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Atomic force microscopy (AFM) is a versatile tool to perform mechanical
characterization of surface samples at the nanoscale. In this work, we review
two of such methods, namely contact resonance AFM (CR-AFM) and torsional
harmonics AFM (TH-AFM). First, such techniques are illustrated and their
applicability on materials with elastic moduli in different ranges are dis-
cussed, together with their main advantages and limitations. Then, a case
study is presented in which we report the mechanical characterization using
both CR-AFM and TH-AFM of polyaniline and polyaniniline doped with
nanodiamond particles tablets prepared by a pressing process. We determined
the indentation modulus values of their surfaces, which were found in fairly
good agreement, thus demonstrating the accuracy of the techniques. Finally,
the determined surface elastic moduli have been compared with the bulk ones

measured through standard indentation testing.

INTRODUCTION

In the field of nanotechnology, the development of
innovative and nondestructive characterization
techniques plays a crucial role. Indeed, the charac-
terization of nanostructured hybrid materials (e.g.,
thin films and nanocomposites) and devices requires
the capability of acquiring maps of the local me-
chanical properties at the nanoscale. Nanoindenta-
tion is the most common method for determining the
mechanical properties of thin films. However, its
applicability is strictly limited by the thickness of
the sample. Furthermore, its poor spatial resolution
does not allow the reconstruction of an accurate
distribution of the sample surface mechanical
properties. For this reason, alternative methods,
based on atomic force microscopy (AFM), have been
developed. By exploiting the high resolution of the
AFM, maps of the surface mechanical properties
(i.e., indentation modulus) can be achieved. Among
these techniques, AFM nanoindentation® is the
simplest method used to evaluate the local me-
chanical properties of both stiff and soft samples.”™

(Published online March 6, 2015)

AFM nanoindentation consists in locally recording
force-indentation (FI) curves. If the FI curves are
collected at each point of the scanning area, then a
stiffness map of the sample is obtained in the so-
called force volume mode.® Due to the low of
resolution and the long acquisition time required by
this technique, different AFM-based methods have
been established. In particular, contact resonance
AFM (CR-AFM) and torsional harmonics AFM (TH-
AFM) can be used to perform both qualitative and
quantitative maps of the mechanical properties of
the sample surfaces with nanometric lateral spatial
resolution. CR-AFM is a well-established technique
for the characterization of hard elastic materials.”
Furthermore, recently it has been employed to in-
vestigate the indentation moduli and the viscoelas-
tic properties (i.e., storage and loss moduli)'®*? of
soft polymeric films. Instead, TH-AFM is one of the
latest AFM mode specifically developed to charac-
terize soft matters. It operates in tapping mode us-
ing a T-shaped cantilevers with an out-of-axis tip
that periodically indents the surface during the
scanning. By collecting the FI curves produced by
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the periodical indentation of the tip into the sample,
maps of the mechanical properties of the surface
sample are achieved.'* 7

In previous studies, by adopting the above-men-
tioned AFM techniques (i.e., AFM nanoindentation,
CR-AFM, and TH-AFM), we deeply analyzed the
mechanical properties of hybrid nanocomposite ma-
terials based on conductive polymers, i.e., polyaniline
(PANI) and poly(3,4-ethylenedioxythiophene) (PED-
OT) filled with nanodiamond (ND) pa1"1:icles.5’17_22 In
particular, we have pointed out that ND is able to
induce a high structural order of the polymerchains
that organize themselves in the form of nanofibrils,
nanoglobules, or nanoparticles depending on the
experimental conditions of the synthesis. On such
materials, we performed accurate material charac-
terizations at the nanoscale ?!"182122

Considering the results obtained so far, in the
current study we investigated how the mechanical
properties of the single nanostructures can rule the
surface mechanical properties of a macroscale
sample, especially when it consists of a dense and
forced packing of the individual nanostructures. For
this purpose, we first synthesized PANI and
polyaniline doped with nanodiamond particles
(PANI-ND) by a precipitation method, and then we
prepared PANI and PANI-ND tablets by a pressing
process conducted at 200 bar. Thus, we have in-
vestigated the effect of the compression of the
polymer chains on both the bulk and surface me-
chanical properties of the two final tablets by using
standard nanoindentation for the bulk properties
and both TH-AFM and CR-AFM for the surface
ones.

TECHNIQUES

Torsional Harmonics Atomic Force
Microscopy

In TH-AFM, the sample surface is imaged in
tapping mode. The cantilever is oscillating at (a
frequency close to) its first free flexural resonance
fo1. In case of compliant samples, during a portion of
each oscillation cycle, the tip indents the sample
surface. As a consequence, during each oscillation
cycle the cantilever deflection signal contains a
complete loading/unloading force versus penetra-
tion curve, which is repeated with period 7' = 1/f5;.
Therefore, the periodic force versus penetration
curve could be reconstructed through inverse
Fourier transform from the harmonic components
at frequencies N X fp1 of the deflection signal. Nev-
ertheless, such a procedure is limited by to the poor
signal-to-noise ratio due to the presence of the
higher flexural modes of the cantilever.?>?* To
overcome this practical limitation, a T-shaped can-
tilever with out-of-axis tip is used. The tip-sample
contact produces a torque that excites the torsion of
the cantilever, enhanced by its geometry.
Analogously to the deflection signal, the cantilever
torsional signal contains a complete loading/un-

loading force versus penetration curve, periodic
with period T = 1/f1, which can be reconstructed
through inverse Fourier transform analysis. In this
case, the use of the torsional signal ensures a higher
signal-to-noise ratio because the first torsional re-
sonance frequency ¢(; is about 20 times higher than
fo1 and thus at least 20 harmonic components of the
signal are located in an undistorted spectral re-
gion.?®?* As a result, during the tapping, force-dis-
tance curves are obtained at each point of the
scanned area. After proper calibrations, such curves
are analyzed to map the sample indentation mod-
ulus (M;) through the fitting of the unloading por-
tion of the curve with the Derjaguin—Muller—
Toporov (DMT) model.?® Additional parameters
mapped during the scanning are the peak force, the
tip-sample adhesion force, and the dissipated ener-
gy during each indentation cycle.!” In particular,
the quantitative mapping of M requires the
knowledge of R;. Alternatively, a sample with
known elastic modulus can be used as a reference,
which is the approach used in this work.

Because it is based on AFM tapping mode and
thus not requiring the continuous contact between
tip and sample, TH-AFM finds natural application
in the nanomechanical study of soft samples, like
polymers or biological structures. The materials
that have been effectively investigated by TH-AFM
have indentation modulus ranging approximately
from 10 MPa up to 10 GPa,** including highly ori-
ented pyrolytic %raphite (HOPG),?* polymers,'52*
polymer blends,'”** polymer-based (nano) compos-
ites,'*?! pigment coatings,?® amyloid fibrils,?’ and
bacterial nanowires.?® Although the range of in-
vestigable elastic moduli is not as wide as those of
other AFM-based techniques, TH-AFM is par-
ticularly suitable to acquire simultaneous high-
resolution (i.e., 256 x 256 or 512 x 512 points) and
high-speed (e.g., a few minutes) mechanical images
of soft samples, which conversely may represent
challenging materials for other AFM-based meth-
ods, mainly for those working in contact mode. Also,
TH-AFM probes the sample down to a few tens of
nanometers from the surface. As a consequence, the
mechanical properties of the bulk may be not ac-
cessible and the comparison between TH-AFM data
and those from techniques that probe the sample
down to bigger penetration depths (such as depth
sensing indentation) may be misleading. On the
otherhand, the shallow penetration depth makes
TH-AFM particularly suitable for the study of me-
chanical properties of polymeric ultrathin films.

Contact Resonance Atomic Force Microscopy

The CR-AFM technique has been extensively de-
scribed in previous works.??*° Briefly, the AFM ex-
perimental apparatus is equipped with a
piezoelectric transducer that is coupled to the back of
the sample. The piezoelectric transducer excites out-
of-plane oscillation at ultrasonic frequencies of the
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sample surface. When the AFM tip becomes in con-
tact with the sample surface, such oscillation results
in the high-frequency modulation of both the can-
tilever deflection and the tip-sample penetration
depth. By analyzing the high-frequency components
of the cantilever deflection signal through the AFM
electronics, one can measure the resonance fre-
quencies of the sample-tip-cantilever system, name-
ly, the contact resonance frequencies (CRFs) f,'s,
where the subscript n indicates the nth mode. The
experimentally determined values of f;,'s can be used
to evaluate the elastic properties of the surface of the
sample. In particular, the indentation modulus of the
samples (M) can be obtained, which is defined as
M =E;/(1—v?) for isotropic materials, where Ej
and vg are the Young s modulus and the P01sson ratio
of the sample, respectively. To this aim, the ex-
perimentally measured values of f,’s are analyzed
assuming a suitable modelfor the cantilever, the
most commonly used of which is depicted in Fig. 1a.
The cantilever is approximated as a uniform beam
with length L and rectangular cross section with
thickness ¢ and width w, with its main axis parallel to
the sample surface. The tip is placed at distance L,
from the cantilever clamped end, so that the ratio
r=L1/L can be defined. The tip-sample contact is
modeled as a linear spring, the elastic constant of
which is the contact stiffness £*, which accounts for
the mechanical properties of the sample surface, i.e.,
M. The damping and the effect of tip-sample lateral
forces are neglected. The characteristic equation of
the system in Fig. 1a, whose explicit analytical ex-
pressmn is easily obtained and can be found else-
where,?® shows that the values of ;s are fixed by r, k*
and a geometrical parameter ¢, characteristic of each
cantilever. In particular, it is observed that for fixed
values of r and c., the higher £* the higherf,’s. Such a
characteristic equation can be inverted so that
= k*(f,,r) is obtained as a function of both the
generic f, and r. To evaluate r that is generally un-
known, the CRFs corresponding to two different
modes are measured (say f,, and f;,, with n £ m). r is
obtained as the value in correspondence of which the
two CRFs give the same contact stiffness, i.e., by
solving k*(f,,,r) = k*(fm,r). Thus, k* is determined
and can be used to evaluate M, assuming that the
values of the indentation modulus of the tip M, the
tip radius R;, and the normal load applied by the
cantilever F are known. Indeed, in case of para-
bolical tip, M is evaluated from £* using the relation

e () "
k32 \/6RFn \Ms M,

Fy can be easily calculated from the static can-
tilever deflection. R; is generally evaluated by
calibration of the technique using a reference sample
with known mechanical properties. M, is either as-
sumed as the theoretical indentation modulus of the
material forming the tip?>®! or independently mea-
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Fig. 1. Sketch of two models used to analyze CR-AFM data: (a)
normal spring coupled cantilever, where lateral forces, tip height, and
cantilever tilt angle are neglected; (b) normal and tangential spring
coupled cantilever.

sured using a second reference material.® The latter
approach has been demonstrated to overcome also
the limitation due to neglecting the tip-sample lat-
eral forces, which represents a major source of inac-
curacy in CR-AFM measurements especially when
characterizing polymers.®® Indeed, a more compre-
hensive model of the system is deplcted in Fig. 1b,
where the cantilever is assumed tilted with respect to
the surface of an angle o and the tip height A; is
considered.®* ¢ Moreover, the lateral contact stiff-
ness k’ is introduced, wh1ch accounts for the tip-
sample “lateral couplmg i.e., the sample shear mod-
ulus Gy =3E/(1+ vy). % For practical purposes, it
has been demonstrated that &7 can be neglected and
t

experlmental data can be analyzed through the
model in Fig. 1a pr0v1ded that fictitious values of My
and r are assumed.®® Conversely, including lateral
coupling in the model allows one to analyze ex-
perimental data assuming the real values of such
parameters. In this case, the values of all the pa-
rameters in the model are fixed and
E*(fn,r) = k" (fm,7) is not imposed. As a consequence,
different values of £* may be obtained in correspon-
dence of different modes.'"'? This may represent an
artifact originated from approximation in the model
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as well as a real effect reflecting frequency-depen-
dent mechanical parameters of the sample. Based on
AFM contact mode, CR-AFM is particularly suitable
for the nanomechanical characterization of relatively
stiff materials, includin,ci,r diamond-like carbon coat-
ings,”® ultrathin films,'® piezoelectric materials,?’
single crystals,®® nanobelts and nanotubes,*®*°and
epoxy-based nanocomposites.** ™% Recently, CR-AFM
has been extended to softer samples, i.e., polymers.
In particular, CR-AFM allows one to determine the
storage and loss moduli of viscoelastic materials from
the analysis of the contact resonance frequencies and
the corresponding quality factors.!™'® Finally, such
parameters have been mapped on the surface of
polymeric blends.'***Notwithstanding these results,
the application of CR-AFM to soft materials still re-
mains challenging because it involves the continuous
tip sample contact during all the image acquisition,
which is actually quite timeconsuming even for not
too-high-resolution images (e.g., 10-20 min for
128 x 128 points images). Moreover, some difficul-
ties in the quantitative analysis of CR-AFM data
may arise from the need for more accurate models in
which lateral forces or dissipation are not neglected.

CASE STUDY: POLYANILINE AND
POLYANILINE-NANODIAMOND COMPOS-
ITES

In this section, we report the results of the func-
tional characterization of PANI and PANI-ND. The
aim of the study is to determine how the introduc-
tion of detonation NDs modulates the elastic surface
properties of the samples when they are prepared by
a pressing process. To this end, the indentation
moduli of PANI and PANI-ND samples have been
calculated by employing two different AFM-based
techniques, i.e., TH-AFM and CR-AFM previously
described.

Materials

PANI and PANI-ND materials were synthesized
following a protocol optimized in previous studies.
Namely, a precipitation polymerization of aniline
monomer was carried out in acidic aqueous solution
using an anionic surfactant, i.e., sodium dodecyl sul-
fate, as a dopant and dispersing agent of ND particles
in the case of the PANI-ND composite. The complete
characterization of the obtained PANI and PANI-ND
samples was performed using optical microscopy, both
transmission and scanning electron microscopy, Ra-
man spectroscopy, reflection high-energy electron
diffraction, X-ray diffraction, and thermogravimetric
analysis, which can be found elsewhere.'® Tablet
samples 1 mm thick were prepared by pressing, at
200 bar, 100 mg of PANI and PANI-ND.

Equipment

CR-AFM experiments have been performed using
an AFM setup (Solver; NT-MDT, Moscow, Russia)

equipped with a silicon cantilever (CSG10; NT-
MDT). The cantilever used in the experiments has a
length of 250 um, width of 35 um, thickness of 1 um,
and nominal spring constant k.= 0.1 N/m. The
cantilever has been used after extensive scanning of
the surface of hard samples to severely wear the tip,
as large tip radius and thus large tip-sample contact
radius values reduce the stress under the tip and
consequently diminish the damaging of soft samples
during AFM contact mode imaging. For TH-AFM
measurements, a standard AFM apparatus (Di-
mension Icon, Bruker Inc., Madison, WI) has been
employed that was equipped with T-shaped can-
tilevers (HMX10; Bruker Inc.) with nominal spring
constant k. = 4 N/m. Brand-new cantilevers have
been used after some preliminary scans of the
polymeric samples to allow the tip radius to stabi-
lize. Both CR-AFM and TH-AFM experiments have
been performed in air and at room temperature. In
both the techniques, quantitative measurements
have been performed using a blend of polystyrene
(PS) and low-density polyethylene (LDPE) reference
sample (PS-LDPE; Bruker Inc.) with known me-
chanical properties for calibration purposes. The
PS-LDPE sample consists of a matrix of PS in which
round-shaped regions of LDPE are dispersed, de-
posited onto a silicon substrate. The PS matrix has
an indentation modulus equal to 2 GPa, while that
of LDPE regions is about 100 MPa.

The indentation modulus and hardness mea-
surements have been performed by Nano Test Micro
Materials Ltd. (Wrexham, U.K.), using a diamond
Berkovitch tip. For each sample, an array of
10 x 10 points have been probed, covering a surface
of a few microns squared, by applying a maximum
load of 5 mN, holding time of 10 s, indentation
depth doing range between 500 nm and 1200 nm,
penetration speed/load control of 0.2 mN/s. The in-
strumental uncertainty of the indenter is ap-
proximately 2%.***°

RESULTS AND DISCUSSION

Preliminarily to the mechanical characterization
of the samples, the morphology of the samples has
been characterized in standard AFM tapping mode.
In Fig. 2a and b two typical topographical images of
PANI are reported at two different magnifications
after subtraction of polynomial background in order
to emphasize the different nanoscale features,
which show a granular structure. Conversely, on
the surface of PANI-ND fibrillar features are visible
(Fig. 2¢ and d) which are triggered by the presence
of the ND Igarticles, as already observed by Tam-
burri et al.

To validate the results retrieved with TH-AFM,
by verifying the stability and the accuracy of the
technique, several preliminary measurement ses-
sions have been carried out under different operat-
ing conditions (i.e., different cantilevers of the same
type and set-point values). In each experiment, the
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features of the surfaces.
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characterization of the PS-LDPE reference sample
has been performed twice, before and after the
measurement on the investigated samples. In each
experimental session, all the samples have been
scanned under the same operating conditions (i.e.,
same set-point, drive-frequency and drive-ampli-
tude values). The acquired indentation modulus
maps, initially expressed in arbitrary units, have
been calibrated on the PS-LDPE reference sample
according to the procedure supplied by the producer.
In particular, the indentation modulus of the PS
matrix has been used for the calibration of the
technique while the LDPE has been used as a con-
trol material. For each sample, the statistics were
calculated on the collected indentation modulus
maps to assign the values of indentation moduli and
corresponding uncertainties. As an example of the
typical results of a TH-AFM measurement session,
the histograms of the indentation moduli of the in-
vestigated and reference samples are reported in
Fig. 3. It should be noted that the obtained value of
the indentation modulus of the LDPE is in fairly
good agreement with the expected one even though
slightly lower, indicating a not perfect calibration
for low modulus values. Nevertheless, since the
moduli of the investigated PANI and PANI-ND
samples are of the same order of magnitude of those
of the PS, the calibration can be considered accurate
enough in the range of interest. The obtained in-
dentation modulus values of PANI and PANI-ND
are reported in Table I.

CR-AFM is a two steps technique. In the first step,
the free resonance frequencies of the cantilever
oscillating in air (fy,) are measured to experimen-
tally determine the characteristic parameters of the

08| ||LDPE
06|

04+

Normalized Counts

0.2

Indentation modulus [GPa]

Fig. 3. Histograms of the indentation moduli measured on the PS-
LDPE (red), PANI-ND (green) and PANI (blue) samples (symbols)
together with the corresponding Gaussian fits (solid lines) (Color
figure online).

cantilever (i.e., the ¢, parameter). In Table II, the
first four measured natural frequencies are reported
and compared with those calculated supposing the
cantilever as a uniform rectangular beam.”® It
should be noted that the ratio between the calcu-
lated and the measured values of the frequencies
keeps constant for each mode of the cantilever. In-
deed, the used cantilever is rectangular and the
differences between measured and calculated free
resonance frequencies result from the deviation of
the actual geometrical parameters from the nominal
ones. The ratio between calculated and experimental
free resonance frequencies can be used to indi-
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Table I. Indentation modulus (Mg) of PANI and PANI-ND measured through TH-AFM, CR-AFM, and
standard nanoindentation and nanoindentation hardness (Hg)

Nanoindentation
TH-AFM CR-AFM
Samples Mg (GPa) Mg (GPa) Mg (GPa) Hg (MPa)
PANI 1.4+ 0.2 1.2 +£0.1 43+ 1.4 130 4+ 60
PANI-ND 23+05 3.1+05 12.0 +£ 5.0 300 £ 200

viduate the correct free flexural resonances in case of
the presence of multipeaks. In this work, CR-AFM
nanomechanical measurements have been per-
formed using only the first and the third resonance
frequencies. The parameter ¢, was determined from
the values of the first (fo;) and third (fys3) free re-
sonance frequencies through the relation

Cc = knL (2)

f Oon

where k,L are eigenvalues of each mode which are
well known from the literature.? In particular, the
value of ¢, was determined for each mode, so that c.;
and c.3 were calculated from f;; and fy3, respec-
tively.

In the second step of the procedure, the tip is
brought in contact with the sample surface, which is
set into oscillation through a piezoelectric trans-
ducer coupled with the sample back side. Maps of
the first and third CRFs (f1, f3) of the investigated
samples are recorded and semiquantitative maps of
the samples stiffness were achieved. To extract
quantitative information about the indentation
modulus of the investigated samples and eliminate
the uncertainty related to the mechanical (M;) and
geometrical (R;) properties of the tip, calibration has
been performed on the PS-LDPE reference sample.
Furthermore, to guarantee the stability of the ex-
perimental session, it has been tested twice, before
and after the two investigated samples. As en ex-
amples, in Fig. 4 a typical CR-AFM map of f; on PS-
LDPE is reported, together with a profile of the first
CRF extracted from the map in correspondence of
the line. As expected, in correspondence of the
LDPE regions the values of the frequencies de-
crease, as a result of the lower value of indentation
modulus and thus of £*. To reduce the possibility of
tip damaging between the two investigated samples,
we purposely investigated the samples following the
decreasing order of expected stiffness, i.e., starting
from the sample which we expected to be the stiffer
one. In this way, we were able to monitor the per-
formances of our technique during the whole ex-
perimental session. Furthermore, to prevent tip
wear, we avoided long scans of the surfaces limiting
the acquisition to a number of lines, which ensured
enough points to make a significant statistics of the
results. For all the reference and investigated
samples, f1 and f5 have been measured by main-

Table II. Calculated and measured values of the
first four flexural resonance frequencies of the

cantilever used in CR-AFM

Frequency Calculated (kHz) Measured (kHz)
fo1 19 26.7
foz 120 169.8
fos 341 477.3
fou 664 933.0
(a) - _— J [T 162,0 kHz
. ‘ - - | 1550
* o
- | 150,0
- - - _-_ T
- i 145,0
- . - 140,0
- . - 135,0
e —
e Sum 131,4
(b) 165
160- S e, M
! ° o | ‘ °
155 |- s o .
. 1
N 150 - *+
£ ’ :
[ ]
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[ ]
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I °
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Fig. 4. (a) CR-AFM map of the first contact resonance frequency
acquired on the PS-LDPE reference sample and (b) profile extracted
in correspondence of the dashed line.
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taining constant the cantilever deflection set point,
i.e., thus the applied load. Statistics of the CRF's
maps have been used to determine mean values and
corresponding uncertainties of the indentation
modulus of the samples. As expected, CRFs mea-
sured on the PANI-ND samples are higher than
that measured on the undoped PANI, indicating
that the former is stiffer than the latter.

In the post experiment data analysis, CRFs have
been analyzed with a suitable method to calculate
the contact stiffness of each sample (k) and to
quantitative determine the value of their indenta-
tion modulus (Ms). To this aim, the simplest model
depicted in Fig. 1a is the most widespread one to
analyze CR-AFM data. Nevertheless, it has been
recently shown that on polymeric materials the
presence of tangential spring constant k;,,, which is
related to the reduced sample shear modulus,>® ma
dramatically affect the calibration procedure.””
Thus, we analyzed our CR-AFM experimental data
by modeling the contact between the tip and the
sample by considering both a vertical and a tan-
gential spring (with spring constant defined by &*
and k,, respectively), i.e., assuming the model de-
picted in Fig. 1b. In particular, considering realistic
or experimentally determined values for the pa-
rameters of the model in Fig. 1b, we simulated the
f1 and f3 values in a wide range of k*/k. values, to
determine the values of £ for each sample from the
measured values of CRFs. In details, since the
M; > M, the ratio kj,,/k., was determined by the

following expression:**

Rias  2(1 = vs)

k* ~ 2 — vg 3)

The value of the Poisson ratio vs has been ap-
proximated to 0.4 for all the measured samples. The
dimensions of the cantilever have been assumed as
the nominal ones supplied by the manufacturer, and
the beam was inclined by an angle o = 11° with re-
spect to the sample surface. The tip, with nominal
height A = 15 ym, was placed at a distance L, from
the cantilever clamped end, and its position was
defined by the r=L;/L=0.985, experimentally
evaluated by scanning electron microscopy analysis.
The first and third CRFs have been determined by
numerically solving the characteristic equation of
the system (reported in Ref 36) for values of £*/k.
ranging between 1 and 10*. In this way, curves of
the /1 and f5 CRFs versus the normalized contact
stiffness k*/k. are obtained, which are reported in
Fig. 5 (solid line). For comparison, for the same
values of k*/k. the CRFs determined using the
simplest model, which neglects k;,,, are reported
(dotted lines). It should be explicitly observed that
the simple model is unable to predict the ex-
perimental CRF's, as the well-known saturation of
the CRF's for large stiffness &*/k.*° corresponds to
frequency values lower than those measured on the

1000
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f [kHz]

400 |

200

1 10 100 1000 10000
k*/k
[}

Fig. 5. First (blue lines) and third (red lines) contact resonance fre-
quencies as a function of the normalized contact stiffness k* /k.. The
dotted lines were calculated considering the simple clamped spring-
coupled cantilever, i.e., the model in Fig. 1a. The solid curves are
obtained introducing the contribution of a lateral spring (kj,), i.e., the
model in Fig. 1b (Color figure online).

stiffer samples. Conversely, the CRFs experimen-
tally determined on all the samples are predicted
using the model (Fig. 1b), which takes into account
lateral tip sample coupling. From these curves, two
values of the £*, one for each CRFs recorded, have
been extracted for each samples. From the values of
k*/k. those of My have been calculated. As the in-
clusion of £}, in the model allows one to consider the
real values of the parameters,® being M, > M,,
Eq. 1 can be approximated as

“32= \/6R,FyMs = (4)

indicating a direct proportionality between k**2 and
M, (for both the two chosen vibration modes). The
proportionality coefficient A has been determined on
the PS sample, independently for each of the ana-
lyzed modes, and the moduli of the LDPE control
materials and of PANI and PANI-ND are finally re-
trieved. We want to explicitly report that the inden-
tation modulus of the LDPE control material
retrieved using f1 (M1 ppg = 130 MPa) fairly matches
the reference value, whereasthe one retrieved using
fs (Myppg = 660 MPa) is significantly higher. This
result can be rationalized considering that the LDPE
islands are tens of nanometers thick and are sur-
rounded by PS. In TH-AFM, the indentation depth
and the contact radius are a few nanometers, and
therefore, the technique is sensitive to the me-
chanical properties in a volume under the surface
with a depth usually not exceeding a few tens of
nanometers. Conversely, as CR-AFM is performed
using worn tips with large radius, larger tip-sample
contact radii are involved. In the case of PS, the
contact radius can be evaluated as large as some tens
of nanometers. In addition, in CR-AFM higher modes
are more sensitive to buried features due to the in-
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creased effective stiffness.*® Therefore, the third
CRF is more sensitive to the presence of PS under the
LDPE islands. Averaging the data obtained for the
two modes, the indentation moduli of PANI and
PANI-ND are retrieved and reported in Table I.

We observe that the results obtained by TH-AFM
and CR-AFM are in fairly good agreement, which
represents a cross-validation of the techniques.
Surface indentation moduli retrieved with the two
AFM-based techniques have been compared withthe
bulk ones measured by standard nanoindentation.
The latter are reported together with the measured
indentation hardness (Hg) in Table I, which is ob-
tained with penetration depth varying between
500 nm and 1.2 ym, where the experimental
uncertainties arerelated to the inhomogeneity of the
samples. Bulk indentation moduli are significantly
higher for both samples, although the relative var-
iation of modulus due to the introduction of NDs is
almost the same for all the three techniques. In
particular, bulk indentation modulus of PANI is in
good agreement with the value we have previously
determined by AFM nanoindentation.” It is well
known that the mechanical properties of the surface
of polymers are decreased by the presence of a softer
layer (a few nanometers thick) with reduced densi-
ty.!” Thus, our results indicate that, different from
standard indentation, which is sensitive to bulk
mechanical properties, both TH-AFM and CR-AFM
can probe the actual surface elastic modulus. This
represents a further confirmation of the importance
of AFM-based techniques to measure mechanical
properties at the nanoscale especially in case of two-
dimensional materials such as thin films and layers.

CONCLUSION

We have described two AFM-based techniques for
the characterizations of the surface indentation
modulus of materials at the nanoscale, namely, TH-
AFM and CR-AFM. They operating principles, the
range of measurable sample indentation moduli, the
main advantages and limitations have been dis-
cussed. Then, such techniques have been demon-
strated in a particular case study, i.e., the
nanomechanical characterization of polyaniline and
polyaniniline doped with nanodiamond particles
tablets prepared by a pressing process. The agree-
ment between surface indentation moduli obtained
with the two techniques represented a cross-
validation of the methods. When compared with
bulk indentation moduli retrieved with standard
nanoindentation, we observed an almost constant
ratio between the data for PANI and PANI-ND.
Moreover, surface indentation moduli measured
with the AFM-based methods are significantly low-
er than the bulk ones measured with nanoindenta-
tion, which can be attributed to the presence of
nanometrical surface layers of polymer softer than
the bulk. Overall, the results confirm the impor-
tance of methods such the AFM-based ones for the

mechanical testing at the nanoscale, which are ca-
pable of investigating ultrathin films and layers out
of the range of standard mechanical tests.
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