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’ INTRODUCTION

The development of new polymeric materials with heteroge-
neous micrometer- and nanometer-sized domains requires novel
characterization tools to resolve mechanical properties on commen-
surate length scales. The high spatial resolution of the atomic force
microscope1 (AFM) uniquely positions it to provide mechanical
information on these small length scales.2,3 A number of AFM-based
techniques have been developed to extract contrast from mechanical
properties. This includes dynamic techniques such as phase imaging4

and quasistatic techniques such as force�distance spectroscopy.5 In
general, dynamic tapping-based techniques are still limited in their
ability to provide accurate quantitative nanomechanical results.6How-
ever, quantitative approaches such as force�distance spectroscopy
afford limited stiffness sensitivity and are typically poorly suited for
imaging.5Recent efforts have sought to address these limitations,7�10

but the need still remains to develop accurate, quantitative techniques
for AFM-based mechanical characterization.

For polymeric materials, viscoelastic phenomena such as
creep, stress relaxation, and the dynamic response can play a
critical role in determining the material’s ultimate applica-
tions. A variety of AFM-based techniques have been used to
characterize viscoelastic behavior on the nanoscale,11,12 including
intermittent contact (tapping or amplitude modulation) mode,13

force modulation,14,15 force�distance spectroscopy,16,17 and fric-
tion force microscopy.18,19 For techniques such as intermittent
contact mode13 and force modulation,14,15 the cantilever’s ampli-
tude and phase when oscillated in proximity to a surface determine
its conservative and dissipative interactions, which can be
correlated to the viscoelastic response if correctly interpreted.
Force�distance spectroscopy allows for indentation-type mea-
surements of viscoelasticity by varying the loading rate16 or by
introducing programmed tip�sample dwell periods.17

Friction force microscopy measures viscoelastic relaxation
spectra over many orders of magnitude of scan speed.18,19

For material designers, qualitative measurements of viscoe-
lasticity are not always sufficient, especially as materials
become more compositionally complex and the length scale
of various components is continuously reduced. This has led
to the development of additional AFM-based techniques and
analysis to accurately determine quantitative values of prop-
erties such as the storage modulus E0, loss modulus E00, and
loss tangent.20�25

To this end, contact resonance (CR) spectroscopymethods have
recently been demonstrated for the quantitative measurement of
viscoelastic properties includingE0 andE00.26,27The results represent
a notable extension of earlier CR spectroscopy techniques such as
contact resonance force microscopy (CR-FM)28 and atomic force
acoustic microscopy29 that have primarily been used to measure
elastic properties on relatively stiff, inorganic materials. In elastic CR
spectroscopy, the cantilever is flexurally excitedwith the tip in contact,
and the shift in the resonance frequency compared to the free-space
oscillation (tip out of contact) is measured. Viscoelastic CR spectros-
copy also considers damping in the resonance peak to interpret a
material’s viscous characteristics. However, recent proof-of-concept
work with CR spectroscopy did not utilize the AFM’s imaging
capabilities and merely involved stationary point measurements on
homogeneous films. Similar to the way in which CR-FM progressed
from single-point data to a quantitative imaging of the elastic
modulus,28 we now demonstrate the mapping of near-surface visco-
elastic properties with CR-FM.
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ABSTRACT:Wedemonstrate the accurate nanoscalemapping of near-surface loss and
storage moduli on a polystyrene�polypropylene blend with contact resonance force
microscopy (CR-FM). These viscoelastic properties are extracted from spatially
resolved maps of the contact resonance frequency and quality factor of the AFM
cantilever. We consider two methods of data acquisition: (i) discrete stepping between
mapping points and (ii) continuous scanning. For point mapping and low-speed
scanning, the values of the relative loss and storage modulus are in good
agreement with the time�temperature superposition of low-frequency dynamic
mechanical analysis measurements to the high frequencies probed by CR-FM.
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In single-point spectroscopy with viscoelastic CR-FM,26,27 the
spectra of the free and contact resonance frequencies fn

0 and fn
c and

the free and contact resonance quality factors Qn
0 and Qn

c for the
nth flexural eigenmode are used to determine E0 and E00. In
viscoelastic CR-FM mapping, fn

c and Qn
c must be obtained as 2D

images, and the beam mechanics analysis must be performed pixel
by pixel. Analysis relies on a distributed-mass Euler-Bernoulli beam
model that is expected to be accurate in the measured stiffness
regime on the basis of previous experimental and theoretical
work.26,30 In free space, the damping of the cantilever is described
by χ = 2πfn

0/Qn
0. To consider dissipation for the tip in contact, the

beammechanics model used for elastic CR-FM analysis is modified
with a Kelvin�Voigt spring-dashpot element at the tip�sample
contact. Although the Voigt model oversimplifies the response of

real polymeric materials, it is a useful starting point and is especially
suited to describe solids.31

For the Kelvin�Voigt contact, the cantilever dynamics for
the nth flexural eigenmode can be described with a complex
normalized wavenumber λnL = an + ibn, where L is the length of
the cantilever, an = xn

0L(fn
c/fn

0)1/2, and bn = an[(2πfn
c �

χQn
c)/8πfn

cQn
c]. xn

0L is the corresponding root of the char-
acteristic equation for free flexural vibration, 1 + cos xn

0L cosh
xn

0L = 0 with xn
0L = (1.8751, 4.6941, 7.8548) for the first three

modes. Thus, values of an, bn, and hence λnL can be determined
from measurements of fn

0, fn
c, Qn

0, and Qn
c. From λnL, the

normalized tip�sample contact stiffness α and damping coeffi-
cient β are calculated from the real and imaginary parts,
respectively, of

α þ iβðλnL1Þ
2 ¼

2

3

� �

ðλnL1Þ
3½1 þ cos λnL cosh λnL�

½ððsinh λnL1 cos λnL1 � sin λnL1 cosh λnL1Þð1 þ cos λnL0 cosh λnL0ÞÞ þ ðð1� cos λnL1 cosh λnL1Þðsin λnL0 cosh λnL0 � cos λnL0 sinh λnL0ÞÞ�

ð1Þ

where L1 is the position of the AFM tip along the cantilever’s length
L andL0 =L� L1. To determineE

0 andE00 fromα andβ, a calibration
approach26,29 is used in which alternating measurements are made on
both the sample of interest and one with known properties E0cal and
E00cal.

26Alternatively, if a heterogeneousmaterial has a region of known
(or assumed) viscoelastic properties, then it can serve as a self-
calibration. By solving eq 1 for calibration values αcal and βcal and
assuming sphere-plane Hertzian contact, the reduced storage modulus
E0R=E0Rcal(α /αcal)

3/2 and reduced lossmodulusE00R=E00Rcal (fn
cβ /

fn
c
calβcal)

3/2 for the unknown sample canbedetermined.26Finally, with
a knowledge of the tip properties (and negligible damping in the tip)
and assuming that Poisson’s ratio ν is similar for the unknown and
calibration materials, E0 and E00 for the sample are extracted from the
reduced complex modulus:

E
�R ¼ E

0R þ iE}R ¼
ð1� ν2Þ

E0 þ iE}
þ

ð1� νtip
2 Þ

Etip

" #�1

ð2Þ

It should be noted that this analysis is developed for the case of small
damping (i.e., an. bn). Thus, it is most applicable to polymers in their
solid states (e.g., at temperatures that are less than the glass transition or
melting temperature).

’EXPERIMENTAL PROCEDURE

The sample was an 80%/20% by weight melt-processed blend of
polystyrene (PS) and polypropylene (PP). In preparation for AFM
imaging, the sample was cryomicrotomed to ∼10 nm nominal rough-
ness and then affixed to a glass slide. The glass slide was mounted onto a
broadband ultrasonic transducer (center frequency approximately 1 MHz)
to provide actuation of the cantilever in contact with the sample. A wire
was attached to the sample surface with silver paint and connected to the
AFM chassis to dissipate electrostatic charge.

CR-FM measurements were made on an Asylum Research MFP-3D
microscope with a rectangular silicon cantilever with a nominal spring
constant of 3 N/m and a free resonance frequency of f2

0 = (451.65( 0.01)
kHz for the second flexural eigenmode. The second eigenmode was used

Figure 1. (a) ac-mode topography image of the PS�PP blend. Data flattened with a first-order line fit. The red box indicates the cropped regions shown
in b, d, f, and g. Raw (b) f2

c and (d)Q2
cmaps and their respective histograms, c and e. (f, g) Corresponding maps of E0/E0PP and E

00/E00PP calculated with
the viscoelastic CR-FM model.
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tomaximize the sensitivity in the probed contact stiffness range.32The drive
amplitude was set as low as possible to ensure linear tip�sample contact.
Viscoelastic measurements were performed with point-by-point mapping
and continuous contact-mode scanning. For all measurements, the applied
force was ∼80 nN. For each pixel in the point-mapping method, the tip
moves into position, the surface is engaged, a complete contact resonance
spectrum is acquired, and the tip is withdrawn. A damped simple harmonic
oscillator (DSHO)model is then fit to the resonance spectrumat eachpoint
to determine fn

c and Qn
c for that pixel.

For a contact-mode scanning-based approach, a handful of techniques
exist to measure fn

c and Qn
c in situ;33�35 here, we used dual ac resonance

tracking (DART).35,36DARTuses two lock-in amplifiers to acquire phase and
amplitude information at frequencies on either side of the resonance
peak while simultaneously tracking the resonance by adjusting the two drive
frequencies.36 By approximating the cantilever tip�sample contact by a
DSHO model, images of frequency, amplitude, and phase information at
each pixel are then used to calculatemaps of fn

c andQn
c.35To test the speed

limits during scanning, the scan velocity υ was varied from 1 to 25 μm/s.
Validation of the AFM experiments was conducted with macroscopic

rheological measurements on homogeneous PP and PS specimens from
the same stock that composed the blend. Storage and loss modulus
values of PP and PS were determined by dynamic mechanical tensile
analysis (DMTA). The DMTA measurements were performed at 1 Hz
and 0.1% strain from temperatures of �100 to 150 �C. Time�
temperature superposition techniques were then used to convert the
temperature axis to a frequency axis for suitable comparison with the
high-frequency CR measurements.

’RESULTS AND DISCUSSION

Figure 1 shows point-mapping results from the PS�PP blend. As
labeled in Figure 1a, the blend exhibits a continuous PP phase, with
discrete PS domains ranging in size from 1 to 20 μm. The
experimental point maps in Figure 1b,d reveal that the PS�PP
blend exhibits little frequency contrast but a large quality factor
contrast. The contact resonance frequencies were f2

c = (792.1 (

31.7) kHz and f2
c = (801.7( 17.4) kHz for the PS and PP regions,

respectively. The corresponding quality factors were Q2
c = 37.3 (

5.0 and 18.4 ( 2.7 for the PS and PP regions, respectively. The
uncertainty in f2

c and Q2
c represents one standard deviation in the

data for the indicated phases and a significant source of uncertainty
in the determination ofmodulus values. As seen in the histograms in
Figure 1c,e, the small f2

c contrast and largeQ2
c contrast suggest that

qualitatively the two phases have similar elastic stiffnesses but
different damping characteristics.

Because the true damping is a function of both the frequency
and quality factor, a quantitative evaluation of the stiffness and
damping requires further analysis.3 The viscoelastic CR-FM
analysis approach summarized above was used on the data in
Figure 1b,c to calculate images of the contact stiffness α and
damping β. Then, from Figure 1b and the images of α and β,
maps were calculated of the relative storage modulus E0/E0PP and
loss modulus E00/E00PP. These maps are shown in Figure 1d,e,
respectively. To calculate the images, the viscoelastic properties
of the polypropylene phase were assumed to be those of bulk
homogeneous polypropylene. The tip properties were assumed
to be those of Æ100æ silicon. Values for αcal, βcal, and f2

c
cal were

determined from masked averages of the PP phase in the α, β,
and f2

c maps.
An analysis of the images in Figure 1d,e yielded an average value

of E0PS/E
0
PP = 0.95 ( 0.20 for the polystyrene�polypropylene

storage modulus ratio, and E00PS/E
00
PP = 0.34 ( 0.16 for the loss

modulus ratio. For comparison, we performed dynamic mechanical

tensile analysis (DMTA) on homogeneous (bulk) PP and PS
specimens that corresponded to the individual phases from the
blend. To account for any frequency dependence of the viscoelastic
properties, time�temperature�superposition (TTS) analysis was
used to shift the low-frequency (∼1Hz) DMTA data into the high-
frequency (∼1 MHz) regime probed by CR-FM. This approach
does not ensure comparable strain rates but does provide baseline
high-frequency loss and storage modulus ratios for validation. From
the TTS analysis, we predict E0PS/E

0
PP = 0.85 and E

00
PS/E

00
PP = 0.37

at 1 MHz, in good agreement with our CR-FM results.
It has been reported elsewhere that the surface mechanical

properties of polymers can vary considerably from those of the
bulk.19,37,38 For example, the polymer mobility can be increased
at the free surface,19,37 or the tip�sample contact can induce
molecular confinement.38 The fact that our viscoelastic CR-FM
results agree so well with bulk values suggests that the applied
force (∼80 nN) was sufficiently large that measurements were
dominated by bulklike material. Assuming Hertzian contact
mechanics and homogeneous material, we estimate that our
experimental conditions result in a stress field that is most
sensitive to material down to ∼30 nm below the surface.
Something like a mobile surface layer in polystyrene is expected
to be compliant and only a few nanometers thick;37 thus, its effect

Figure 2. Viscoelastic maps of relative modulus (a) E0/E0PP and (b) E
00/

E00PP obtained with DART contact scanning for a scan velocity υ = 1
μm/s. (c) Calculated storage modulus ratio (black) and loss modulus
ratio (red) versus υ and pixel acquisition time tacq. Dashed lines indicate
bulk predictions from time�temperature superposition analysis.
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may be negligible in the present experiments. It is also possible
that the microtoming process yielded surface material in a more
bulklike state than that obtained from casting techniques with an
annealing step.

The good agreement between the viscoelastic CR-FM results
and bulk DMTA values is also notable in light of the simplified
contact mechanics model implemented. We have assumed
Hertzian contact in which only elastic forces are considered.
The Hertz model seems to be an appropriate starting point
because the experimental tip�sample adhesion forces were
much smaller than the applied force and of comparable magni-
tude for the two phases. Measurements made at lower applied
forces or on materials with dramatically higher adhesion forces
would require analysis with a more advanced contact model such
as the Derjaguin�M€uller�Toporov39 or Johnson�Kendall�
Roberts40 models.

The primary limitation of the point-mapping scheme above is
its slow speed. In the current implementation, it takes ∼2 s to
acquire each pixel. Thus, a low-resolution image (64 pixels � 64
pixels) requires ∼140 min, and the acquisition time scales
linearly with the total number of pixels. To achieve faster,
higher-resolution viscoelastic CR-FM mapping, we investigated
a scanning-based acquisition approach.

Figure 2a,b shows the relative viscoelastic property maps
obtained at υ = 1 μm/s. The maps are similar in contrast to
those in Figure 1d,e, but the spatial resolution is much greater.
Even at such a slow velocity, scanning enabled a 16-fold increase
in pixel resolution compared to the point map, at the cost of only
50% more imaging time. Increasing the scan velocity led to even
shorter imaging times; however, we observed that the image
contrast and quality were adversely affected by faster scanning.
These results are summarized together with the point map and
bulk results in Figure 2c. To compare measurement timescales
between DART and point mapping, the data in Figure 2c are
plotted versus the duration of time tacq to acquire a single pixel
and the scan velocity υ. For the point-mapping results, it should
be noted that the duration of contact time preceding and during
acquisition can affect values of fn

c and Qn
c. Consistent with the

point-mapping results, it can be seen that the storage modulus
ratio E0PS/E

0
PP is close to unity for all scan speeds in DART

mode. The loss modulus ratio shows a more pronounced trend
versus tacq and υ. For all values of υ, the E00PS/E

00
PP results

consistently resolve polypropylene as exhibiting more damping
than polystyrene, thus capturing the expected qualitative trend.
The goodness of quantitative agreement for E00 among scan-
ning measurements, point maps, and bulk measurements was
speed-dependent and improved at lower scan velocities. For
υ = 1.0 μm/s, E00

PS/E
00
PP = 0.48 ( 0.12, showing reasonable

agreement with the bulk prediction E00
PS/E

00
PP = 0.37.

Possible reasons for the scan speed dependence of the
modulus ratios include material, contact mechanics, and instru-
mentation effects. Concerning material effects, it has been shown
that the scan velocity can be used to probe the frequency-
dependent viscoelastic properties of a material.18,19,41 This effect
is complicated by the selective frequency regime probed byCR-FM.
Overall, for a heterogeneous material containing phases with
different frequency dependences (e.g., because of its proximity to
thermal transitions, variations in polymer structure, or the
presence/absence of a water layer), the calculated modulus ratio
could differ with the scan velocity. Regarding contact mechanics,
scanningmay affect the tip�sample contact area. Inmaps of f2

c for a
single region, we observed a systematic decrease in frequency with

an increased scan velocity. Changes in fn
c during scanning have been

shown to relate directly to changes in contact area42 and may stem
from reduced adhesive contributions during sliding versus static
contact.43 Finally, concerning instrumentation effects, faster scan-
ning in the presence of topographic features may induce some
nonideality in the resonance peak. Also, the DART peak-tracking
feedback loop may lag behind the topography when imaging at
faster scan velocities. In such scenarios, the measurements are noisy
because they are taken at frequencies away from resonance. The
combined instrumentation effects could result in less-accurate Qn

c

data or data that are discarded because they violate the DSHO
model assumptions. In our results, faster scanning led to greater data
scatter and an increased number of pixels with discarded data,
consistent with the presence of these effects.

In summary, we have demonstrated that viscoelastic CR-FM
mapping provides spatially resolved quantitative images of the
conservative and dissipative properties of materials. The ap-
proach relies on accurate measurements of the contact resonance
frequency and quality factor as the tip moves across the sample in
either a point-mapping or continuous-scanning configuration.
With current equipment and analysis models, point mapping and
slow scanning provide the most consistent and robust quantita-
tive information, particularly for dissipative quantities. Imaging
of the loss and storage modulus at faster scan rates can yield
qualitatively similar property information with impressively
shortened acquisition times. This may be necessary for samples
that age rapidly andmay be used tomitigate the effects of thermal
drift. Scanning-based approaches are also well suited for rapid-
throughput applications in which specific regions of interest
could be identified with faster scanning and then finely probed
with slow scanning or point mapping. Overall, the quantitative
nature of viscoelastic CR-FM will enable a deeper understanding
of the near-surface, high-frequency viscoelastic response of
heterogeneous nanostructured polymers and other materials.
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