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ABSTRACT: Interfacial polymer layers with nanoscale size play
critical roles in dissipating the strain energy around cracks and
defects in structural nanocomposites, thereby enhancing the
material’s fracture toughness. However, understanding how the
intrinsic mechanical dynamics of the interfacial layer determine the
toughening and reinforcement mechanisms in various polymer
nanocomposites remains a major challenge. Here, by means of a
recently developed nanorheology atomic force microscopy method,
also known as nanoscale dynamic mechanical analysis (nDMA), we
report direct mapping of dynamic mechanical responses at the
interface of a model epoxy nanocomposite under the transition
from a glassy to a rubbery state. We demonstrate a significant
deviation in the dynamic moduli of the interface from matrix
behavior. Interestingly, the sign of the deviation is observed to be reversed when the polymer changes from a glassy to a rubbery
state, which provides an excellent explanation for the difference in the modulus reinforcement between glassy and rubbery epoxy
nanocomposites. More importantly, nDMA loss tangent images unambiguously show an enhanced viscoelastic response at the
interface compared to the bulk matrix in the glassy state. This observation can therefore provide important insights into the
nanoscale toughening mechanism that occurs in epoxy nanocomposites due to viscoelastic energy dissipation at the interface.
KEYWORDS: nDMA−AFM, nanoscale interface, mechanical dynamics, viscoelasticity, fracture toughness, epoxy nanocomposite

1. INTRODUCTION
Over the past two decades, numerous polymer-based
composites have been developed for use as lightweight
materials in the automotive, aerospace, and civil engineering
industries.1−4 Among polymer materials, epoxy resins offer
attractive opportunities for such applications because they can
be used not only as a matrix in structural composites, such as
fiber-reinforced epoxies, but also as adhesive bonding
components for replacing conventional mechanical joining
techniques, thanks to their excellent adhesion, high mechanical
strength, thermal stability, and chemical resistance.5−9 The
primary limitation of epoxy resins is their poor resistance to
crack initiation and propagation. Recent efforts to incorporate
micro/nanofillers into epoxy matrices have had great success in
overcoming this limitation.9−13 Using soft polymers as a
dispersed phase in epoxy resins has been a common way to
improve the epoxy’s toughness. In this combination, the
toughening mechanism can be attributed to the viscoelastic
behavior of the soft polymer phase to dissipate local strain
energy near cracks.14−16 Unexpectedly, a similar achievement
for the improvement of epoxy toughness was also reported in
many studies when using rigid fillers such as nanosilica.17−21

The advantage of using rigid fillers over soft ones is that they

can enhance the fracture toughness without sacrificing various
intrinsic thermomechanical properties of epoxies.17−19 Con-
sequently, many types of rigid nanoparticles, such as silica,
alumina, graphite, graphene, and carbon nanotubes, have been
extensively investigated for toughening epoxy resins.22−27

However, the physical mechanism underlying this toughening
effect has not been fully understood so far.9,13,28,29

Attempts in many theoretical and experimental studies have
provided growing evidence that the toughening effect in epoxy
nanocomposites is largely governed by the nanoscale interfaces
that are formed between nanoparticles and epoxy matri-
ces.13,29−33 In particular, the alteration in both structural and
physical properties of polymers at the interface from matrix
behavior is thought to play critical roles in dissipating the strain
energy via several types of nanoscopic events, such as the
debonding of nanoparticles, local plastic deformation, and
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nanovoid generation.13,29,34,35 This scenario is indeed strongly
supported by recent experimental results based on various
characterization techniques at the nanoscale.36−38 For example,
Sirovica and co-workers have evidenced a reduction of the
crosslinking density in an epoxy network near the silica particle
interface by using synchrotron-based wide field infrared
imaging combined with atomic force microscopy (AFM)−
infrared spectroscopy.37 More recently, we have proven the
existence of an interfacial epoxy layer with a thickness of ∼20
nm surrounding nanosilica using a bimodal amplitude- and
frequency-modulated (AM−FM) AFM.38 The AM−FM
images also revealed a decrease in both elastic and adhesive
responses at this interface compared to the matrix region, thus
providing a consistent explanation of the preferential
debonding process and subsequent generation of nanovoids
at the epoxy/silica interface.19,21,29

Nevertheless, the changes in such quasi-static properties, i.e.,
elastic modulus and crosslinking density, of the interfacial layer
might not provide a relevant interpretation for other
toughening mechanisms that have been seen in various
structured nanocomposites and are not directly correlated to
the debonding process.28,39−41 In fact, several energy
dissipation processes related to the dynamic relaxation
properties of nanoscale interfaces, such as viscosity, friction,
and/or viscoelasticity, have been suggested for understanding
toughening mechanisms in various hard nanostructured
biomaterials containing soft polymer interfaces.42,43 In a recent
report, by means of in situ transmission electron microscopy
(TEM) combined with digital image correlation analysis of the
strain field for epoxy nanocomposite films under tensile
deformation, Wang and co-workers have enabled visualizing
the debonding process together with the distribution of the
tensile strain in front of the crack tip.41 They observed the
generation and growth of nanovoids surrounding nano-
particles, which were located very close to the crack tip
(within ∼1 μm), accompanied by a drastically reduced local
strain at these interfaces, as expected. Interestingly, such a local
strain constraint was also found surrounding large nano-
particles located quite far from the crack tip by a distance of a
few micrometers, where the nanovoids were not observed.41

This finding shows clear evidence that some dynamic
properties occurring at the epoxy/silica interface that are
different from plastic relaxation events can contribute to the
dissipation of strain energy. For the case of epoxy nano-
composites having a high interfacial volume fraction, such as
epoxy films filled with dense packing of multiwalled carbon
nanotube (MCNT) fillers,28 enhanced viscoelasticity at the
interface has been suggested relying on macroscopic measure-
ments with a standard rheology technique. However, for
epoxies filled with more common rigid nanofillers, such as
silica and alumina, it remains difficult to quantify interfacial
dynamic properties when using a macroscopic rheological
technique.44,45 Therefore, characterization methods able to
address the local rheological properties of the nanoscale
interfaces are strongly demanded for better understanding the
fundamental mechanisms underlying the toughening and
reinforcement effects in epoxy nanocomposites.
Over the past few years, various AFM-based dynamic modes

have been developed for quantitative measurements of
mechanical dynamics of soft materials at nanoscale,46−56

among which the nanorheological approaches, also called
nanoscale dynamic mechanical analysis (nDMA), have been
proven capable of detecting local polymer viscoelasticity in

nanostructured systems at rheologically relevant frequencies,
that is, from ∼0.1 to ∼100 Hz.52−56 However, because a
sample-driving system is commonly used for performing
rheological measurements in most of these approaches, it is
only suitable for viscoelastic measurements of soft materials at
room temperature. To circumvent this problem, a new design
in which a piezo based probe-driving system is placed near the
base of an AFM probe has been recently developed,57−59

enabling the use of a heater/cooler stage beneath the sample
for controlling the sample temperature. Indeed, this new
approach has been demonstrated to be capable of measuring
the mechanical relaxation properties of polymers in both glassy
and rubbery states over a broad temperature range.58

In this study, we employ this new nDMA approach for
directly mapping mechanical relaxation dynamics at the epoxy/
silica interface in a model amine-cured epoxy resin nano-
composite. For this system in the glassy state, several methods,
including AM−FM AFM and TEM,38,41 as discussed above,
have been employed to detail the effects of the interface on the
elastic properties and fracture behavior of the nanocomposite.
By using nDMA here, we are able to directly prove the
enhancement of the viscoelasticity at the nanoscale interfacial
layer compared to the glassy matrix. In addition, nDMA
storage modulus maps reveal, for the first time in real space, a
change of the interface elasticity from softening to stiffening in
comparison with the matrix behavior under the transition from
a glassy to a rubbery state.

2. EXPERIMENTAL SECTION
2.1. Materials and Sample Preparation. The neat amine-cured

epoxy resin used here was formed based on hydrogenated bisphenol A
diglycidyl ether (HDGEBA) and 1,4-cyclohexanebis(methylamine)
(CBMA), and its nanocomposite was filled with nanosilica of different
weight fractions from 5 to 15 wt %.38 HDGEBA and CBMA were
supplied by New Japan Chemical Co., Ltd., Japan, and Tokyo
Chemical Industry Co., Ltd., Japan, respectively. Silica nanoparticles
with a mean diameter of 50 nm and a surface modified by phenyl-type
silane were purchased from Admatechs Co., Ltd., Japan. All materials
were used as received. Details on the sample preparation and
thermomechanical properties of the resulting samples have been
reported elsewhere.38,60 Briefly, for the nanocomposite sample, silica
nanoparticles were first thoroughly dispersed in CBMA, which was
then mixed with HDGEBA at a molar ratio of 1:2, that is, equivalent
to the stoichiometry of the epoxy and amino groups. The mixtures
were cured at 373 K for 24 h to obtain epoxy-amine systems with a
network conversion of nearly 100%. The glass transition temperatures
(Tg) for the neat epoxy and epoxy nanocomposites samples were 365
± 1 K, measured by differential scanning calorimetry (Discovery
DSC2500, TA Instruments).38 For AFM measurements, epoxy
nanocomposite films with a thickness of ∼1 μm were prepared by
microtome sectioning with an ultramicrotome (UC6, Leica Micro-
systems, Germany) at 193 K and mounted on clean silicon substrates.
Prior to AFM measurements, the system was heated to 423 K for 30
min to remove the thermal history and increase the adhesion between
the epoxy nanocomposite films and silicon substrate, followed by a
cooling with a speed of 10 K/min to room temperature. Such a
heating procedure was confirmed not to affect the mechanical
responses of polymers in the matrix and at the interface.

2.2. Dynamic Mechanical Analysis. Macroscopic mechanical
relaxation properties of the neat HDGEBA/CBMA and nano-
composites were characterized using the macroscopic dynamic
mechanical analysis (macroDMA) technique (Rheovibron DDV-
01FP, A&D Co., Ltd., Japan). The fully cured sample was cut into trip
specimens with a thickness of 300 μm, a width of 3 mm, and a length
of 30 mm. The measurements were performed under a dry nitrogen
purge from 273 to 443 K at a heating rate of 2 K/min. A sinusoidal
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strain of 0.03%, which was within the linear response regime, was
imposed on the specimen at oscillation frequencies ranging from 1 to
110 Hz.

2.3. PeakForce Quantitative Nanomechanical Mapping.
Quantitative nanomechanical mapping (QNM) measurements were
carried out using NanoScope V together with a MultiMode 8 (Bruker,
USA) at a frequency of 1.0 kHz. QNM modulus maps were measured
at a resolution of 256 × 256 pixels at room temperature (∼298 K)
using AC200TS probes (Olympus, Tokyo, Japan). The spring
constant and tip radius values of the probe were calibrated to be
∼10 N/m and ∼8 nm, respectively. The elastic modulus map in the
QNM method was obtained by fitting the recorded force-deformation
curves using the Johnson−Kendal−Roberts (JKR)-based linearized
method.61,62

2.4. Nanoscale Dynamic Mechanical Analysis. The nDMA
measurements were performed in a Bruker Dimension Icon AFM with
a Nanoscope 6 controller (Bruker, USA). nDMA maps were
measured at a resolution of 64 × 64 pixels at different temperatures
ranging from 298 to 423 K using standard force modulation AFM
probes with an aluminum reflective coating (Multi75Al-G, Budget-
sensors). The sample temperature was controlled using a Lakeshore
model 335 temperature controller. The spring constant and tip radius
values of the probe were calibrated to be ∼3.3 N/m and ∼11 nm,
respectively.
Figure 1a shows a schematic diagram of the nDMA method. In this

study, we focus on the imaging purpose, for which the measurements
are embedded into the force curve-based mapping mode. This
approach has been previously described by Pittenger and co-
workers,58 and here, only a brief description is provided. At each
pixel point, the probe was first moved toward the sample at a ramp
size of about 300 nm and a ramp rate of 10 Hz. When the probe
deflection reached a repulsive (trigger) force of 10−20 nN, a
sinusoidal signal at a frequency of 105 Hz was applied to the piezo
over a period of ∼200 ms. The unloading curve at a ramp rate of 10
Hz was then used to calculate the contact radius between the probe
and the sample using the JKR-based linearized method (Figure S1).
In principle, the applied frequency can vary from 0.1 to 300 Hz.
However, the measurement at too low frequencies precludes high
imaging speed.58 Here, a frequency of 105 Hz was used to make

imaging moderately high but still comparable to relevant frequencies
of the conventional macroDMA technique. At this condition, it took
about 20 min to obtain a 64 × 64 pixel image. Details about the
theoretical description of the piezo and probe oscillations as well as
the calculation of dynamic mechanical quantities including storage
modulus, loss modulus, and tan δ of polymers are provided in the
Supporting Information. Figure 3b shows several nDMA oscillation
curves measured on the sapphire and epoxy matrix and at two
different temperatures. Clearly, the increasing temperature from 298
to 403 K did not affect the oscillation behavior of the probe in contact
with the sapphire substrate. The phase shift measured on the sapphire
only slightly varied by ± 2° with temperature. In contrast, there was a
significant change of the phase shift values for the epoxy matrix when
increasing the temperature from 298 to 403 K. This is because the
epoxy sample with a Tg of ∼365 K changes from a glassy to a rubbery
state at 403 K and should, therefore, dissipate much more energy than
it does at lower temperatures.

3. RESULTS AND DISCUSSION
The effect of nanosilica on the mechanical reinforcement of the
epoxy resin in both glassy and rubbery states is investigated
using the macroDMA method. Figure 2a,b presents the storage
and loss moduli of neat epoxy and epoxy nanocomposites
measured at 105 Hz as a function of temperature. The
presence of nanosilica slightly increases these quantities,
although a clear change in the loss tangent (tan δ) (Figure
2c), i.e., the ratio of the loss modulus to the storage modulus, is
difficult to recognize. In fact, similar observations have also
been reported for other epoxy/silica systems using fillers with
different coupling agents.44,45 However, this is quite different
from the results reported for epoxy/MCNT and/or epoxy
filled with soft fillers,16,28 in which the enhancement of loss
modulus and tan δ quantities for glassy epoxy composites was
clearly observed when adding the fillers. Such an enhancement
of the viscoelastic property has been attributed to the
occurrence of faster viscoelastic relaxation processes at the
epoxy/filler interfaces and/or the soft domains than in the

Figure 1. (a) Schematic diagram of nDMA with the probe-driving system. (b) Representative examples of several force modulation versus time
plots with nDMA measurements at 105 Hz on the sapphire and epoxy matrix at 298 and 403 K. The data are vertically shifted for clarity.
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matrixes, although no direct measurements at these nanoscale
regions have been reported.
Figure 2d shows normalized modulus quantities as a

function of temperature, which describe the magnitude of
the modulus reinforcement for the epoxy nanocomposites,
defined as the ratio of the sample storage modulus to that of
the neat epoxy. Although the modulus enhancement can be
observed in both glassy and rubbery states, it appears that the
effect of nanosilica on the modulus reinforcement for rubbery
epoxies is much stronger than that for glassy epoxies, which is
also consistent with reported results for other epoxy/silica

systems.45 For current epoxy nanocomposites in the glassy
state, we have previously revealed the existence of a soft
interfacial layer surrounding nanosilica using the AM−FM
AFM method,38 which enabled us to nicely explain the
reinforcement degree of the epoxy Young’s modulus measured
by tensile test. A detailed comparison of the modulus
reinforcement for our macroDMA data measured at 298 and
403 K, that is, below and above the epoxy Tg of 365 K,
respectively, with tensile results is shown in Figure S1. The
macroDMA and tensile results for glassy epoxy nano-
composites are quite consistent with each other, which can
be reasonably described using the Halpin−Tsai three-phase
model with the incorporation of a soft interfacial layer of ∼20
nm surrounding nanosilica.38 However, the modulus enhance-
ment for rubbery nanocomposites is found to be much
stronger than that predicted by the Halpin−Tsai model, even
in the original two-phase form. This finding is indeed in good
agreement with several theoretical models suggesting that the
effect of temperature on the mechanical response of the
interfacial polymers can be significantly different from that of
the matrix.63,64

To confirm the presence of a soft interface surrounding
nanosilica in these epoxy nanocomposites, we first use the
PeakForce QNM method for a fast mapping of the elastic
response at high spatial resolution, i.e., it takes about 8 min to
obtain a 256 × 256 pixel image, together with recorded force-
deformation cures at each pixel. Figure 3a,b shows topographic
and elastic modulus maps measured by the QNM method for
epoxy filled with 5 wt % nanosilica (EpoxyNC5), where the
elastic map was generated by fitting the detected force-
deformation curves with the JKR-based linearized method.61,62

Nanometer-sized interfacial layers formed surrounding nano-
silica can be observed in the elastic map, for which the elastic
modulus is estimated to be 2−3 times smaller than the matrix

Figure 2. Temperature dependence of (a) storage modulus, (b) loss
modulus, and (c) loss tangent (tan δ) measured by macroDMA at
105 Hz for neat epoxy (Epoxy) and epoxy nanocomposites with a
weight fraction of 5 wt % (EpoxyNC5), 10 wt % (EpoxyNC10), and
15 wt % (EpoxyNC15). (d) Temperature dependence of the
normalized modulus of different epoxy nanocomposites with respect
to the neat epoxy.

Figure 3. (a) Topographic and (b) elastic modulus images measured by the QNM method for the EpoxyNC5 sample. (c) Comparison of the
modulus profiles across a nanosilica measured by QNM and AM−FM methods: the QNM data corresponds to the yellow line marked in (b),
whereas the AM−FM data is imported from our previous report.38 (d) Force−deformation curves obtained at the nanosilica, interface, and matrix
regions as marked by circles in (b): red solid lines represent JKR fitting results for each experimental curve.
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value. Figure 3c shows the modulus profile across the
nanoparticle as indicated by yellow line in Figure 3b, which
is also compared with the corresponding modulus profile
measured by the AM−FM method from our previous work.38
We could see excellent agreement between the two methods,
showing a change in the elastic response of the epoxy network
upon approaching the nanoparticle interface. Since the probes
used in our AFM methods exhibit a calibrated radius of ∼10
nm, relatively smaller than the characteristic sizes of both the
interface (∼20 nm) and nanosilica (∼50 nm), we can
reasonably neglect the effect of the convolution between
these nanoscale objects. In fact, by using a probe with a radius
of ∼30 nm we were not able to detect the presence of an
interfacial layer surrounding nanosilica, while the size of the
nanosilica was almost unchanged.38 Figure 3d compares several
force-deformation curves from the nanosilica, interface, and
matrix regions marked in the elastic modulus map. These
curves show a clear difference in both the slope and maximum
adhesive force, indicating a change in the elastic and adhesive
properties of polymers crossing the nanoparticle interface. A
smaller maximum adhesive force at the interface than in the
matrix is consistent with the fact that the adhesive response of
the interface is weaker than that of the matrix, as discussed
elsewhere.38

Although AM−FM and QNM methods reveal the presence
of a soft epoxy interface surrounding the nanosilica at high
spatial resolution, neither is suitable for discussing the
viscoelastic behavior of this interface, especially at rheologically
relevant frequencies. We therefore employ nDMA to detail the
dynamic mechanical behavior of this soft interface at multiple
temperatures, from below to above the Tg. Figure 4 presents
nDMA measurements over a small area of 300 × 300 nm for
the EpoxyNC5 sample at 298 K. The topographic image
shown in Figure 4a evidences the presence of nanosilica with a
size of less than 100 nm. Figure 4b represents the nDMA
storage modulus map, which provides an average modulus
value of ∼2 GPa for the epoxy matrix, in good agreement with
the QNM data shown in Figure 2b. A soft interface
surrounding the nanosilica is visible in both 2D (Figure 4b)
and 3D (Figure 4c) views, which is perfectly consistent with
QNM and AM−FM results, as discussed above, although the

symmetric behavior of the soft interface, as observed in the
QNM and AM−FM modulus images, appears to be distorted
in the nDMA modulus image. This difference might be related
to the longer capturing time and lower resolution of the nDMA
images, and thus the effect of the thermal drift is more severe.
It is noteworthy to mention that although AM−FM and
QNM/nDMA methods assume different contact mechanics
models for describing the probe/sample interaction, i.e., the
Hertzian model in the AM−FM and JKR model in QNM and
nDMA, such an agreement between these methods for
measuring the elastic modulus of glassy polymers is expected
due to the dominant contribution of the elastic interaction
with respect to the adhesive interaction.49,50 Another concern
is related to the state of the nanosilica at the surface under the
AFM measurement, which can be different in the matrix state.
Currently, it remains difficult to provide a direct effect of the
filler state on the interfacial properties measured by our AFM
methods because, to the best of our knowledge, there is still a
lack of quantitative measurement of the local mechanical
properties of nanoscale interfaces surrounding fillers in the
matrix state. However, many studies have provided good
agreement between AFM-based methods and conventional
macroscopic techniques for quantifying the mechanical
properties of polymers.44,50,55,58 We can therefore suppose
that the mechanical properties of the interfacial layer
surrounding nanosilica particles at the surface measured by
our AFM methods are also applicable to those dispersed within
the epoxy matrix.
Figure 4d,e shows the corresponding loss modulus and tan δ

images, respectively, for the captured area. Although it is
difficult to distinguish the interface and matrix regions in the
loss modulus image (Figure 4d), Figure 4e shows a clear
increase in tan δ quantity at the interface compared to the
matrix value. Since the tan δ magnitude provides a direct
comparison in the viscoelastic dynamics between the matrix
and interface, we can reasonably claim that the viscoelastic
relaxation of polymers at the epoxy interface is stronger than
that in the glassy matrix. Figure 4f provides force oscillation
curves extracted from the nDMA mapping dataset at the matrix
and interface regions. There is a significant deviation of the
phase shift at the interface in comparison with that from the

Figure 4. Several nDMA images for the EpoxyNC5 sample measured at 298 K: (a) topography, (b) storage modulus, (c) storage modulus in 3D-
view, (d) loss modulus, and (e) tan δ. (f) Typical force oscillation curves extracted from the nDMA mapping dataset at the matrix and interface
regions, as marked in the storage modulus image.
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matrix, indicating a stronger dissipation of mechanical energy
at the interface under mechanical oscillation.
Notably, the formation of the soft interface surrounding the

nanosilica with enhanced viscoelasticity, as revealed by nDMA
mappings, nicely resembles the epoxy composites with soft
fillers, for which the toughening effects can be attributed to the
viscoelastic energy dissipation.14−16 The key difference
between two systems is that the soft interfacial layer in
epoxy/silica nanocomposites is well localized around nano-
particles without forming a continuous soft network, even for
systems with a higher silica fraction up to 15−20 wt %,
provided that the nanoparticles are well dispersed within the
matrix.29,38 Such a difference seems to be critical for
controlling the modulus reinforcement of epoxy nano-
composites when using rigid nanofillers.29,38 It is also
noteworthy that the increased viscoelasticity of local polymers
at the interface observed here for glassy epoxy nanocomposites
nicely supports the energy dissipation mechanism via
viscoelastic relaxation of nanoscale interfaces as proposed for
various hard nanostructured materials,39,42,43 which is indeed
difficult to detect using the conventional macroDMA method.
In addition, the enhanced energy dissipation due to the
viscoelastic relaxation at the epoxy/silica interface can provide
a relevant explanation for the local strain constraints observed
in interfacial regions without nanovoids, as recently reported
by Wang and co-workers.41

To extend our understanding of the mechanical relaxation at
the interface, nDMA measurements were also carried out at
multiple temperatures up to 423 K, that is, from a glassy to a
rubbery state. Figure 5 shows representative examples of
nDMA mappings for the EpoxyNC5 sample at 403 K. Data
obtained at several other temperatures are provided in Figure
S3. Although the shape of nanofillers becomes elongated due
to the increased thermal drift when measured at elevated
temperatures, the presence of an interface surrounding the
nanoparticle with different mechanical properties from the
matrix can still be observed in these images. As expected, the
dynamic storage modulus (Figure 5b) for the epoxy matrix is
drastically decreased to ∼30 MPa at 403 K. Interestingly, the
storage modulus image reveals a stiffening of the interface
compared to the matrix. This behavior is also found for the loss

modulus quantity presented in Figure 5c, whereas the tan δ
image (Figure 5d) shows a slight decrease at the interface
compared to the matrix. Such a change demonstrates the
complex nature of the mechanical response of the epoxy/silica
interface. In fact, we also conducted nDMA mappings for the
EpoxyNC15 sample at 298 and 403 K, which are provided in
Figure S4. These mappings evidence the same behavior of the
interface modulus, i.e., changing from softening in the glassy
state to stiffening in the rubbery state with respect to the
matrix modulus, for fillers of different sizes. We can therefore
claim that the presence of the interfacial layer surrounding
nanosilica with dynamic mechanical properties different from
the matrix is common for this epoxy/silica system,
independent of the fraction and size of nanosilica. These
results also confirm the reproducibility of our nDMA
measurement.
Figure 5e,f compares the height and storage modulus profiles

across the nanoparticle obtained at 298 and 403 K,
respectively. Although the height profiles are nearly independ-
ent of the temperature, the modulus profiles clearly evidence a
reversed change of the interface stiffness with respect to the
matrix behavior under the transition from a glassy to a rubbery
state. For example, at a distance point of ∼100 nm in Figure
5e,f, while the height values are similar (∼5.0 nm above the
surface), the normalized modulus values of the interface are
∼0.5 and 2.0 for the glassy and rubbery states, respectively.
Similar results are also found for other nanoparticles in the
EpoxyNC15 sample shown in Figure S4. One example is
presented in Figure S4f, in which the height and storage
modulus profiles across a smaller nanosilica are compared at
298 and 403 K, respectively. At a distance point of ∼65 nm,
the normalized modulus value of the interface changes from
∼0.7 in the glassy state to ∼1.9 in the rubbery state, while the
height values are ∼12 nm above the surface. Relying on this
analysis, we can therefore ignore the effect of the morphology
of the nanosilica on the measured modulus profile. In other
words, this change is largely related to the intrinsic dependence
of the mechanical property of the interface on the temperature,
which can be different from that of the matrix modulus. More
interestingly, the softening and stiffening behaviors of the
interface in the glassy and rubbery states, respectively, nicely

Figure 5. (a) Topography, (b) storage modulus, (c) loss modulus, and (d) tan δ images for the EpoxyNC5 sample measured at 403 K. A
comparison of the (e) topographic and (f) storage modulus profiles normalized to the matrix values across the nanosilica measured at 298 and 403
K: the data correspond to the yellow lines marked in Figure 4a,b at 298 K and (a,b) at 403 K.
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reflect the increase in the modulus reinforcement of these
epoxy nanocomposites with increased temperature, as shown
in Figure 2d.
The softening of the glassy epoxy interface can be attributed

to a decreased crosslinking density of epoxy networks near the
nanosilica interface.34−37 At first glance, this change in the
network structure seems not to provide a relevant explanation
for the stiffening of the rubbery interface. However, as
evidenced in various polymer nanocomposite systems,63−65

not only the network structure but also the polymer dynamics
can be altered upon approaching a solid interface. While the
former is expected to be less dependent on temperature, the
dynamics of interfacial polymers have been detected to be
much slower than those of bulk polymers in a rubbery state
due to the constraint effect.63−66 Therefore, to reasonably
explain our macroDMA and nDMA results for the modulus
reinforcement of glassy and rubbery epoxies, we can suppose
that in the glassy state, the effect originating from the
difference in the crosslinking density between the interfacial
and matrix regions is dominated,37 causing the softening at the
interface. In contrast, in the rubbery state the dynamic nature
of polymers becomes dominant in determining the mechanical
responses of the interfacial region compared to the matrix
behavior.63 The dynamics of interfacial polymers can be much
slower than that of matrix polymers, thus giving rise to the
enhancement of the elastic modulus at the interfaces, as
generally observed in rubber nanocomposites.48,67

Figure 6 shows a detailed comparison of the storage
modulus and tan δ quantities measured by both nDMA and

macroDMA methods at a similar frequency over a broad
temperature range. MacroDMA data were obtained for the
neat Epoxy sample, whereas nDMA data were measured at the
interfacial and matrix regions of the EpoxyNC5 sample. nDMA
storage modulus and tan δ values for the matrix at each
temperature are calculated by Gaussian fitting the histogram of
the corresponding image, whereas these quantities for the

interface are averaged over tens of pixel points around the
center of the interfacial layer. The glassy matrix and interface
exhibit average nDMA storage moduli of 2.1 ± 0.2 and 0.45 ±
0.05 GPa, respectively, when measured at 298 K. QNM elastic
modulus values for the matrix and interface at 298 K are also
presented in Figure 6a, which agree well with the
corresponding data obtained by the nDMA method. The
nDMA storage moduli for both the matrix and interface are
unchanged when increasing temperature close to the epoxy Tg
of 365 K, followed by a sudden decrease to 20−30 MPa above
the Tg. This behavior is nicely consistent with the temperature
dependence of the macroDMA storage modulus measured for
the neat Epoxy sample, as also provided in Figure 6a. A
deviation between the nanoscale data measured by AFM
methods for the matrix region and the macroscopic modulus
can be observed, especially in the glassy regime, which indeed
has been previously reported for various polymer systems.68−70

Such a deviation might originate from several factors, such as
differences in sample geometry and the model used for
calculating the modulus between AFM and macroDMA
methods.
Figure 6b shows the average nDMA tan δ values as a

function of temperature for both the matrix and interface in
comparison with macroDMA data. Although there exists a
deviation in the magnitude between nDMA and macroDMA
tan δ for the epoxy matrix, which might originate from the
same reasons as the deviation of the storage modulus, the
temperature dependence of this quantity shows a good
agreement between the two methods. Such an agreement
observed for both storage modulus and tan δ quantities
strongly confirms the reliability of the new nDMA approach for
quantifying dynamic mechanical properties of polymers at the
nanoscale over a broad temperature range, which was
previously also observed for other polymer systems.58

Although our study here focuses on the epoxy/nanosilica
system, it is expected that similar nDMA measurements are
applicable for other polymer nanocomposites as long as the
sizes of the nanofiller and interfacial layer are comparable or
relatively larger than those of the probe radius to minimize a
convolution effect, as discussed above.
Another important finding here is that the nDMA tan δ at

the interface demonstrates an enhancement of this quantity at
all temperatures below the sample Tg, evidencing the increased
viscoelasticity of interfacial polymers compared that of the
glassy epoxy matrix. This implies that the viscoelastic energy
dissipation at the nanoscale interface can contribute to the
toughening effects of glassy epoxy nanocomposites over a
broad temperature range prior to approaching the Tg. Another
interesting result is that the dependence of the storage
modulus and tan δ quantities on the temperature, especially
near the glass transition regime, between the interface and the
epoxy matrix is quite different. For example, the decrease of the
storage modulus for the matrix measured by nDMA and
macroDMA occurs at around 370 K, well below that at around
380 K for the interface measured by nDMA. Also, the
magnitudes of the changes in the storage modulus and tan δ
quantities at the glass transition are much weaker for the
interface compared to the matrix. Such a deviation in the glass
transition behavior between the interface and the matrix might
directly confirm a significant difference in the temperature
dependence of the segmental dynamics for the interfacial and
matrix polymers, as predicted in several theoretical mod-
els.63−65

Figure 6. (a) Storage modulus and (b) tan δ data measured by
nDMA and macroDMA methods at multiple temperatures. Black lines
were measured by macroDMA at 105 Hz for the neat Epoxy sample.
The red circle and triangle symbols were measured by nDMA at 105
Hz at the matrix and interfacial regions of the EpoxyNC5 sample,
respectively. The blue circle and triangle symbols were measured by
QNM at 1 kHz for the matrix and interfacial regions of the
EpoxyNC5 sample, respectively.
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4. CONCLUSIONS
A new AFM-based nDMA approach with the probe-driving
system is employed to quantify the dynamic mechanical
properties of nanoscale interfaces in a model epoxy/silica
nanocomposite over a broad range of temperature. Using
nDMA enables us to simultaneously measure several
rheological quantities, including storage and loss moduli and
tan δ of polymers as a function of temperature in the same
manner as a standard DMA technique. Thanks to the sharp
AFM probe, we are able to obtain direct mappings of the
dynamic mechanical relaxation of the nanoscale interfacial
layer formed in the epoxy nanocomposite. In its glassy state,
the nDMA storage modulus of the interface is found to be
smaller than that of the bulk matrix, which agrees well with the
results obtained by other AFM methods. By increasing the
temperature from below to above the Tg, we observe a change
from the softening to the stiffening of the interface modulus
with respect to the matrix, which might be related to an
increased deviation in the polymer dynamics between the
interfacial and matrix regions upon approaching the Tg.
Importantly, the nDMA tan δ image demonstrates enhanced
viscoelastic relaxation at the interface with respect to the
matrix at different temperatures in the glassy state. This
evidence could provide important insights into better under-
standing the toughening effects associated with the viscoelastic
energy dissipation at the interface in glassy epoxy nano-
composites. Our nDMA results also show good agreement
with those measured by other well-accepted AFM methods at
the nanoscale as well as macroDMA over a broad temperature
range, which might initiate a new paradigm for characterizing
nanoscale dynamic mechanical responses for various structural
nanocomposites.
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