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Abstract. Characterization of mechanical properties at the nanometer scale at variable temperature is one of the main
challenges in the development of polymer-based nanocomposites for application in high temperature environments. Contact
resonance atomic force microscopy (CR-AFM) is a powerful technique to characterize viscoelastic properties of materials
at the nanoscale. In this work, we demonstrate the capability of CR-AFM of characterizing viscoelastic properties (i.e.,
storage and loss moduli, as well as loss tangent) of polymer-based nanocomposites at variable temperature. CR-AFM is
first illustrated on two polymeric reference samples, i.e., low-density polyethylene (LDPE) and polycarbonate (PC). Then,
temperature-dependent viscoelastic properties (in terms of loss tangent) of a nanocomposite sample constituted by a epoxy
resin reinforced with single-wall carbon nanotubes (SWCNTs) are investigated.

Keywords: Contact resonance atomic force microscopy; viscoelasticity; loss tangent; temperature; polymer; nanocomposite; carbon nan-
otubes;
PACS: 68.37.Ps; 68.47.Mn; 62.25.-g; 68.60.Bs; 81.05.Qk

INTRODUCTION

Reinforcement of polymers using suitable nanomaterials is a smart procedure to obtain nanocomposite materials
with enhanced physical properties, including electric and/or thermal conductivity, strength, elasticity, toughness and
durability, also in thermal management applications [1–3]. To set up reproducible synthetic routes, the properties of
the obtained materials must be characterized from the macroscopic to the microscopic and sub-microscopic scale in
the range of temperature of interest. As far as mechanical properties are concerned, dynamic mechanical analysis
(DMA) is a well-established techniques which allows the independent measurement of the real and imaginary parts of
the complex mechanical modulus of viscoelastic materials, i.e, the storage and loss modulus, respectively [4]. DMA
can be performed at variable temperature, e.g., the so-called dynamic mechanical thermal analysis (DMTA), allowing
for instance the identification of glass transition and other thermal transitions in polymeric materials [5]. Also, based
on atomic force microscopy (AFM), counterparts of DMA have been developed which enable the characterization
of viscoelastic materials at sub-micrometer and nanometer scale [6]. Due to its high spatial resolution, nanometer
dimensions of the probed volume of materials, and nondestructive nature of measurements, AFM is currently a
broadly used tool for the mechanical investigation of polymers community. AFM-based quasi-static nanoindentation
is a well-established technique for the characterization of elastic properties of compliant materials [7, 8], also when
they are represented by layered ultrathin films on stiff substrates [9, 10]. Also, it can be used to study viscoelasticity
of soft materials through relaxation indentation tests [11]. Contact resonance AFM (CR-AFM) is a well-established
but continuously evolving technique, in which the elastic modulus of samples is measured from the analysis of the
flexural modes of the cantilever oscillating with the tip in contact with the sample surface [12, 13]. CR-AFM enables
accurate measurement and mapping of elastic modulus in a broad range of values, e.g., from stiff crystals to polymers
and biological materials [14, 15]. Also, CR-AFM characterization of elastic modulus of polymer blends at different
temperatures was demonstrated [16]. Moreover, a recent improvement of CR-AFM, the so-called contact resonance
AFM for viscoelasticity (CRAVE) [17, 18], has been recently improved to enable measurement and mapping of storage
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FIGURE 1. Sketch of the model used to analyze CR-AFM data.

and loss moduli as well as of loss tangent of viscoelastic materials [19–23]. Also, CR-AFM was recently demonstrated
for the mapping of loss tangent of polymer blends at variable temperature from room temperature to about 80°C [24].
In this work, we describe the use of CR-AFM for the viscoleastic characterization of polymer-based nanocomposites
at variable temperature. First, the method was demonstrated on two polymeric reference materials, i.e, low-density
polyethylene (LDPE) and polycarbonate (PC), by studying the thermal dependence of their storage and loss moduli
as well as of their loss tangent. Then, CR-AFM was demonstrated for polymeric nanocomposites by presenting a case
study on epoxy resin loaded with single-wall carbon nanotubes (SWCNTs).

EXPERIMENTAL

Materials

A commercial blend of polystyrene (PS) and low-density polyethylene (LDPE) on Si substrate (PS/LDPE, Bruker
Inc.) was used to assess the accuracy of the technique at room temperature [15, 25]. LDPE and polycarbonate (PC)
sheets 1 mm thick (Goodfellow Cambridge Ltd.) were used as reference samples to verify the accuracy of CR-AFM
for viscoelastic characterizations [26, 27]. LDPE and PC are characterized by different glass transition temperature,
i.e., about -120°C and 140°C, respectively.
The case study was carried out on low viscosity epoxy resin formed by condensation between bisphenol A and
epichlorhydrin, loaded with single-wall carbon nanotubes (SWCNTs) [28]. Triethylenetetramine was used as hardener,
with a mixing ratio of 30:70 w/w. SWCNTs were produced by arc discharge and then purified in order to remove
amorphous carbon and other residues. Nanocomposite sample was prepared by loading the epoxy resin with 3% in
weight of SWCNTs, after dispersion of SWCNTs in CHCl3 in ultrasonic bath with 9 runs of 1 h. The mixture was then
further sonicated with ultrasonic bath and hand-stirring in order to optimize the dispersion. Finally, the corresponding
weight fraction of hardener was added and the whole mixture has been dispersed again in an ultrasonic bath and
hand-stirring for several minutes [28].

Experimental apparatus and equipment

Experiments have been performed using a standard AFM apparatus (Solver P47H, NT-MDT, Russia), in air and
at room conditions. The samples are mounted on a heating stage (SU003, NT-MDT, Russia), consisting of a holder
(15×17 mm2), a temperature sensor (semiconducting diode), an a heating device (resistance) controlled by the AFM
electronics with a voltage of 5 V and a maximum power of 4 W to reach a maximum temperature as high as 130°C. The
sample and the holder were coupled using a Silver-based thermally conductive paste. Before carrying out CR-AFM
measurements, we have to wait until the surface of the sample has reached the desired temperature to avoid thermal
drift during the experiment. The time required for reaching the thermal equilibrium depends on the sample thermal
conductivity and thickness. In case of LDPE and PC, thermal equilibrium was reached in 5 minutes, while the thicker
epoxy and epoxy/SWCNTs required at least 10 minutes. CR-AFM experiments have been performed using commercial
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FIGURE 2. CR-AFM characterization of a reference LDPE/PS polymeric blend at room temperature. Maps of the contact
resonance frequencies f1 (a), f2 (b), and f3 (c), and maps of the corresponding quality factors Q1 (d), Q2 (e), and Q3 (f).
Maps of tanδ obtained from the analysis of modes 1 and 2 (g) and of modes 2 and 3 (h). (i) Profiles of tanδ values extracted
in correspondence of the dotted lines in (g) and (h).

Si cantilevers (CSG-10, NT-MDT, Russia), with nominal dimensions: length L= 230 ± 5 μm, width w= 40 ± 3
μm and thickness t = 2± 0.5 μm. In the experimental configuration used in this work, the ultrasonic piezoelectric
transducer is coupled with the cantilever chip [16]. During CR-AFM experiments, we noticed a significant reduction
in the reproducibility of our results above 70°C, in correspondence of which we observed a dramatic lowering of
the cantilever deflection signal, preventing the immediate re-use of the probe. This problem is due to the presence of
the Au reflective layer on the cantilever back. As temperature increases, a deformation of the cantilever is expected
due to the different thermal expansion coefficients of Si and Au, which brings the cantilever out from the focusing
conditions. Furthermore, even after the subsequent cooling, the previous signal heating characteristics are no longer
obtained, which is probably due to a delamination of the Au reflective layer.
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TECHNIQUE

In the first step of CR-AFM experimental procedure, the oscillation spectrum of the cantilever free of oscillating in
air is analyzed to determine some of its flexural modes. For the n-th selected mode, the free resonance frequency
f 0
n and the quality factor Q0

n are measured and used to determine some characteristic parameters of the cantilever
[17, 18]. The AFM tip is then brought in contact with the sample surface. The cantilever-tip-sample system is set
into oscillation, e.g., through piezoelectric actuator coupled with the back of the sample [29] or with the cantilever
chip [30, 31], through Schottky barrier depletion-layer actuation [32], or through photothermal excitation [33]. The
contact between the sample and the tip, the latter placed at distance L1 from the cantilever chip being L the cantilever
length, can be modeled as the parallel between a spring with elastic constant k∗ and a dashpot of damping σ . These
new boundary conditions determine the contact modes of the cantilever. From the analysis of the cantilever oscillation
spectrum, the contact resonance frequency (CRF) fn and the corresponding quality factor Qn are measured for the n-th
mode. These parameters are used to evaluate the normalized contact stiffness α = k∗/kc and the normalized damping

β = σ
√

L2
1/(9EIρA), where kc is the spring constant, E the Young’s modulus, I the area moment of inertia, ρ the

density, and A the cross-sectional area of the cantilever [17, 18]. In particular, to evaluate the tip position expressed in
terms of the ration r = L1/L, the contact resonance frequencies corresponding to two different modes are measured
(say fn and fm, with n �= m). r is obtained as the value in correspondence of which the two CRFs give the same
contact stiffness, k∗( fn,r) = k∗( fm,r), neglecting the damping σ [34–36]. After calibration of the tip geometry and
mechanical properties [37–39], knowledge of α and β allows one to evaluate the sample storage and loss moduli, E ′
and E ′′, respectively [19, 20]. Calibration procedure, however, is a source of uncertainty and is responsible for the
lengthening of each measurement session. To avoid calibration, viscoelastic properties of the sample can be obtained
in terms of the loss tangent tanδ defined as

tanδ =
E ′′

E ′ . (1)

From CR-AFM data, tanδ can be calculated as

tanδ = (λnr)2 β
α

fn

f 0
n

, (2)

where λn is the solution of the characteristic equation for free flexural vibrations of the cantilever 1+cosλn coshλn = 0,
which can be calculated as high as λ1 = 1.8751, λ2 = 4.6941, λ3 = 7.8548 for the first, second, and third flexural mode,
respectively [21, 23]. Eq. (2) allows one to determine tanδ without the explicit calculation of E ′ and E ′′ and, thus,
without calibration of the tip using reference materials.

RESULTS AND DISCUSSION

Validation on reference materials

In order to assess the accuracy of CR-AFM at room temperature, we characterized the PS/LDPE reference sample
which is constituted by circular regions of LDPE randomly dispersed in the PS matrix. Having elastic modulus of
about 100 MPa, LDPE is softer than PS which has elastic modulus of about 2 GPa [15, 40]. The maps of the resonance
frequencies of the first three modes, i.e., f1, f2, and f3, respectively, are shown in Fig. 2a , b, and c, respectively. The
Q-factor maps of the same modes are shown in Fig. 2d, e, and f, respectively. From the frequency images of the first
two modes, the map of r was obtained neglecting the damping. The maps of r, f1, and Q1 were then combined to
numerically solving the (complex) characteristic equation of the system in Fig. 1. The maps of α and β were thus
obtained (images not shown). Using Eq. (2), these were finally used to obtain the map of tanδ relative to modes 1
and 2 reported in Fig. 2g. An analogous analysis of the images of the second and third modes allowed us to obtain the
map of tanδ relative to modes 2 and 3 reported in Fig. 2h. The values of tanδ obtained for the two couples of modes
are in good agreement with each other as shown by the superimposition of two representative profiles reported in Fig.
2i. The measured values of tanδ on LDPE and PS are 0.19± 0.01 and 0.025± 0.005, in good agreement with data
reported in literature [41–43].
To verify the effect of the choice of the analyzed couple of modes, on the same area of the sample In order to verify
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a b

FIGURE 3. (a) Measured values of storage modulus E ′ normalized by its value at room temperature E ′
0 as a function of the

temperature T obtained in two different measurements on LDPE (open symbols) and PC (full symbols). (b) Measured values of
loss modulus E ′′ normalized by its value at room temperature E ′′

0 as a function of the temperature T obtained in two different
measurements on LDPE (open symbols) and PC (full symbols).
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FIGURE 4. Measured values of tanδ as a function of the temperature T obtained in two different measurements on LDPE (open
symbols) and PC (full symbols).

the accuracy of CR-AFM for viscoelastic characterization at variable temperature, in the first part of this work two
polymers with well-known mechanical properties (LDPE and PC) were studied. For each sample, each measurement
session was performed using a different cantilever, the values of f 0

1 , Q0
1, and f 0

2 were preliminarily measured. At each
temperature from 23°C to 70°C, f1 and Q1 were evaluated from statistics on maps, the size of which was chosen aiming
at containing the time required for each measurement having nevertheless a statistically significant number of points,
while f2 was obtained by single point measurement in order to avoid excessive lengthening of the measurements
session. Thus, f1 and f2 have been used to determine r by numerically solving the characteristic equation of the
system depicted in Fig. 1 assuming σ = 0. The values of r we obtained were found to slightly vary among different
measurements, doing range between 0.93 and 0.98. These values are in any case lower than the real value of r = 0.985
determined by scanning electron microscopy (SEM) images [25]. This can be attributed to the fact that lateral forces at
the tip-sample contact increase the CRFs associated to each mode at relatively large values of k∗/kc [44]. Neglecting
these forces in CR-AFM data analysis results in ‘effective’ values of r smaller than the real one [39]. The determined
values of r and the experimental values of f1 and Q1 were finally used to numerically solve the characteristic equation
of the system in Fig. 1 in order to calculate α and β . Figure 3a shows the values of α normalized by the corresponding
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FIGURE 5. Experimental values of the loss tangent (tanδ ) as a function of the temperature measured through CR-AFM on the
epoxy (open symbols) and epoxy/SWCNTs (full symbols) samples.

value at room temperature α0 obtained in two different experimental sessions on LDPE (open symbols) and in two
different experimental sessions on PC (full symbols). α , which is proportional to the storage modulus E ′, is found
to decrease on both the samples as temperature increases. In the case of PC, α is reduced to no less than 85% at
70°C, while more significant reductions to 55− 60% is observed in the case of LDPE. Figure 3b shows the values
of β normalized by the corresponding value at room temperature β0 obtained in two different experimental sessions
on LDPE (open symbols) and in two different experimental sessions on PC (full symbols). In the case of PC, β
(proportional to the loss modulus E ′′) is independent (within the experimental error) on temperature in the investigated
range. Conversely, in the case of LDPE, β increases to 160% of its room temperature value at 70°C. The difference
between PC and LDPE is more evident when the corresponding values of tanδ (reported in Fig. 4) are considered.
Indeed, in the case of PC, tanδ is found to be independent on temperature, its mean value being 0.023± 0.004. The
latter is in good agreement with the value of about 0.025, measured using DMA in the same range of temperature,
recently reported in literature [45]. Conversely, tanδ measured on LDPE definitely increases with temperature from
0.1 at room temperature to about 0.2 at T = 70°C. These values are consistent with those (approximately from 0.13
to 0.23) obtained in the same range of temperature using DMA recently reported [41]. It should be explicitly noted,
however, that the comparison among the results of mechanical characterizations obtained by different techniques on
polymers reported in literature may be not significant and misleading. Indeed, mechanical properties of polymers may
dramatically depend on the specific synthetic procedure and the aging of the material. Also, viscoelastic response
is frequency dependent and thus a certain discrepancy may result from the different frequency ranges of CR-AFM
and DMA [6, 46]. Finally, CR-AFM and DMA generally probe different volumes of sample under the surface. Thus,
these techniques are differently affected by the presence of softer layers at the polymer surface [15]. Nevertheless, the
results of the characterization of tanδ of both PC and LDPE demonstrate the accuracy of CR-AFM technique for the
viscoelastic characterization of polymer-based materials at variable temperature.

Case study: Epoxy/SWCNTs nanocomposites

In order to demonstrate the technique on polymer-based nanocomposites, we selected epoxy resin loaded with
SWCNTs as a significant case study. The choice of this particular material is due to the scientific and technological
interest in nanocomposites obtained by functionalization of polymeric matrices with Carbon-based nanomaterials,
e.g., carbon nanotubes [47, 48] or nanodiamonds [49, 50]. The experimental procedure is the same we followed in the
analysis of LDPE and PC, which is described above in details. Two different cantilevers were used to characterize the
epoxy and the epoxy/SWCNTs samples, the values of f 0

1 and Q0
1 of which are reported in Table 1. When in contact,
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TABLE 1. CR-AFM experimental data obtained on epoxy and epoxy/SWCNTs samples. The parameters
of the first mode of the free cantilevers (namely, the resonance frequency f 0

1 and the quality factor Q0
1) are

reported together with the corresponding ones with the tip in contact with the sample surface (namely, the contact
resonance frequency f1 and the quality factor Q1) measured at three different temperature values.

T = 25°C T = 50°C T = 70°C

Sample f 0
1 (kHz) Q0

1 f1 (kHz) Q1 f1 (kHz) Q1 f1 (kHz) Q1

epoxy 27.5 55 141.8±1.5 33±1 139.2±1.3 31±1 137.2±1.5 29±1
epoxy/SWCNTs 24.5 88 138.5±1.3 31±1 137.5±1.2 29±1 134.5±1.2 28±1

values of f1 and Q1 were recorded for each sample on an area of 5× 1 μm2, by applying a normal load of about 20
nN at three different temperatures, as reported in Table 1. As expected, for both the sample f1 and Q1 decrease as
temperature increases f1. The values of f1 and Q1 were used to calculate those of tanδ , which are shown in Fig. 5.
The epoxy is characterized by a value of tanδ of about 0.08, which seems to slightly increase but can be considered
definitely constant in the investigated temperature range. From room temperature to 50°C, the epoxy/SWCNTs sample
is characterized by tanδ = 0.03, lower than that of epoxy of more than 60%. At higher temperature, however, the value
of tanδ is the same of epoxy within the experimental uncertainty. This suggests that (at least in a region of the sample
near the surface) at lower temperature the nanocomposite is actually reinforced by the presence of the SWCNTs fillers,
while at high temperature its viscoelastic response is dominated by that of the epoxy matrix and the reinforcing effect
of the nano-filler is lost.

CONCLUSIONS

CR-AFM is an AFM-base technique which allows one to characterize the elastic and viscoelastic response of materials
at the nanometer scale at variable temperature. In this work, the potential of CR-AFM for the viscoelastic character-
ization of polymer-based nanocomposites has been demonstrated. First, the technique is illustrated on two polymeric
reference materials, i.e., LDPE and PC. The analysis of the measured storage and loss moduli as well as of the loss tan-
gent confirmed the accuracy of the technique. In particular, the loss tangent could be measured without any additional
time-consuming calibration step. Then, a case study was presented in which CR-AFM was successfully employed in
the characterization of a nanocomposite sample formed by epoxy resin reinforced with SWCNTs. CR-AFM measure-
ments of tanδ confirmed the reinforcement of surface of the material due to the presence of SWCNTs from room
temperature to 50°C, while at higher temperature the viscoelastic response of the nanocomposite is mainly due to the
epoxy matrix.
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