this event to the possibility that elastic
behaviour dominates the deformation mechanism.

By performing indentations at various frequencies one
can observe a frequency dependent behaviour of the elastic
modulus similar to the one shown by the penetration depth
as a function of frequency in Fig. 5. Fig. 8 shows the
frequency dependence of the elastic modulus determined
with the aid of the Hertz and Arivuoli et al. models for the
25 °C/s sample. It is clear that the elastic modulus results
depend not only on the penetration depth but also, and
similarly, on the penetration rate, i.e. on the frequency:
apparently the modulus increases with increasing frequency
and the material is stiffer. It is questionable, however, to
relate the frequency dependence of elastic modulus to the
material’s viscoelastic behaviour [21] since the range is
much wider than usually reported for iPP [46]. This was
already shown in the literature [41] on other systems, i.e.
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Fig. 8. Frequency dependence of nanoscale elastic modulus obtained from
force curve with Hertz and Arivuoli models, 25 °C/s sample (see text for
details).

increasing the loading rate a surprisingly strong change in
mechanical properties, albeit not explained, takes place.
Although it should be mentioned that an increase of moduli
is observed in conjunction with decreasing holding times
[47,48], this strategy cannot be adopted since Nanoscope
IITA cannot apply a constant load at the end of loading.
Furthermore the material’s mechanical behaviour is very
complex under the large strains localized at the tip interface
and the time dependent behaviour may be masked by a
frequency dependence of piezo hysteresis and piezo
sensitivity [44], thus decoupling material behaviour from
instrumental characteristics may be a difficult task and as a
consequence the same also holds for obtaining a meaningful
elastic modulus frequency dependence from AFM nanoin-
dentation measurements.

Fig. 9 shows a comparison between the macroscopic
determination of the elastic modulus and the ‘nanoscale’
elastic modulus as determined by the force curve method
using the approach of Arivuoli et al. The macroscale
modulus and the nanoscale modulus are comparable at
frequencies of 10 Hz. It is worth noting that, taking into
account the ramp size (900 nm) and assuming the piezo is
driven by a saw tooth, a frequency of 10 Hz corresponds to a
piezo scanning rate of 18 pm/s, similar in magnitude to the
overall deformation rate of the tensile testing apparatus,
which equals approx. 8.3 um/s (i.e. 0.5 mm/min [27]).

This result, although it is in line with previous
determinations of the elastic modulus by AFM [10-15] is
somewhat surprising since local and overall deformation
rates in the macroscopic tests may be different: first of all
samples used for macroscopic tests were not dumbbell
shaped since the size of the original quenched samples is
very small, secondly one may question whether the
reciprocity of mechanical properties in tension and
compression applies in this case, and finally the deformation
geometry in the force curve test is not of pure compression
nor is a constant strain rate applied.

Although the correspondence between the ‘nanoscale’
elastic moduli reported in Fig. 9, and those determined
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Fig. 9. Cooling rate dependence of elastic modulus for the iPP under
investigation. Crosses refer to Young’s moduli from tensile tests on
macroscopic samples where the line drawn is a guide for the eye. Open
symbols refer to moduli obtained from force curve analysis by Arivuoli
model (see text) at different frequencies.
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‘macroscopically’ may be fortuitous, i.e. due to compen-
sation mechanisms that are not fully understood yet, Fig. 9
certainly shows that the relative magnitude of moduli in
dependence of different morphologies is fully acknowl-
edged. This makes it possible to perform in situ mechanical
analysis with very low lateral resolution. Unlike conven-
tional analysis techniques, AFM can thus provide corre-
lations between operating conditions and mechanical
properties and can serve as a tool for analysing the structure
distribution and for property-mapping on a sub-micron
scale.

This result relies on the material to be continuous and
isotropic on the scale of the indentation size, and therefore
on the use of samples that are homogeneous up to the size
used for the macroscopic tensile tests. Thus it is a further
proof that the CCT procedure developed indeed yields
homogeneous samples on the scale of their macroscopic
geometrical dimensions, provided that some constraints for
the solidification procedure are met [22]. In previous works
the technique of force curve analysis for modulus determi-
nation has been applied in a variety of conditions on
samples ranging from polyurethanes to polystyrene, HDPE—
LLDPE mixtures and PET, without this problem ever
having been mentioned [10-15].

4. Conclusions

In this work an AFM nanoindentation technique was
applied to iPP samples solidified with a CCT procedure
under different cooling rate conditions from 2.5 to ca
300 °C/s yielding homogeneous samples ranging from o-
monoclinic semicrystalline to mesomorphic.

Other than penetration in dependence of sample thermal
history, Young’s modulus can be drawn from force curve
analysis although using simple methods since the retrace
curve is not dependent on material characteristics but is only
related to the cantilever elastic constant.

The nanoscale moduli were evaluated by a traditional
force balance model (Hertz) and by a model based on an
energy balance recently proposed in the literature (Arivuoli
et al. [9]). They are close to each other and to the moduli
obtained in a macroscopic tension test on full size samples
(i.e. a few mm), provided that comparable °‘overall’
deformation rates are used (approx. 10™> m/s).

Thus samples homogeneity, provided by the technique
adopted for sample preparation, allows a comparison of
nanometer scale data and bulk. Although the frequency
dependence of the tip penetration depth and the elastic
moduli shows the expected trend, a material’s viscoelastic
behaviour cannot be determined by such measurements due
to coupled instrumental time dependent features and the
complexity of the deformation mechanism.

Although the correspondence between nanoscale and
bulk moduli might be due to a fortuitous compensation of
these effects, nanoscale moduli decrease with increasing

cooling rate according to a relationship that closely
resembles the relationship found for bulk samples.

This first of all confirms that the samples used are
homogeneous up to the size used for the macroscopic tensile
tests and shows that surface effects on this scale on iPP are
not relevant. A further consequence of these observations
suggests that the complexity of the deformation mechanism
under the tip of the indenter might be simply reconciled with
the large elastic (or viscoelastic) range of semicrystalline
materials and in particular of iPP notwithstanding the wide
latitude of morphologies analysed.

These results open the possibility for using AFM force
curves information as a tool for structure mapping and thus
provide correlations between operating conditions and
mechanical properties on the nanoscale.
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