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Quantitative mapping of the mechanical properties of a series of polylactic acid/natural rubber/organo-
clay bionanocomposites has been accomplished by using nanoindentation with atomic force microscopy.
Topography, elastic modulus and adhesion maps were obtained simultaneously revealing nanoscopic
mechanical features in the samples associated to the different phases. For polylactic acid and polylactic
acid/natural rubber a single distribution of Young’s moduli was obtained whose maximum correlates
well with the macroscopic measurements. Bionanocomposites with high organoclay loads exhibit a
bimodal distribution of elastic moduli whose maxima can be associated to the polylactic acid matrix
and to the reinforcing levels provided by the organoclay component. Adhesion maps allow one to obtain
mechanical contrast between polylactic acid and organoclay, at high loadings, revealing the good com-
patibility of the organoclay with the polymer.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Bionanocomposites are a class of hybrid materials formed by the
combination of a biopolymer and nanoadditives [1]. The develop-
ment of these materials is mainly driven by the attempt to couple
intrinsic natural polymer properties such as biocompatibility and
biodegradability with enhanced mechanical and thermal stability.
Polylactic acid (PLA) is a linear aliphatic polyester being both biode-
gradable and biocompatible. Although useful for a broad range of
medical procedures [2-4] its mechanical properties are weak since
it bears only small deformations before mechanical fracture [5].
One possibility to overcome this problem is by blending intrinsi-
cally brittle PLA with natural rubber (NR) aiming to improve its
toughness [6]. Being PLA and NR intrinsically not compatible, it
has been demonstrated that organoclays can act as effective
compatibilizers through their preferential location at the polymer
interfaces, reducing the interfacial tension and preventing the coa-
lescence of the dispersed phase [5-7]. In general, performance of
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these blends strongly depends on the microscopic morphology
which in turn determines the micromechanical deformation mech-
anisms [8,9]. Indentation with an Atomic Force Microscope (AFM) is
a versatile method especially suited to study local mechanical prop-
erties of materials [10-14]. AFM provides not only information on
the surface morphology of polymer materials but also a complete
battery of physical properties including electrical [15], mechanical
[11,16,17], dielectrical [18,19] and piezoelectrical [20,21] among
others. As far as the mechanical properties are concerned, it is still
a challenging problem the quantitative evaluation and the compar-
ison with the macroscopic values [11]. Although quantitative nano-
mechanical reports on PLA [16] and synthetic rubber [17] have been
published, according our knowledge no similar studies on PLA/NR/
organoclay bionanocomposites have been reported. Until now,
most of the mechanical studies performed on these types of ternary
blends have been accomplished by macroscopic stress—strain and
concurrent analysis of fractured surfaces either by microscopy
[22,23] or by X-ray scattering methods [24].

Here we present a quantitative investigation on the mechanical
properties of a series of PLA/NR/organoclay bionanocomposites
with the main aim of obtaining information at the nanoscale,
where the length scales are relevant for the understanding of
deformation and eventual rupture of these materials.
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2. Experimental part
2.1. Materials

Polylactic acid (PLA) was provided by NatureWorks®. The
selected grade, PLA 2002D (D-content 4.25%, p = 1.24 g/cm?), is a
semicrystalline extrusion material with a residual monomer con-
tent of 0.3%. Natural rubber (NR) was kindly supplied by Malaysian
Rubber under the trade name CV60 (Mooney viscosity ML (1 +4)
100 °C = 60). Two organo-modified montmorrillonites, denoted as
Cloisite 15A (C15A) and Cloisite 30B (C30B) were purchased from
Southern Clays Products and used as fillers. C15A is modified with
dimethyl dehydrogenated tallow alkyl ammonium cation. The
presence of this surfactant has proven to improve the affinity
between this organoclay and NR phases [6]. C30B is modified with
bis(2-hydroxyethyl)-methyl tallow alkyl ammonium cation, which
when blended with PLA and NR, usually locates in the PLA matrix
[6]. PLA and clays were dried overnight in a desiccating dryer at
80 °C prior to use. The bionanocomposites were prepared by melt
blending in a Haake Minilab twin screw extruder following the
optimal processing conditions previously reported [6]. The NR con-
centration in the blend was fixed at 10 wt%, and the organoclay
loadings were 1 and 5 wt%, as shown in Table 1.

2.2. Atomic Force Microscopy (AFM) nanoindentation measurements

AFM measurements were carried out in a Bruker Multimode 8,
with a Nanoscope V controller, by the PeakForce Quantitative
Nanomechanical Mapping (PF-QNM) method. All measurements
were made under ambient conditions at room temperature, using
a standard cantilever holder. Measurements were performed over
randomly selected surface areas, at a resolution of 512 x 512 pix-
els. Mechanical properties of the cantilever, as well as tip geometry
must be taken into consideration when performing PF-QNM mea-
surements in order to get the best possible outcome. All quantita-
tive measurements were carried out with MPP-2110-10 probes
(Bruker). The actual cantilever spring constant (k, nominally
1-6 N/m), was measured by the thermal tune method and found
to be around 2-3 N/m. Tip radius was calibrated against a polysty-
rene standard provided by Bruker. The measured value of the tip
radius was 10 nm. PF-QNM is a contact AFM protocol, based on
the force-volume method. In these types of methods, force-
distance curves are collected by nanoindentation of the sample
in a point-by-point fashion. The maximum force (peak force) is
controlled at each pixel to obtain force-distance curves which are
then used as feedback signal. In this method, the piezo-scanner is
oscillated at 2 kHz, while the probe remains at rest, which allows
a high speed and simultaneous capture of force-distance curves
with topography images. This feature is the main advantage of
PF-QNM over the classical nanoindentation methods and previous
AFM protocols for measuring mechanical properties [25,26].

Fig. 1a shows a PF-QNM height image of a PLA-NR bionanocom-
posite. The droplet like dark area corresponds to NR sites inside the
PLA matrix, as evidenced in previous works [1,5]. Fig. 1b and c
shows two examples of the PF-QNM force-distance curves, col-
lected in the PLA matrix region and in the NR droplet at a constant

Table 1
Composition of the bionanocomposites investigated.

Sample NR (wt%) C15A (wt%)

PLA 0 0
PLA-NR 10
C15A-1
C15A-5
C30B-1
C30B-5

C30B (wt%)
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Fig. 1. (a) PF-QNM topography image of a PLA-NR bionanocomposite. (b) Force-
distance (Z) curves in the PLA region (V) and (c) in the NR droplet (OJ) while
approaching the sample surface (trace, blue line) and withdrawal (retrace, red line).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

ramp rate of 0.5 Hz. In Fig. 1 (bottom), the Z-axis reflects the dis-
tance ramped by the piezo-scanner in the vertical direction. Upon
approaching (trace) the tip to the sample an initial attractive force
appears. This is followed by an elastic regime in which the force is
proportional to the deformation. Upon withdrawal (retrace), the
adhesion force is related to the minimum in the force-distance
curve. The difference between the area covered by the force-
distance curve in the approaching and withdrawal process is
defined as dissipation. The experimental conditions were chosen
in order to study the nanomechanical response of each of the com-
ponents of the bionanocomposites in the elastic regime. Analysis of
the force-curves is automatically performed by the equipment and
the topography, elastic modulus, adhesion force, deformation and
dissipation can be simultaneously measured by the system. To
obtain the Young's Modulus, the retrace curve is fitted by the soft-
ware using the Derjaguin-Muller-Toporov (DMT) model [27]:

4
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where F—F,q;, is the force on the cantilever (F) relative to the adhe-
sion force (Faqn), Ris the tip end radius, and d — do is the deformation
of the sample, i.e. penetration of the tip in the sample. The result of
the fit is the reduced modulus E". The Young’s Modulus of the sample
(Eyounc) can be calculated with the following equation:
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where v is the Poisson’s ratio of the sample, v, the Poisson’s ratio
of the tip and Ey, the mechanical modulus of the tip. If one assumes
that the modulus of the tip is very high in comparison to that of the
sample then the second term in the right hand side of Eq. (2) can be
neglected in a first approach. In this case, the Young’s Modulus only
depends on the w; value. In this work, the reduced modulus data
were transformed into Young’s modulus following Eq. (2) and
taking a value of z;=0.35 for PLA [28,29] and vs= 0.5 for Natural
Rubber [30-32] as previously reported in the literature.

2.3. Surface preparation

In this work, two approaches for sample preparation were
explored following the ideas previously developed for electron
microscopy studies of these bionanocomposites [6]. In the first
case, the PLA sample was cryo-fractured in liquid nitrogen, while
in the second one, the top face of a 1 mm thick PLA sample was sec-
tioned with a Leica EM UC6 cryo-ultramicrotome at —140 °C. Fig. 2
shows PF-QNM topography images with the corresponding height
profiles of both approaches. For each method, a scan area of
5 x 5 pum is presented.

Fig. 2a shows the topography image of a PLA sample cryo-
fractured in liquid nitrogen. Its height section cut shows a strong
rugosity of about +100 nm. Fig. 2c shows the topography image
of a sample sectioned with a Leica EM UC6 cryo-ultramicrotome.
Height section cut shows that the rugosity decreased by a factor
10 under this cutting method. At the same time, the fact that sam-
ple thickness is as high as 1 mm avoids the probe interaction with
the sample holder, which accounts for substrate effects on the
mechanical measurements [33]. After comparison between these
results, all samples for mechanical measurements were prepared
by cryo-ultramicrotomy.

3. Results and discussion
3.1. Nanomechanical properties

Fig. 3 shows the results for four selected samples. PF-QNM
images of topography, elastic modulus and adhesion force are
presented with their corresponding profiles, along the dashed line
of distance x.
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Fig. 2. PF-QNM topography of (a) cryo-fracture and (c) cryo-ultramicrotome cut of
a PLA sample. (b and d) surface profile along the lines x. AFM images are 5 x 5 um
squares.

First top row of Fig. 3 shows the PF-QNM height images. PLA
shows a flat topography, with roughness of about 10 nm. Some
height features are present, randomly distributed through the
image consequence of the cryo-ultramicrotomy cut. The mixture
of PLA with NR (PLA-NR) is characterized by the presence of NR
droplets like motives over the whole topography image. These
droplets exhibit an almost circular shape with diameters ranging
from 50 to 1000 nm and depths in the order of 300 nm as evi-
denced in its height profile (second row). It is worth mentioning
that the use of samples with thicknesses larger than the depths
of the NR droplet is a requirement in this case. For this reason,
we have not performed regular ultramicrotomy cuts, generally
used for transmission electron microscopy, since they provide
samples with thicknesses below 100 nm. The introduction of the
organoclays within the PLA-NR system affects the shape of
the NR droplets. For the nanocomposite with 5 wt% of the C15A,
elongated/agglomerated NR regions can be seen in the topography
image. In this case, the NR regions seem to be formed by the
coalescence of individual droplets, as evidenced from the height
profile. The depth of the coalesced NR droplets is smaller in com-
parison to the PLA-NR blend. For the nanocomposite with 5 wt%
of the C30B a decrease of the droplet sizes in comparison to those
of the PLA-NR system is also evidenced. In addition, the depth of
the droplets also decreases. As discussed by Bitinis et al. [6], the
decrease of size of the NR droplets is mainly related to two effects.
First, the compatibility of the clay with the PLA and NR phases and
second, the change of the viscosity ratio of the blend phases as the
organoclay is added. The presence of C30B organoclay in the PLA
phase increases its viscosity and facilitates the droplet breakup of
the dispersed high viscosity rubber phase, inducing a further
decrease of the droplet size [6]. Third and fourth row from the
top in Fig. 3 show the PF-QNM images of the elastic modulus and
their section profile along x, respectively. Following the analysis
presented above, these elastic modulus images represent a map
of the Young’s modulus (Eyoung) of the sample. In the PLA case, a
constant elastic modulus is found along the whole image. The
image profile shows that the Young’s modulus varies around
2-3 GPa. Since the sample is not completely flat, different areas
present slight distinct probe-sample interaction, causing this vari-
ation [25]. The value of Young’s modulus remains similar in the
PLA matrix of the PLA-NR sample. However, inside the droplets,
the elastic modulus decreases dramatically. This corroborates the
presence of NR inside the droplet like regions. Blends with orga-
noclays show an increase of the Young’s modulus in the matrix
for both C15A-5 and C30B-5, as seen in the profiles images. The
bionanocomposite C15A-5 also shows a decrease of elastic modu-
lus inside the droplets, revealing the presence of NR. However,
C30B-5 shows no elastic modulus variation, between matrix and
droplets. This suggests that in C30B-5, due to the increasing tough-
ness of the matrix, the NR could be partially dragged by the ultram-
icrotomy blade. The Young’s modulus of the bionanocomposite
matrices were evaluated by excluding the NR regions of the AFM
images. For several images of all samples different square areas
of the matrix were selected with sizes of varying between 100 to
1000 nm. These limits were chosen in order to overcome noise
from probe-sample interactions (areas below 100 nm) and to avoid
the presence of NR droplets (areas above 1000 nm). In each square,
the values of the modulus were recorded and plotted in a histo-
gram. Fig. 4 shows the Young’s modulus histograms, resulting from
this analysis, for four selected samples. Histograms were fitted
with Gaussian distributions.

PLA and PLA-NR show a clear maximum around 2.5 GPa, as
expected from elastic modulus profiles in Fig. 3. Distribution of
higher modulus values in the PLA-NR sample, between 4 and
5 GPa, are related to probe-sample interactions in high rugosity
areas which could not be avoided. Also, elastic modulus of the
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Fig. 3. PF-QNM images for the investigated samples. From top to bottom, topography, elastic modulus and adhesion force presented with their corresponding profiles, along

the line x indicated in the corresponding image. AFM images are 5 x 5 pm squares.

NR droplets were quantified in the PLA-NR samples, where a mean
value of 12 MPa was found.

Organoclay reinforced samples show a bi-modal distribution of
the Young’s modulus in their matrices. In both cases, a first peak
around 2 GPa can be related to the modulus of the PLA while the
second peak, around 3 GPa, can be related to the reinforced zones.
For the C30B organoclay loading, this distribution of Young’s mod-
ulus can be interpreted straight forward from the affinity between
matrix and organoclay loading. Nevertheless, as stated previously,
it is expected that the C15A organoclay shows affinity with the NR
phase and thus, reinforcement should not necessarily be expected
in the PLA matrix. However, there could be reinforced NR sites just
below the PLA matrix surface that although nor directly visualized
in the PF-QNM topography image could contribute to the mechan-
ical response as evidenced by the bi-modal distribution measured
in the Young’s modulus. Fig. 5 shows the values of Eyoyng as esti-
mated by the PF-QNM method for all the samples (red bars). The
value of the Young’s modulus was taken from the fitted value of
peak maxima in the Gaussian distributions. The error bars are
related to the uncertainty of this fitting parameter.

One observes a Young’s modulus around 2.4 + 0.2 GPa for the
PLA matrix. This value slightly decreased by adding 1 wt% of

organoclay. Only at high organoclay loadings (5 wt%) the bimodal
distribution appears and an overall reinforcement of the matrix
of about 1 GPa is found. In Fig. 5, the blue bars are the Young’s
modulus values for these samples estimated by standard macro-
scopic strain-stress tests on an Instron dynamometer as previously
reported [6]. In principle the relationship between the macroscopic
elastic modulus and the AFM based elastic modulus should be
related to the volume fraction of the NR particle since by AFM
we are estimating images excluding the NR regions. However,
overall good agreement between PF-QNM and macroscopic
measurements is found, which can be related to the macroscopic
nature of the sample used for AFM (thickness about 1 mm). As
the tip probes the continuous surface, the organoclay surface
distribution can be related to the increase of the Young’s modulus
values observed for samples C15A-5 and C30B-5, as previously evi-
denced for nanomechanical measurements of polymer composites
[33,34]. Also, one might expect that the properties of NR droplets
and organoclay particles underneath might contribute to the nano-
mechanical measurement, just like substrate influence affects
these type of measurements when performed in thin films [33].
Interestingly enough, for the C30B-5 sample the macroscopic value
corresponds to the average between the two ones found by the
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nanometric PF-QNM analysis. This suggests that PF-QNM evi-
dences structural heterogeneities associated to PLA regions with
different local nanoclay concentration, not detectable by macro-
scopic measurements.

3.2. Organoclay distribution

As mentioned before, rows 5 and 6 from the top in Fig. 3 show
the PF-QNM adhesion force images and the corresponding profiles
along a given length x. In all cases, the matrix shows an almost

PF-QNM Adhesion

5 pm
Fig. 6. PF-QNM adhesion images for the samples with higher organoclay content

(C15A-5 and C30B-5). Arrows in C30B-5 indicate randomly distributed zones with
low adhesion.
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Fig. 7. Magnification of square region marked in Fig. 6-right of the C30B-5 sample.
(Left) PF-QNM height image. (Right) PF-QNM adhesion image.

constant adhesion value close to zero. However, in the droplet like
NR phase an increase is observed. This can be attributed to the
higher viscosity of NR (glass transition temperature Ty=—73 °C)
in comparison to that of PLA (T = 58 °C). By addition of both orga-
noclays, the adhesion of the blend is clearly decreased. In order to
further exploit the performance of PF-QNM measurements, we
have analyzed in higher detail the adhesion images with the aim
of gaining information about the organoclay dispersion in the bio-
nanocomposites. Fig. 6 shows the PF-QNM adhesion images for the
samples with higher organoclay content (C15A-5 and C30B-5).
While C15A-5 exhibits constant adhesion values throughout the
whole matrix, the C30B-5 sample shows some contrast in the
adhesion features of the matrix indicated by arrows in the image.
These motives are randomly distributed and present lower adhe-
sion values than those of the matrix. On the C30B-5 image, Fig. 6,
a square region is chosen to further analyze the mechanical behav-
ior of the adhesion features, and is presented in Fig. 7.

Fig. 7 shows an area of the C30B-5 sample, where an adhesion
feature was detected. Here, the PF-QNM height and adhesion
image show that this feature corresponds to a plateau of about
40 nm thick. The height image shows that this feature corresponds
to a plateau of about 40 nm thick. The adhesion map shows that
throughout the whole plateau, the value of the adhesion reduces
to values lower than those of the matrix. These facts, along with
the known compatibility of the C30B organoclay with PLA [6], lead
to identify these adhesion features with the organoclay phase dis-
persed throughout the matrix.

4. Conclusions

PF-QNM measurements were carried out in PLA-NR-Organoclay
bionanocomposites. Topography, elastic modulus and adhesion
maps were obtained simultaneously. Values of the Young’s modu-
lus for the different matrices were obtained from the elastic
modulus maps. For PLA, PLA-NR and the nanocomposites with
low loads of organoclays (1 wt%), a single distribution of Young's
moduli centered around of 2.4 + 0.2 GPa was obtained. This value
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correlates well with the macroscopic measurements. Nanocom-
posites with high organoclay loads (5 wt%) exhibit a bimodal dis-
tribution of elastic modulus. In these cases, the maximum of the
lower component has been assigned to the PLA matrix while the
higher one has been associated to the reinforced PLA-organoclay.
In addition, adhesion maps allowed obtaining mechanical contrast
between PLA and C30B organoclay at high nanofiller loads. This
effect further supports the compatibility of the C30B organoclay
with PLA.
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