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ABSTRACT: We show how atomic force microscopy techniques based on
contact resonance (CR) can be used to measure the viscoelastic loss tangent tan
0 of polymeric materials. The method does not require intermediate calculation
of loss and storage moduli, calibration measurements, or use of the conventional
CR tip shape parameter. We present the method’s physical concepts and y
sensitivity calculations for typical experimental parameters. In addition, CR
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experiments were performed on four homogeneous polymer samples

(polystyrene, high-density polyethylene, and two commercial photostress polymers) with tan & in the range from approximately
0.02 to 0.2. Results compare favorably to those obtained by microscale dynamic nanoindentation and macroscale dynamic
mechanical analysis. These results show the potential of CR modes for nanoscale viscoelastic measurements of polymers and

biomaterials.

B INTRODUCTION

For successful development of new polymers and biomaterials,
measurements of micro- and nanoscale mechanical properties
are important to evaluate performance and reliability. Data of
interest in such materials primarily concern viscoelastic
quantities such as storage modulus E’, loss modulus E”, loss
tangent tan 9, and creep compliance. To meet these needs, a
number of techniques based on atomic force microscopy
(AFM) have been developed.'™” In particular, we have
previously demonstrated contact resonance (CR) modes of
AFM for quantitative measurements of viscoelastic properties
of polymers.>” A dynamic contact AFM mode, CR measures
the frequency and quality factor of the cantilever’s resonant
peak while the tip is in contact with the sample. In our previous
work, CR maps of relative E' and E” were obtained for a binary
polymer blend. The results were in good agreement with
relative values obtained by dynamic mechanical analysis
(DMA) on the bulk constituents. However, absolute values of
E’ and E” were not determined. The reason was that standard
CR approaches require calibration measurements on a material
with known values of E" and E” to determine absolute values.
However, it is often challenging to obtain reliable values of such
information, particularly for the loss modulus E”.

To overcome these issues, we have devised a new viscoelastic
CR method for direct determination of the absolute value of
tan 0. Here, we present the method’s physical principles and
consider its theoretical sensitivity and applicability. We also
assess its accuracy through measurements on several homoge-
neous polymeric materials. Results are compared with those
obtained by more conventional techniques, namely DMA and
dynamic nanoindentation (DNI). Through this evaluation, we
find that CR is a highly promising AFM mode for quantitative
characterization of viscoelastic materials on the nanoscale.
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B CONTACT RESONANCE THEORY FOR LOSS
TANGENT

In simplest terms, viscoelastic CR*'® involves measuring the
contact resonance frequency f® and quality factor Q* at each
image location. (For simplicity of notation, we drop the
subscript n denoting the nth flexural resonance.) The resulting
images of f® and Q“® are then used to calculate maps of
viscoelastic quantities such as storage modulus E’ and loss
modulus E”. This analysis procedure has been described in
detail elsewhere.*' Here, we only summarize the steps
involved in the procedure.

First, an Euler—Bernoulli model for the dynamic motion of
the cantilever in contact is used to determine properties of the
tip—sample contact from f“* and Q. Knowledge of the
frequency f* and quality factor Q™ for the corresponding free
vibrational mode is used to characterize the cantilever
properties. The tip—sample contact is modeled as a Kelvin—
Voigt element, namely, a linear elastic spring with spring
constant k* in parallel with a dashpot of damping 6. The small
amplitude of the CR modulation (approximately tens of
picometers) aids in modeling the contact as a linear interaction.
Although a Kelvin—Voigt element oversimplifies the response
of real polymeric materials, it is a useful starting point for
technique development.

Analysis of f® and Q°® with the beam dynamics model""
yields the normalized contact stiffness a = k*/k; and contact
damping 8 = 6L,/(9EIpA)"/% Here, k; = 3EI/L,® is the spring
constant of the cantilever. L; is the position of the AFM tip
along the cantilever’s length L and is also expressed in terms of
a relative tip position y = L,/L. The quantities E, I, p, and A are
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Figure 1. Viscoelastic loss tangent tan & calculated with eq 4. (a, b) Maps of tan & as a function of normalized cantilever frequency f*/f** and

quality factor Q°®/Q* for the first and third flexural eigenmodes, respectively. Qe = 100 was used in (a) and Q*
Dependence of tan & on Q°* for the first and third modes, respectively. In (c), fR/ff

500 was used in (b). (c, d)
2.55 and Q¢ = 50, 100, and 200 were used, while f&/ fﬁee

= 1.35 and Q™ = 250, 500, and 1000 were used in (d). Dotted lines indicate 1/Q°} behavior. Note the logarithmic scales. All results were calculated

with relative tip position y = 0.96.

the Young’s modulus, area moment of inertia, density, and
cross-sectional area, respectively, of the idealized rectangular
cantilever beam.

Given a and f, viscoelastic quantities such as E’ and E” are
then determined by use of a contact mechanics model
Typically, Hertzian contact (i.e, no adhesion) is assumed.
Calibration data, for instance through complementary measure-
ments, are required to obtain absolute values of E' and E”.
Interpretation also requires assumptions about the tip shape;
often, the solutions for a hemispherical tip and a flat punch are
used as upper and lower bounds. As mentioned above, we
previously applied this approach to a polypropylene—
polystyrene blend and achieved good agreement with DMA
data.®

Here we consider an expression for the viscoelastic loss
tangent tan 0 = E”/E’. However, our expression is derived
directly from the cantilever beam dynamics model and does not
involve intermediate calculation of E” and E'. It originates from
the relation'>"?
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Equation 1 can be expressed in terms of a and # by use of the

. . 14
relations given above for k¥, o, and k;. We also use
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where the normalized contact wavenumber yL for a given
flexural eigenmode is related to the corresponding normalized
free wavenumber xL through

fCR

free

OL)* = («L)’
(3)

xL is the corresponding solution to the characteristic equation
for free flexural vibration: 1 + cos(xL) cosh(xL) = 0, with xL =
[1.8751, 4.6941, 7.8548] for flexural mode n = [1, 2, 3].
Substituting all of these relations into eq 1, we obtain

_ LB
a ffree (4)

Equation 4 is a slightly modified form of one published
previously without derivation."® It now includes a y* term that
was previously omitted.

Use of eq 4 to determine viscoelastic properties is attractive
for several reasons. Unlike existing contact resonance methods
to determine E’ and E”, this approach does not involve
calibration data or comparison measurements on a material
with known properties. This is noteworthy because uncertainty
remains regarding the accurate comparison of viscoelastic data
from different measurement methods. If desired, measurements
of tan 6 with eq 4 could be combined with absolute
measurements of storage modulus E’ to yield a complete set
of property data. Also of note is the fact that eq 4 does not
require detailed information about the tip—sample contact area

tan 0
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such as tip geometry, applied force, or tip—sample creep. “Tip
geometry” refers to the use of a parameter m to characterize the
shape of the axisymmetric indenter tip. General elastic contact
mechanics allow calculation of modulus values with m, which
typically ranges from m = 1 for a flat punch to m = 3/2 for a
hemisphere. CR experiments often report results with these
two m values as the range of possible values. The absence of a
tip shape parameter in eq 4 thus improves measurement
precision without specifying m. Concerning creep, measure-
ments can be made either immediately after initial tip—sample
contact or after waiting for tip—sample creep to mostly
equilibrate. In either case, the data acquisition rate for a CR
spectrum at a single position should be much faster than the
characteristic time scale for creep. Finally, the method does not
require calibration of the cantilever spring constant k.

It should be noted that the derivation of eq 4 involves some
assumptions. First, our current model”'® leads to a relatively
simple, closed-form expression for a and § with the assumption
a>> b, where (a + ib) = yL is the normalized wavenumber. The
assumption a >> b sets a lower limit on the value of Q® for
which our model is valid due to the relation'® 1/Q® ~ 1/
Quample = 4b/a. Thus, for b/a < 0.05, it is necessary that Q% >
S. {For comparison, Q® in this study ranged from
approximately 15 to 80 depending on sample.) Second, it is
important to remember that contact resonance methods
measure the tip—sample interaction. It is typically assumed
that dissipation in the measurement corresponds entirely to the
properties of the sample, which may or may not be the case.
For instance, energy dissipation due to a surface water layer will
contribute to the measured damping and lead to higher
apparent values of tan §. Also, in some experimental conditions,
squeeze-film damping and other hydrodynamic effects will
affect damping.'® Finally, the internal damping of the tip is
considered negligible (i.e., Qy > Qumple Or E"y, & 0). This
assumption is valid for measurements with a silicon cantilever
tip on materials such as the polymers used here. However, it
will break down for measurements involving materials with
extremely low loss tangent (e.g,, thin metallic films,"” metallic
glasseslg).

Equation 4 can be better understood with contour plots and
graphs such as those shown in Figure 1. The plots in Figures la
and 1b show the values of tan & calculated with eq 4 as a
function of normalized frequency f*/f™° and normalized
quality factor Q°®/Qf*® for the first (n = 1) and third (n = 3)
flexural modes, respectively. The plots were calculated
assuming Q™ = 100 for mode 1 and Q™ = 500 for mode 3,
consistent with typical exfperimental values. Corresponding
plots for other values of Q"™ as well as those for the second
flexural mode, show qualitatively similar behavior. For both
plots, the minimum value of f*/f° (x-axis) was set to 1.1,
while its maximum value was chosen based on the theoretical
limit for a clamped-pinned cantilever of mode n: f*/ffe =
[4.39, 2.26, 1.69] for n = [1, 2, 3]. The minimum value of Q“}/
Q (y-axis) was set based on Q™ and the condition Q*/Q*
> 5 discussed above. The maximum value of Q®®/Q was
chosen such that the plot included a region with tan 6 ~ 0.01.

Inspection of Figures 1a and 1b reveals that although tan ¢ is
inversely related to Q°¥, the exact relation depends on the value
of fR/ff*e. This is because the contact stiffness a and contact
damping /3 in eq 4 depend on both f°* and Q°*.'* As a result,
for a fixed value of Q“®/Q™* (constant y) the value of tan &
varies depending on f%/ff® (x). The variation is more
significant as the lower and upper limits of f%/f™ are
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approached. A practical implication of this behavior involves
multicomponent materials that exhibit a range of f*. In such
cases, it can be misleading to evaluate tan § or relative damping
solely on QR

Additional insight can be gained from Figures 1lc and 1d,
which plot tan § as a function of Q°* for fixed values of f%/
ff¢. The values of f*/f™* used to generate Figures 1c and 1d
lie approximately in the middle columns of Figures la and 1b,
respectively. In each plot, the solid, dashed, and dash-dotted
(colored) curves correspond to three different values of Q.
For comparison, the dotted black lines show a 1/ QCR behavior.
The graphs show that for constant %/ the relation'” tan &
~ 1/Q%® is qualitatively reasonable, especially for higher values
of Qf*, However, the relation is a poor estimate of the absolute
value of tan 0 and generally underestimates tan ¢ significantly.
For instance, due to the limit Q“* > 5 imposed in our model,
the maximum possible value of 1/Q® is 0.2, whereas eq 4
yields maximum values of tan 6 of approximately 0.3—0.4
depending on the choice of mode and Q™. Moreover, the
magnitude of the discrepancy depends on mode, with larger
differences for mode 3 than for mode 1.

Figure 1 also provides insight into the capabilities and limits
of current contact resonance methods for viscoelastic measure-
ments. The plots show that precise and accurate measurements
of tan § require sensitive and accurate determination of Q°%,
particularly for large tan § (~0.3 or greater). Revision of the
analysis model to modify the approximation mentioned above
or careful choice of experimental parameters such as mode n,
Q°, and fR/f** may enable measurements over a wider range
of loss tangent values.

B MATERIALS AND METHODS

Materials. Samples were cut from four types of polymer sheet
stock. In selecting the materials, we restricted candidates to
commercially available,' relatively stiff polymers (those with E’
from approximately 1 to 4 GPa). Based on reported values in the
literature, the materials were expected to span a range of tan ¢ from
approximately 0.01 to 0.2. Two samples consisted of polystyrene (PS,
#5T313120, Goodfellow USA) and high-density polyethylene (HDPE,
#ET323100, Goodfellow USA). The remaining two samples were
photoelastic coating materials (PhotoStress PS-1 and PS-3, Vishay
Precision Group). To avoid confusion with polystyrene, these
materials are denoted here as V-1 and V-3, respectively. The chemical
composition of these materials was not provided by the manufacturer,
but they were chosen due to their prior use in the instrumented
indentation (nanoindentation) community for viscoelastic studies.’*>!
As a rough guide, Table 1 shows literature values reported for E’ and
tan 6 in our materials. For the PS and HDPE samples, the polymer
type does not uniquely identify the chemical composition due to
potential differences in molecular weight and polydispersity. Thus, the
values in Table 1 for PS and HDPE should not be considered

Table 1. Representative Literature Values for Storage
Modulus E’ and Loss Tangent tan § for Polystyrene (PS),
High-Density Polyethylene (HDPE), and Photoelastic
Coating Materials V-1 and V-3“

material E’ (GPa) tan & ref(s)
PS 2.8-2.9 0.015—-0.025 22,23
V-1 2.1-2.6 0.01-0.08 20
HDPE 0.9-2.1 0.06—0.15 24-26
V-3 1.1-14 0.150—-0.175 20

“Data shown represent measurements at room temperature
(approximately 20—25 °C) and low frequencies (175 Hz).

dx.doi.org/10.1021/ma401988h | Macromolecules 2013, 46, 9396—9402



Macromolecules

-0.5
(a)PS
-0.7 F k
050 m40 +-30 A-20 -10
09 | X0 010 420 ©30 €40 { -
© 7(C) =
g 11t 1 8
RNt CI -
. + ++ 0
15 k o . A L& Aa i
Lot 8o 7 1 5 R ; § L4
17 L L L L L L L
-1 0 1 2 3 4 5 6 7
log(frequency [Hz])
-0.5
(c) V-1
-0.7 F
0-50 W40 +-30 A-20 -10
X0 010 420 ©30 €40
09t
© 7(C) =
g -1.1 c
£ o [
g; m R =
L2 13 F = g7 E’
¢ sa *aat’t
- =) A
15 boe fao n“"t"ﬁ:’xx“
17 L X . . . L L L
-1 0 1 2 3 4 5 6 7

log(frequency [Hz])

-0.5 T
(b) HDPE
0.7 L
00 %60 ©0-50 m-40 +-30
09 F 420 -10 %0 o010
te T(C)
1.1 F o
x* a ] x
13 + 1
Qn"*.«o ah+ Salafgy
15 F E
17 L L L L L L L
-1 0 1 2 3 4 5 6 7
log(frequency [Hz])
05
A, (d) V-3
0.7 A p
On
09 r dy
* X
1.1 F Px
. »
13+ =40 +-30 4-20 ¢-10 40 o
%0 010 a20 T
15 | T(C)
17 L L L L L L L
-1 0 1 2 3 4 5 6 7

log(frequency [Hz])

Figure 2. Values of tan § obtained with time—temperature superposition analysis of DMA data for the (a) PS, (b) V-1, (c) HDPE, and (d) V-3
specimens. The symbols indicate the temperature at which each data set was acquired. The reference temperature used to shift all data sets was 20

°C.

definitive. However, our V-1 and V-3 samples originated from the
same source as in other studies. Therefore, it is likely that their
composition is virtually identical to that utilized in earlier studies, and
comparison of results is more valid.

Sample surfaces were prepared by ultramicrotomy with a diamond
blade at room temperature. Surface smoothness was found to be a key
factor in obtaining reliable results that minimized data scatter.
Through much experimentation, ultramicrotomy emerged as the
best method of surface preparation available to us. For instance, the
relative data scatter in tan § (defined as one measurement standard
deviation divided by the average) was 29%—55% on the as-received
surfaces, while it ranged from 4% to 19% after ultramicrotome
preparation. For the ultramicrotomed surfaces, the RMS roughness
determined by tapping-mode topography imaging was 20 nm or less
for 2 ym X 2 pym regions.

CR Methods. All contact resonance data were acquired with a
single cantilever. The nominal properties of the cantilever provided by
the manufacturer are spring constant k;, = 1.0 N/m, length 224 um,
width 25 pm, and thickness 2.3 pm. The natural frequency of the
cantilever’s lowest flexural mode was 56.02 + 0.02 kHz. All
experiments were performed with a set point voltage of 0.4 V. With
the measured cantilever sensitivity of 170.4 nm/V, this corresponds to
a cantilever deflection d = 68 nm. Therefore, the static applied force F
during the measurements as determined by F = k;d was estimated to
be approximately 70 nN. With this force, Hertzian contact mechanics
predicts a maximum stress directly beneath the tip of hundreds of
megapascals, which is several times larger than the yield strength of
typical stiff polymers. Although the stress amplitude falls off rapidly
from this maximum in all directions, some plastic deformation within
the contact region is likely. However, dynamic nanoindentation
methods'>'*?7*® provide evidence that a material’s viscoelastic
response can be probed by elastic—plastic deformation. Operation in
a purely elastic deformation regime may be possible through use of
AFM tips with larger radius of curvature and/or through smaller
applied forces.***

CR experiments were performed with a commercial AFM
instrument (MFP-3D, Asylum Research/Oxford Instruments) that
has a built-in capability for acquisition of contact resonance spectra.

9399

Cantilever excitation in the CR frequency range (approximately 1.1—
1.3 MHz) was achieved by use of a nonstandard cantilever holder with
a high-frequency, heavily damped piezoelectric chip (AM-FM holder,
Asylum Research/Oxford Instruments). Measurements were per-
formed at the ambient temperature of the AFM acoustic isolation
chamber. Prior to data acquisition, the interior of the AFM acoustic
isolation hood was flooded with compressed dry air until the relative
humidity in the chamber was 5% or less. This procedure was intended
to minimize formation of water layers on the samples. To minimize
acoustic noise and turbulent forces during data acquisition, air flow was
stopped immediately before data acquisition.

Measurements were performed with the cantilever’s third flexural
eigenmode, which had a free frequency fi* = 1004.0 + 0.04 kHz and
free quality factor Q*° = 543 + 2. Use of the third mode ensured good
measurement sensitivity and minimized the effect of lateral tip—sample
interactions.®® In the experiments, CR frequency and quality factor
maps were obtained with a user-written subroutine within the AFM
software. The subroutine consisted of the following steps: (1) move
the cantilever to the next sample position, (2) engage the tip with the
surface at the chosen set point voltage relative to the free deflection,
(3) acquire a CR spectrum over the selected frequency range, (4)
retract the tip out of contact, and (S) fit the data to a damped
harmonic oscillator function and record the resulting values of f* and
QR. The entire process was repeated at each position in the image
grid.

Following this procedure, arrays of 10 X 10 pixels were acquired on
each of the four samples in succession. The entire process was
performed three times, with the sample order changed randomly each
time. Thus, the CR values reported below represent the average and
standard deviation of 300 points. A relatively short acquisition period
(02 s per spectrum) was chosen to minimize creep during the
measurement. Immediately before each map was acquired, individual
CR spectra were obtained for the second and third flexural modes.
These point measurements were used to determine the relative tip
position y from the mode-crossing method."* The value of the relative
tip position y obtained, which ranged from approximately 0.95 to 0.97
in these experiments, was then used in the analysis of the entire image.

dx.doi.org/10.1021/ma401988h | Macromolecules 2013, 46, 9396—9402
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DMA Methods. In dynamic mechanical analysis (DMA), a
sinusoidal deformation is applied to the specimen at a specified
frequency and temperature. The resulting stress that accompanies this
deformation is recorded. The obtained stress, strain, and phase
difference between them are measured and used to determine the
storage modulus E’ and the loss modulus E” of the specimen.
Furthermore, the internal loss tan 6 = E”/E’ can be determined. Both
temperature and oscillation frequency can be systematically varied to
provide a “spectrum” of the mechanical properties. The results
reported here were obtained with a commercial DMA instrument
(DMA Q800, TA Instruments) with a film-tension clamping
geometry. Specimens approximately 1 mm thick, 5 mm wide, and
10—18 mm long were cut from the same polymer sheets used in the
AFM experiments. Measurements were performed at temperatures
from —100 to 40 °C in 10 °C increments. At each temperature,
measurements were made at 0.1, 0.5, 1, §, and 10 Hz. Measurements
were performed with a controlled strain amplitude of 0.01%. The
resulting oscillation amplitude during the experiments was approx-
imately 1 ym, and the strain rate (product of strain and oscillation
frequency) ranged from approximately 107> to 1075 57",

Time—temperature superposition"’1 (TTS) was employed to
generate master curves with a reference temperature of 20 °C. The
corresponding shift factors for PS, HDPE, and V-1 were observed to
follow an Arrhenius-type temperature dependence, indicated by the
linear trends in Figure 2. This dependence is consistent with previous
work investigating secondary relaxations of polymers in the glassy
state.> The shift factors for the V-3 material also demonstrate
Arrhenius-type behavior at lower temperatures; however, a nonlinear
tail was observed for temperatures above 0 °C, which corresponds to
the a relaxation in this material with relatively low glass transition
temperature. The activation energies associated with the Arrhenius-
type behavior were determined by plotting the shift factors as an
inverse function of temperature. The resulting values for the activation
energy of PS, HDPE, V-1, and V-3 were 148, 105, 118, and 130 kJ/
mol, respectively. The TTS master curves serve to forecast the
frequency dependence of tan & across frequencies not directly
accessible by the DMA instrument.

DNI Methods. In dynamic nanoindentation (DNI),">'**”*® the
standard instrumented indentation (also called nanoindentation)
technique is modified by superposition of a low-amplitude, sinusoidal
load on the quasi-static load. Lock-in detection methods are used to
obtain the amplitude and phase shift of the material response at the ac
frequency. The response is modeled with a Kelvin—Voigt element to
determine the storage modulus E’, loss modulus E”, and loss tangent
tan 6 = E”/E’ versus oscillation frequency. The results reported here
were obtained with a commercial DNI instrument (Triboindenter TI-
900, Hysitron) with use of a diamond Berkovich indenter tip.
Specimens were cut from the same polymer sheets used in the AFM
experiments.

In each measurement trial, the following sequence of steps was
performed: (1) engage tip to surface, (2) perform force ramp from
zero to maximum (~1.7 mN in 30 s), (3) hold at maximum load to
minimize the contribution of creep to data acquisition (120 s), (4)
acquire data at constant ac load (20 xN with the aforementioned 1.7
mN dc offset), and (S) perform force unload ramp (30 s). During data
acquisition, the oscillation frequency was increased from 10 to 300 Hz
and then decreased back to 10 Hz with a hold for 100 cycles at each
oscillation frequency. A total of nine measurement trials were
performed on each sample, ultimately resulting in 18 values of tan &
for each sample at each frequency. The results discussed below and in
Figure 3 represent the average and one standard deviation of the
individual measurements.

B RESULTS AND DISCUSSION

DMA Results. The values for tan § obtained by TTS
analysis of the DMA data are shown in Figures 2a—d for PS,
HDPE, V-1, and V-3, respectively. Comparison of the
individual graphs reveals that the different materials exhibit
different frequency responses. For HDPE in Figure 2b, tan
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Figure 3. Values of tan 6 obtained with dynamic nanoindentation on
the PS, HDPE, V-1, and V-3 specimens.

remains almost constant above ~100 Hz. The flatness of its
frequency response means that this material might be useful for
screening viscoelastic techniques because any method should
yield nearly the same value of tan J regardless of its
characteristic frequency. In contrast, Figure 2d shows that
log(tan &) for V-3 is a linear function of log(frequency) over at
least 6 decades (approximately 0.1 Hz—100 kHz). This
sensitivity to frequency might also be useful for assessing new
measurement techniques. The plots of tan 6 for PS and V-1 in
Figures 2a and 2c, respectively, show qualitatively different
frequency behavior to the plots for HDPE and V-3 in Figures
2b and 2d. For both PS and V-1, tan ¢ is relatively constant
with frequency below ~1 kHz and increases monotonically at
higher frequencies. In Figure 2a, the slight increase in tan 6 with
higher frequencies is consistent with a previously observed
secondary relaxation in PS at lower temperatures.>

To summarize the DMA results for comparison with the
DNI and CR data, we report two values of tan ¢ for each
material. The first represents a low-frequency result and is the
single value of tan § measured at 10 Hz and 20 °C (“DMA” in
Figure 4). The second value corresponds to the results obtained

0.20 —
EDMA .
0.15 } EIDNI
FCR
"20_10 | EIDMA-TTS
S
0.05 }
0.00

PS -1 V-3

material
Figure 4. Summary of experimental results. “DMA” represents single
measurements acquired at 10 Hz and 20 °C. “DMA-TTS” represents
average values at ~1 MHz through TTS analysis of DMA data. “DNI”
indicates values averaged from 10 to 300 Hz. “CR” values are averages
of data at ~1.2 MHz.

with use of TTS principles for frequencies similar to those used
in the contact resonance measurements. It is the average and
one standard deviation of four to six TTS values within +0.5
decade of 1 MHz (i.e., approximately 300 kHz—3 MHz). These
values are denoted as “DMA-TTS” in Figure 4.

DNI Results. The DNI results for tan § are shown in Figure
3 for all four materials. Consistent with our DMA-TTS data,
the V-3 results show a clear decrease with frequency. Results for
the other three materials are relatively flat with frequency,
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which is also consistent with our DMA-TTS results in this
frequency range. In terms of absolute tan o, the values for PS
and V-1 are the lowest overall and very similar. The values for
HDPE are slightly higher, while those for V-3 are distinctly the
largest of all materials. The slight bow versus frequency in the
plots suggests that the dynamic calibration procedure to correct
for system resonances was not completely effective. To
minimize the impact of this effect on the reported DNI values
of tan J, we report the average and one standard deviation of
tan O across the entire frequency range from 10 to 300 Hz.
Although this approach ignores any strong frequency depend-
ence of tan § (such as that seen for V-3), it provides overall
“low-frequency” values with which to summarize the DNI
results.

CR Results. The bar chart in Figure 4 summarizes our
experimental results. We are encouraged to observe that the
absolute values of tan & obtained with CR techniques are
consistent overall with both the literature values in Table 1 and
our other experimental results. In fact, the values are not only
same order of magnitude but within a factor of 2 or 3. This
observation is true for values from about 0.02 to 0.2, that is,
approximately 1 order of magnitude in tan d.

Closer scrutiny of Figure 4 allows insight into the relative
agreement of tan 0 values for the same material obtained by
different methods. For the V-1 and HDPE samples, there is
very good agreement between the CR results and those
obtained at similarly high frequencies (DMA-TTS). Such
agreement based on direct frequency comparison is consistent
with our previous results on CR measurement of loss and
storage moduli.® Note that all techniques yielded very similar
values of tan ¢ for HDPE. This behavior is consistent with the
virtually flat response of tan ¢ for HDPE with frequency shown
in Figure 2b. These results emphasize the value of identifying
additional “constant loss” materials that span a wide range of
tan 6.

The picture is less clear for the V-3 and PS samples. The CR
results are the correct absolute value but show relatively poor
agreement with the high-frequency DMA-TTS results. Several
issues can be identified as possible contributors to this complex
picture. For instance, there is debate on the accuracy or
repeatability of absolute values obtained by DMA-TTS,
although the qualitative frequency dependence is generally
considered reliable. Another issue is the fact that each
technique probes a different length scale. Therefore, micro-
and nanoscale material inhomogeneity could skew the results.
Previous comparisons of measurements at different length
scales revealed similar discrepancies, even at same frequency.”’
The strong frequency dependence of tan 6 in V-3, shown in
Figure 2d, may be a contributing factor in this regard. Most
importantly, each technique involves substantially different
values of strain and strain rate. The strain rate depends not only
on frequency but also on oscillation amplitude, which is roughly
a few micrometers for DMA, a few nanometers for DNI, and
perhaps tens of picometers for CR. Also, due to the force
dependence of contact area arising from nonflat tips, the strain
rate in DNI and CR varies throughout each ac oscillation.
Interpretation is further complicated by the fact that DMA
methods represent a one-dimensional strain geometry, while
DNI and CR are three-dimensional.

For these reasons, we believe that further detailed analysis of
Figure 4 is not useful at this point. We instead view the overall
agreement within a factor of 2—3 between the CR and other
results as highly promising. Further development and validation
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of the CR method—or indeed any micro- or nanoscale
method—will require careful consideration of these and similar
issues.

Future investigation in several areas could strengthen and
refine the results of this initial work. The measurements here
were performed in point spectroscopy mode with a stationary
tip. Extension to 2D imaging with either CR point map®** or
scanning techniques®>>® is straightforward. The introduction of
more complex models for the tip—sample contact in CR (e.g,,
standard linear solid, Prony series, fractional calculus/elements)
should also be pursued. Finally, improvements in under-
standing, measuring, and controlling strain and strain rate
would be valuable not just for CR but many other AFM modes.
This might be achieved, for instance, with use of magnetic,37
interferometric,>® or electron microscopy’” approaches to apply
or monitor forces and deformation.

B SUMMARY AND CONCLUSIONS

We have presented a contact-resonance-based AFM method to
measure absolute values of nanoscale viscoelastic loss tangent
tan 6. With this approach, tan J is determined from the
frequency and quality factor of the cantilever’s resonant peak
without intermediate calculation of loss modulus and storage
modulus. The method requires no calibration measurements
and no CR tip shape parameter. Measurements were performed
on several polymer samples with loss tangent values that
spanned an order of magnitude (~0.02—0.2). Experimental CR
results for tan O were very similar to results obtained with
microscale (dynamic nanoindentation) and macroscale (dy-
namic mechanical analysis) techniques. Further work is needed
to fully characterize the three-dimensional strain and strain
rates that are present in contact AFM methods such as CR.
Such insight will enable better comparison of CR results to data
obtained by techniques that probe larger length scales and at
different measurement frequencies. Nonetheless, our results
demonstrate advanced measurement capabilities that will prove
valuable in the successful development of micro- and nanoscale
polymers and biomaterials.
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