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Quantitative imaging of nanoscale mechanical properties
using hybrid nanoindentation and force modulation

S. A. Syed Asif
Department of Materials Science, University of Florida, Gainesville, Florida 32611

K. J. Wahla) and R. J. Colton
Naval Research Laboratory, Code 6170, Washington, DC 20375

O. L. Warren
Hysitron Incorporated, Minneapolis, Minnesota 55439

~Received 24 January 2001; accepted for publication 25 April 2001!

In this article, we present a quantitative stiffness imaging technique and demonstrate its use to
directly map the dynamic mechanical properties of materials with nanometer-scale lateral
resolution. For the experiments, we use a ‘‘hybrid’’ nanoindenter, coupling depth-sensing
nanoindentation with scanning probe imaging capabilities. Force modulation electronics have been
added, enhancing instrument sensitivity and enabling measurements of time dependent materials
properties~e.g., loss modulus and damping coefficient! not readily obtained with quasi-static
indentation techniques. Tip–sample interaction stiffness images are acquired by superimposing a
sinusoidal force~;1 mN! onto the quasi-static imaging force~1.5–2 mN!, and recording the
displacement amplitude and phase as the surface is scanned. Combining a dynamic model of the
indenter ~having known mass, damping coefficient, spring stiffness, resonance frequency, and
modulation frequency! with the response of the tip–surface interaction, creates maps of complex
stiffness. We demonstrate the use of this approach to obtain quantitative storage and loss stiffness
images of a fiber-epoxy composite, as well as directly determine the loss and storage moduli from
the images using Hertzian contact mechanics. Moduli differences as small as 20% were resolved in
the images at loads two orders of magnitude lower than with indentation, and were consistent with
measurements made using conventional quasi-static depth-sensing indentation techniques. ©2001
American Institute of Physics.@DOI: 10.1063/1.1380218#
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I. INTRODUCTION

The objective of the present work is to map mechani
properties quantitatively over an area on a sample surfac
the mechanics community, a traditional approach invol
the use of indentation arrays to construct hardness and m
lus maps.1,2 However, for quantitative and meaningful me
surements, the indents have to be finitely spaced and t
sands of indents have to be performed to obtain eve
rudimentary map; this is time consuming and lateral reso
tion is limited by the indent spacing.

Mechanical property mapping can be significantly e
hanced by the addition of tip–sample rastering technol
~through piezoelectric scanners!, enabling much finer tip–
sample positioning below the optical limit. With cantileve
based atomic force microscopy~AFM!, maps of adhesion3–5

and elastic properties6,7 can be obtained through multiple in
dividual force–distance curves. Resolution is again limi
by contact area if the tip–sample interaction is elastic, or
appropriate spacing if the deformation is plastic. Quantitat
analyses of AFM data are complicated by problems rela
to tip deformation and geometry, piezo hysteresis and cr
as well as an off-normal tip approach.8–10

More recently, numerous AFM imaging techniques e
ploying modulation have been developed. In these te
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niques, the changes in amplitude or phase response o
oscillating tip or sample as the tip is scanned over a hete
geneous sample can be used to map materials property v
tions. Most of these techniques utilize displacement modu
tion, where either the tip holder or sample is oscillated, a
the tip–sample response~amplitude or phase shift! used to
provide an image.11–17 In these techniques, the tip can b
either in continuous or intermittent contact with the samp

While these configurations are powerful imaging too
quantitative interpretation of the data requires knowledge
often complicated system dynamics.18 Coupled with the
complex nature of the tip–sample interaction~especially
with intermittent contact modes!, the resulting data are diffi-
cult to model and often misinterpreted. For example, ph
shifts observed in one form of intermittent contact mode i
aging~‘‘tapping mode’’! are necessarily due to energy diss
pation ~damping and adhesion!;19,20 These dissipative pro
cesses are often ignored and the phase response incor
ascribed purely to elasticity variations. Hence, while imag
‘‘elasticity’’ is possible, quantification is nontrivial. Further
more, the inherent problems associated with vibrating ca
levers ~e.g., bistabilities21 and multiple resonances!, un-
known electronics corrections, and feedback issues m
quantitative interpretation of image data extreme
difficult.22,23
2 © 2001 American Institute of Physics
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Like normal modulation techniques~e.g., perpendicular
to sample normal!, lateral modulation of the sample in th
AFM can be used to map sample inhomogeneities
defects12 or friction contrast,24 as well as glass transitio
temperatures.25 If great care is taken, quantitative stiffne
images can be obtained;26 however, potential frictional con
tributions due to slip, as well as cantilever issues~e.g.,
matching cantilever and sample stiffnesses, and lateral f
calibration difficulties! limit the technique.

Force modulation methods, where a force~rather than
displacement! is applied directly to the tip, have been used
indentation to enhance sensitivity. If the dynamic respons
the indenter is well calibrated and modeled, dynamic m
chanical properties~e.g., storage and loss moduli! can be
measured.27,28Force modulation is also possible in AFM,29,30

which gives far greater sample positioning and added im
ing capabilities compared to conventional nanoindent
However, the small forces applied in AFM limit the range
samples that can be studied.

The sample positioning limitations of conventional i
dentation techniques can be overcome through hybrid ind
ers, coupling depth-sensing indentation with piezo scann
capabilities.31,32 With a hybrid indenter, AFM-like intermit-
tent contact imaging using force modulation has be
demonstrated.33 More recently, we have shown that wit
contact force modulation using a hybrid nanoindenter, i
possible to quantitatively map the surface stiffness.34,35

These stiffness images are produced by monitoring the
displacement amplitude and phase responses to an ap
sinusoidal force, and are properly interpreted as a comp
quantity containing both elastic~storage! and dissipative
~loss! components.

In this article, we present an imaging technique that
use to map the tip–sample mechanical response quan
tively using the hybrid indenter. The advantage of this a
proach is that not only can it be used to map the stiffn
contrastbut also to map the elastic modulus quantitative
for both storage and loss components. The storage and los
moduli determined from the images are compared to
measurements made with conventional depth-sen
nanoindentation techniques. Issues that must be address
order to map the mechanical properties quantitatively, s
as instrument dynamics, feedback modulation of the pie
indenter tip shape calibration, as well as contributions
adhesion and sliding, are discussed.

II. EXPERIMENT

One of the barriers preventing quantitative mechan
property imaging in AFM or other scanning techniques
that the measured response is the convolution of the
sample interaction and the measuring instrument. A num
of factors must be accounted for to interpret this respon
For dynamic measurements, the system mechanics~mass,
spring constant, and damping loss! and instrument compli-
ance must be modeled and measured, and system electr
corrections must be made. Acquiring this information wh
scanning adds the need to control the system feedback
sponse, scan rates, and time constant of the lock-in amp
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used to measure the amplitude and phase of the displace
signal. Finally, to process the data, appropriate contact
chanical models and knowledge of tip geometry are nec
sary. Our approach to solving these problems is descri
next. We demonstrate measurement of storage and loss
tact stiffness during scanning in continuous contact with
sample, resulting in images that map storage and loss c
ponents of the elastic modulus.

The instrument configuration used in these experime
consists of a hybrid indenter~Triboscope–Hysitron, Inc.,
Minneapolis, MN! on an AFM base~Multimode with JV
scanner and signal access module - Digital Instrume
Santa Barbara, CA!, with added ac force modulation elec
tronics described previously.36 Briefly, the indenter trans-
ducer consists of a capacitive core having two fixed ou
plates and a spring suspended center plate to which the
denter tip is attached. The center plate is actuated by attr
ing the center plate towards the fixed lower plate by elec
static means, and the resulting displacement detected
capacitive sensing. Coupling of the transducer to the AF
scanner allows both depth-sensing indentation~with the pi-
ezo feedback turned off! and topographic imaging~using the
piezo feedback!. Our method of dynamic mechanical prop
erty mapping is described next.

A. Dynamic indentation: Mechanical and electronic
contributions

To deconvolute the actual dynamic response of the c
tact in a dynamic measurement, the contributions from
various electronics~e.g., filters, etc.! and mechanical ele
ments must be known and modeled since they will be dep
dent on the frequency of the measurement. This problem
be solved if the transfer functions for the electronics a
mechanical elements of the transducer are known or c
brated.

In our previous work, we have shown that the dynam
mechanical response of the transducer when it is in con
with the sample can be modeled using two Kelvin–Vo
mechanical equivalents.36 For contact stiffness, much les
than the machine stiffness~at least two orders of magnitude!,
the machine can be assumed to be rigid and the model so
analytically.27 In this case, the amplitude of the displaceme
signal is

X05
F0

A~k2mv2!21@~Ci1Cs!v#2
, ~1!

and the phase shift between force and displacement is

f5tan21
~Ci1Cs!v

k2mv2 , ~2!

where X0 is the amplitude of the displacement oscillatio
andf is the phase shift of the displacement with respec
the exciting force,F0 is the amplitude of the sinusoida
force,m is the indenter mass,v is the frequency in radians
Ci is the damping coefficient of the air gap in the capacit
displacement sensor, andCs is the damping coefficient of the
contact. The combined stiffness,k, is given by

k5Ks1Ki , ~3!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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whereKs is the tip–sample contact stiffness andKi is the
spring constant of the leaf springs that hold the inden
shaft.

The indenter spring constantKi , massm and damping
coefficient of the air gapCi can be obtained by fitting the
amplitude and phase response of the instrument~between 10
and 300 Hz! to Eqs.~1! and~2! when it is not in contact with
a sample. However, for an accurate calibration, the contr
tion due to the electronics must be determined. In our ins
ment, the electronic contributions to the dynamic respo
are due to low-pass filters in the force actuation and displa
ment sensing electronics. If the transfer functions of the e
tronics are known, the electronic contribution for the d
namic response can be corrected~see Appendix!. Figure 1~a!
shows the combined dynamic compliance of the instrum
~i.e., ratio of the displacement amplitudeX0 to the force
amplitudeF0 with electronic contribution directly measure
from the lock-in amplifier! when it is free of contact with the
sample without any correction for electronics. If we attem
to fit the response to Eqs.~1! and ~2!, it results in a poor fit
compared to the mechanical constants obtained from qu
static ~dc! measurements.

Figure 1~b! shows the dynamic compliance after corre
ing for the electronic contribution using Eqs.~A1!, ~A3!, and
~A5! from the appendix. The fit for the indenter constan
wasKi ~133 N/m!, m ~276 mg!, andCi ~0.0208 Ns/m!; the
values forKi andm are in good agreement with quasi-sta
measurements. Once the contributions from the electro
are corrected, the measured system response correlated
with the Kelvin–Voight mechanical equivalent model. Figu
1~c! shows the difference between the measured phase
responsef with and without electronic correction. For th
electronic correction, the total phase shift due to electron
@Eqs.~A2!, ~A4!, and~A6!# is subtracted from the phase sh
measured by the lock-in amplifier.

The machine compliance was measured~using the
method of Oliver and Pharr!28 and found to be 25 m/mN. If
all the aforementioned constants are known or accura
calibrated, the contact stiffnessKs and contact damping co
efficient Cs can be calculated using Eqs.~1!–~3!. In an in-
dentation experiment, the contact stiffness is proportiona
the projected contact area,A,

Ks52E*AA

p
, ~4!

where E* is the reduced modulus~combining tip and
sample!. For materials which can damp the superimpos
dynamic force,Ks8 is the storage component of the conta
stiffness in phase with the applied force, and

Ks95vCs , ~5!

whereKs9 is the loss component of the contact stiffness
of phase with the applied force. Storage and loss moduli
polymer materials obtained by this technique37–39 compare
favorably with bulk values determined through conventio
dynamic testing.

The lock-in amplifier also contributes a time constant
the measurement. The settings are usually a compromise
tween tolerable noise and speed of data acquisition. For
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ample, in a static measurement~i.e., at fixed load!, one could
optimize for the low noise in the measurement. Howev
both indentation and scanning operations require knowle
of the dynamic response of the indenter to the small si
soidal force while moving the sample vertically or latera
with respect to the indenter tip. The frequency of the m
surement and rate of sample movement will determine
ceptable time constant settings. If the time constant set
on the lock in is too high, the data will be averaged ov
longer time scales than the apparent resolution of the m
surement, distorting the response. In this case, a purely e

FIG. 1. Plots of dynamic compliance~amplitude ratio ofX0 /F0) of the
indenter system including~a! electronic contribution and~b! after correcting
for the electronic contribution are shown. The solid line is the fit for t
Kelvin–Voight model. The corrected measurement follows the model p
diction. ~c! The phase shift as a function of frequency with and witho
electronic contribution.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tic deformation may appear plastic, while an image could
blurred spatially. Care must be taken to ensure that the sp
of the experiment is not greater than the rate at which
lock in can detect variation in the response of the instrum

B. Feedback issues

The use of feedback electronics during imaging prese
a significant issue influencing quantitative mechanical m
surements. The resonance frequency of our instrument~110
Hz! and the useable dynamic range for force modulat
~10–250 Hz! are below the frequency of the feedback co
troller ~in the kHz range! for constant load scanning. There
fore, when the tip is modulated, the feedback control w
force the piezo scanner holding the sample to counter
vertical oscillation of the tip to keep constant deflection,
undesirable response. Figure 2 shows the amplitude of
indenter tip as a function of frequency for three differe
conditions:d when the tip is not in contact with the surfac
j when the tip is in contact with the surface~;1 mN load!
with feedback control, andl when the tip is in contact with
the sample~;1 mN load! without feedback. When the tip i
in contact, the resonance frequency increases~above the free
resonance frequency of 110 Hz!. At low frequencies, the tip
displacement amplitude is lower when the tip is in feedba
than without feedback. The result is an apparent ‘‘stiffenin
of the tip–sample interaction, increasing the measured c
tact stiffness; this would be expected since the feedbac
counteracting the tip oscillation. The higher amplitudes o
served at a higher frequency with feedback on is likely d
to the effects of the overall system damping. We also obse
a change in phase shift under feedback control.

To overcome these problems, we have implemented
interleaved scanning technique provided with the AFM sc
ning software. During the first pass, the feedback contro
active and the height information is stored. Then, during
next pass, the feedback is turned off and the height d
collected from the first pass is used to position the Z piezo
follow the surface topography. At the same time, the tip d
placement amplitude and phase data from the lock-in am
fier and the contact force data from the displacement tra

FIG. 2. The amplitude of the indenter tip response as a function of
quency for three different conditions:d when the tip is not in contact with
the surface,j when the tip is in contact with the surface~;1 mN load!
under feedback control, andl when the tip is in contact with the sampl
~;1 mN load! without feedback are shown.
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ducer are collected. In this way, the phase and amplit
response of the contact to the sinusoidal force can be a
rately measured.

C. Sample preparation

A composite made of carbon fibers~nominally 6mm in
diameter! embedded in an epoxy matrix was used for t
experiments. A 2 mm thick sample was cut using a diamo
saw and mechanically polished; the final polish was p
formed using 0.25mm diamond paste. The sample was th
mounted onto the AFM piezo scanner inside a dry b
purged with dry nitrogen~RH,2%!. To minimize thermal
drift, the sample was allowed to equilibrate with the tem
perature of the dry box for at least 1 h.

D. Scanning conditions for stiffness images

Diamond indenters with tip radii between 250–600 n
were used for the experiments. The indenter tips~tip radius R
and area function! were calibrated using both standard inde
tation techniques28 with quartz and blind tip
reconstruction40,41 with a tip characterizer~TGT01-Silicon-
MDT, Moscow, Russia!. The sample was then brought int
contact with the diamond tip at a constant~dc! contact force
of 1.5–2 mN using AFM feedback control. To obtain th
stiffness image, the indenter tip was modulated with a si
soidal force of;1 mN at 200 Hz, which resulted in a tip
displacement amplitude between 0.5–2 nm. Interlea
scanning was performed at a scan rate of 0.1 Hz over
mm2 and 5123512 pixel resolution for all the experiments
The lock-in time constant was set to 3 ms. Data were
quired and processed to obtain contact force, sinusoidal
placement amplitude and phase shift. Electronics correc
factors ~at 200 Hz! were 0.594 for force@see Eq.~A1!#,
1.163 for displacement~1/@~A3!* ~A5!# and 66° for the phase
shift. The data were further processed using image man
lation software~Transform, Research Systems, Boulder, C!
to obtain the damping coefficient as well as storage and
stiffness images using Eqs.~1!–~3!.

E. Indentation experiments

Both standard force-displacement28 ~to a maximum load
of 200 mN! and force-modulation methods27 were used to
evaluate moduli of the various regions of the sample. St
dard calibration techniques were employed to model the a
function of the Berkovich tip for indents to depths grea
than the tip defect.28 The force-modulation amplitude for in
dents ranged between 1–3mN at 105 Hz, with a lock-in time
constant of 100 ms and indentation rate of 2–20mN/s.
Force–distance curves42 were used to evaluate the adhesi
of the indenter tip to the sample.

III. RESULTS AND DISCUSSION

A. Stiffness imaging and interpretation

Figure 3~a! shows the contact force image obtained
monitoring the indenter tip displacement using the displa
ment transducer and the known spring constant of the tra
ducer. Although the contact force was kept constant aro

-

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 3. Images of a carbon fiber-epoxy composite, scan size is 10mm310 mm, for ~a! the contact force~in mN!, ~b! the ratio of the force modulation
amplitude to the displacement amplitude~in N/m and corrected for electronics, see the Appendix! corresponding to the contact force image, and~c! the true
phase shift~in degrees and corrected for electronics! between the oscillating force and the displacement during scanning are shown.
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1.6 mN, a small variation~100 nN! can be seen as a result
feedback error, giving slight contrast to the image. Fig
3~b! shows the ratio of the sinusoidal force amplitudeF0 to
the displacement amplitudeX0 ~corrected for electronics, se
the Appendix! corresponding to the constant contact for
imaging. The measured amplitude ratio is due primarily
the mechanical response of the sample to the applied l
Figure 3~c! shows the true phase shift~corrected for electron-
ics! between the sinusoidal force and the displacement
ing scanning. From Eqs.~1! and ~2!, it can be observed tha
amplitude ratio and phase shifts can occur as a resul
changes in the local damping coefficient and/or contact s
ness; contrast in the images reflects variation of the c
bined tip–sample elastic and damping response across
sample.

The stiffness and damping response can be deconvol
from Figs. 3~b! and 3~c! using Eqs.~1! and ~2!. In this way,
the images can be processed to obtain the storage and
components of the contact stiffness using Eqs.~3! and ~5!.
Figure 4 shows the storage and loss component of the
tact stiffness. The contact stiffness is much higher for
carbon fiber than the epoxy matrix. The loss components
both are roughly 1/5 to 1/3 the storage components.
contrast in both images is now shown to be due to a varia
in tip–sample interaction stiffness across the compo
sample, and is similar for both the storage and loss com

FIG. 4. Images of a carbon fiber-epoxy composite, scan size is 10mm310
mm, for ~a! the storage and~b! loss components of the contact stiffness a
shown.
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nents. Additionally, a subtle gradient in contrast at the cen
of the fiber indicates that the center is more compliant th
the periphery. The contrast was observed in the center o
fibers, and could be due to porosity or other nonuniform
often observed in such fibers.43

B. Materials property evaluation from images

The storage and loss moduli were obtained from
stiffness image by applying an appropriate contact mech
ics model. For an elastic contact, in the absence of adhe
or if the applied force is much greater than the adhesi
Hertzian mechanics can be used to determine the con
radius.44 For the present experiments, force–distance cur
were used to evaluate the tip–sample adhesion. Figur
shows a force–distance curve~force and interaction stiffnes
versus sample displacement! for the carbon fiber region and
a diamond indenter tip with a radius of 250 nm. The expe
ment was conducted at a relative humidity of;1%. During
the approach, the indenter experienced an attractive forc
;150 nN before making contact with the sample. Duri
pull-off measurements, the adhesion was 150630 nN. The
interpretation of the force and interaction stiffness curves
given elsewhere.35,42 For the images shown, adhesion fro
different regions of the sample ranged between 100–200
Because the applied contact force was;1600 nN, it is rea-

FIG. 5. Force–distance curves showing the interaction stiffness betwe
diamond indenter tip~with a radius of 250 nm! and carbon fiber are shown
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1197J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 Syed Asif et al.
sonable to apply Hertzian contact mechanics. In this case
a spherical indenter in contact with a sample, the radius
the contact area,a, is

a5S 3FR

4E* D 1/3

, ~6!

whereF is the applied load andR is the radius of curvature
of the tip. Equation~6! is valid for a nonsliding contact. Fo
sliding contacts, Johnson45,46 predicted that the contact ra
dius may be reduced compared to static contact. Howe
the experimental evidence using AFM by Carpicket al.47

and surface force apparatus~SFA! by Israelachvili48 suggests
that there is only very little or no change in contact ar
during sliding in AFM and SFA experiments, respective
Assuming that sliding during scanning does not significan
change the contact area, Eqs.~4! and~6! can be combined to
obtain the reduced modulus

E* 5A Ks
3

6FR
. ~7!

Figures 6~a! and 7~a! show the reduced modulus imag
~storage and loss! calculated by substituting the contact for
and stiffness data into Eq.~7!. The contrast clearly show
that the modulus at the center of the fiber is less than at
periphery, while the modulus of the epoxy is at least an or
of magnitude less than the fiber. Edge artifacts can be cle
distinguished from true mechanical response, but are m
mal here due to a good sample polish. To reduce the no
the data were averaged. A cross section of the data run
across the center of the fiber is shown in Figs. 6~b! and 7~b!.
The storage modulus of the epoxy is;1.3 GPa, while the
fiber center is;35 GPa, increasing slowly to a consta
value of ;53 GPa at the periphery. Loss moduli for bo
regions are about 1/5 to 1/3 that of the storage moduli.

C. Comparison with standard techniques

For comparison, conventional indentation experime
were done at different locations of the sample. Figure
shows the indentation response at the center~A! and periph-
ery ~B! of the fiber, and in the epoxy~C! for a maximum load

FIG. 6. ~a! Map of storage modulus~in GPa! and~b! line scan of the carbon
fiber-epoxy composite are shown. Scan size is 10mm310 mm. The image
contrast is due to change in elastic modulus. Line scan through the cen
the image shows storage modulus gradient at the center of the fiber.
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of 200 mN. The modulus calculated from load-displaceme
graphs using standard unloading slope analyses is 3.560.5
GPa for the epoxy region, 4862 GPa for the center of the
fiber, and 5763 GPa at the periphery. This confirms a;20%
difference in modulus across the fiber, which is clearly v
ible in the images.

A second set of indentation experiments were done
compare dynamic properties of the sample. In these exp
ments, storage and loss moduli were calculated from a c
tinuous measurement of contact stiffness at a given
quency. Figure 9 shows the contact stiffness response,
frequency of 105 Hz, as a function of load for the carb
fiber and epoxy matrix. Because during these experime
the indents penetrate the sample to greater depths than d
the contact stiffness imaging experiment, the fit for the Be
ovich tip is used rather than the Hertzian approximation
calculate elastic modulus.

Figure 10 shows a comparison of modulus measu
ments by indentation and imaging. To get a statistical e
mate of the modulus from the imaging technique, histogra
of the image data were analyzed, and mean and stan
deviation of moduli for the various regions were obtained
peak fits using normal distributions.

The reduced moduli calculated from the scanned ima
are in excellent agreement with the indentation measu

of

FIG. 7. ~a! Map of loss modulus~in GPa! and ~b! line scan of the carbon
fiber-epoxy composite are shown. Scan size is 10mm310 mm. Contrast in
the image is due to change in loss modulus. Line scan through the cen
the image shows loss modulus gradient at the center of the fiber.

FIG. 8. Conventional load-displacement indentation curves of the carb
epoxy composite at the center~A! and periphery~B! of the fiber and in the
epoxy ~C! matrix are shown. A maximum load of 200mN was applied.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ments for both the storage and loss components. Some v
tion of modulus between the new image mode and conv
tional indentation mode maybe attributed to differences
the frequency response of the materials; in any case,
agreement is quite good. The larger scatter in the mo
obtained from the fiber region with the imaging technique
due to noise, which can be reduced by increasing the am
tude of the force modulation. However, imaging conditio
were optimized to get a measurable displacement resp
from both fiber and epoxy regions. The storage moduli co
pare favorably to literature values26 for other carbon fibers
The good correlation between the imaging~low load! and
indentation ~higher load! modes suggests that the samp
polishing technique did not damage the surface, as was
served in previous low load indentation experiments on a
mid fibers.49

FIG. 9. Plots of the storage and loss contact stiffness~in N/m! for ~a! the
epoxy matrix and~b! carbon fiber as a function of load~in mN! are shown.

FIG. 10. Comparison of modulus measurements made by indentation
imaging at the center,~A!, and periphery,~B!, of the fiber and epoxy,~C! are
shown.
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The imaging results can improve the way we cond
mechanical property measurements in several ways. Ra
than depending on topography alone in a scanned imag
select indentation locations, the contrast in the phase
amplitude response can be used to identify regions of in
est. This could be especially valuable in nanocomposi
polymers or tribological surfaces, for example, where top
raphy may not correspond to mechanical property diff
ences, or in studies of subsurface delamination of thin film
At the scan rates used in these experiments, the images
about 2–3 h to complete. While this is considerably long
than conventional scanning rates in AFM, the images can
analyzed and converted to quantitative stiffness and mod
maps in a matter of minutes. Importantly, this method elim
nates the tedious task of performing and analyzing inde
tion arrays where sample nonuniformities~e.g., defects, as
perities, and edge effects! are difficult to locate and interpret
Furthermore, because the tip–sample interaction is ela
the spatial resolution is also improved over indentation ma
where indents should be spaced far apart to eliminate
effects of residual stress and plastic deformation from nei
boring indents. Any inelastic tip–sample interactions~i.e.,
plastic deformation! will also limit the application of this
technique; hence, experiments should be performed at
lowest practical load. The results confirm that quantitat
mapping of dynamic mechanical properties, with the tip
continuous contact with the surface, is possible if proper
strument calibration and analysis are performed.

IV. CONCLUSIONS

Quantitative imaging of contact stiffness and elas
modulus ~storage and loss! was demonstrated for a fiber
epoxy sample using a hybrid nanoindentation apparatus
combines depth-sensing indentation with the imaging ca
bilities of AFM. Good correlation of storage and loss mod
was found between imaging and measurements made u
conventional nanoindentation techniques. Contrast in
phase and amplitude images, without the detailed proces
employed in this article, can also be used to identify regio
of interest for indentation measurements as well as aid
interpreting subtle changes in mechanical properties.
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APPENDIX

The transducer and its accompanying electronics h
been designed to achieve a balance between maximi
signal-to-noise ratio and preserving bandwidth sufficient
quasi-static operation over a meaningful range of load
and displacement rates. In the case of dynamic opera
however, much more detailed attention must be given to
ters ~component transfer functions!, as they affect the mea
sured response versus frequency spectrum. Of course, n
transfer functions need be considered in terms of freque
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dependency, rather only those that ultimately impart an
acceptable level of error to the determination of mater
properties over the dynamic testing bandwidth.

Three low-pass filters relevant to the dynamic test
bandwidth used in this work exist along the signal path fr
the point of force actuation to the point of measuring t
displacements~see Fig. 11!. They are~1! a first-order filter
affecting the oscillatory component of the force actuat
voltage,~2! a first-order filter after the synchronous demod
lator that is integral to the capacitive sensing technique,
~3! a user-selectable second-order filter operating on the
modulated and filtered displacement signal just prior to d
tization by the data acquisition system. Transfer functions
these filters are described below in terms ofRC time con-
stants, resistor ratios, and frequencyv in order to illustrate
their functional form. Specific component values are n
given as they have evolved over the course of time,
would not be universally applicable.

1. Correcting the applied force

The force modulation electronics used in this work e
ploy a square-root circuit to generate the voltage to be
plified and filtered by the actuation electronics, with its o
put given by VSR5AVdc1Vac sinvt. This circuit is
appealing from the standpoint that for a parallel-plate cap
tor the electrostatic force is proportional to the square
voltage, which would lead to the ‘‘clean’’ result of the ap
plied dynamic force always proportional t
Vdc1Vac sinvt.36 The presence of the actuation filter, how
ever, precludes straightforward application of this conc
across the dynamic testing bandwidth.

Typically, the transducer is biased with a dc voltageVdc,
which is set approximately two orders of magnitude grea
than Vac; hence, evaluating the case ofVdc@Vac is most
appropriate to this study. In this limit, the square-root
functional form AVdc1Vac sinvt can be approximated b
a01a1 sinvt, where a050.5@AVdc1Vac1AVdc2Vac# and
a150.5@AVdc1Vac2AVdc2Vac# if one imposes equal oscil
lation amplitude. For the values ofVdc,Vac used in these
experiments, this approximation deviates maximally fro
the true functional form by only 0.001%; the harmonic co
tent at 2v is nearly three orders of magnitude smaller th
the fundamental. The practical implication of this exercise
that the oscillatory component of the dynamic force is li
ited to the fundamental, and that the frequency depende
of its amplitude is governed by the transfer function for t
classical passive first-order low-pass filter acting on a si
soidal input. In other words,

FIG. 11. Block diagram of relevant filters affecting the phase and amplit
of the ac displacement signal is shown.
Downloaded 04 Oct 2001 to 132.250.150.239. Redistribution subject to A
-
s

g

-
d
e-
i-
r

t
d

-
-

-

i-
f

t

r

-

s
-
cy

-

U Fac~actual!

Fac~apparent!
U5 1

A11~vRC!2
, ~A1!

with the phase lag introduced to the signal as

tan u5vRC. ~A2!

Interestingly, application of the square-root circuit elim
nates coupling between ac and dc components in deter
ing the force amplitude of thev term, which would not be
the case, in general, for arbitrarya0 and a1. It is noted,
however, that the square-rooted functional form deviates
nificantly from a simple dc-shifted sinusoid in the limit o
Vac approachingVdc, therefore, the harmonic content mu
be considerable in this case. Consequently, knowing the
sultant coefficients of the force amplitude spectrum, in
presence of the actuation filter, takes on a measure of c
plexity in that limit.

2. Correcting the displacement signal „step 1 …

The first correction to the measured displacementX in-
volves the transfer function of the active first-order low-pa
filter acting on the output of the synchronous demodula
which is described by

U Xd2output

Xmechanical
U5 11R2 /R1

A~11R2 /R1!21~2vR2C!2
, ~A3!

and a phase lag of

tan u5
2vR2C

11R2 /R1
. ~A4!

In Eq. ~A3!, Xmechanicalis the actual displacement amplitud
andXd2output is the filtered displacement amplitude after d
modulation.

3. Correcting the displacement signal „step 2 …

The second and final correction to the measured
placement involves the transfer function for the us
selectable active second-order low-pass filter just prior to
point of digitization, which is described by

U Xoutput

Xf 2 input
U5 1

AA21B2
, ~A5!

where Xf 2 input5Xd2output from Eq. ~A3!, A51
2v2R1C1R2C2 andB5vC2(R112R2), with the phase lag
given by

tan u5
B

A
. ~A6!

In summary, the force amplitude is governed by E
~A1!, the mechanical displacement amplitude can be fou
by dividing the measured displacement amplitude by E
~A3! and~A5!, and the mechanical phase shift correspond
the phase shift measured relative to the square-root cir
output minus the sum of electronic phase shift~phase lag!
given by Eqs.~A2!, ~A4!, and~A6!.
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D. Alternative „simplified … phase shift correction
method

An alternative method to correct for phase shift due
electronics can be accomplished by zeroing the phase a
lock-in amplifier for a given~fixed! driving frequency. In this
case, it is necessary to know the dynamics of the transd
when it is free of contact.27 The corrected phase shiftfc in
this case is

fc5tan21S vCi

Ki2mv2D1u, ~A7!

whereCi is the damping coefficient of the transducer,Ki is
the spring stiffness,m is the mass of the transducer, andu is
the measured phase shift from the lock-in after zeroing
phase manually on the lock-in. In the present experiment,
phase shift due to electronics is 66° at a driving frequency
200 Hz.

1H. Engqvist and U. Wiklund, Tribol. Lett.8, 147 ~2000!.
2D. W. Moon, R. W. Fonda, and G. Spanos, Weld. J.~Miami! 79, 278S
~2000!.

3K. O. van der Werf, C. A. J. Putman, B. G. de Grooth, and J. Greve, A
Phys. Lett.65, 1195~1994!.

4M. Radmacher, J. P. Cleveland, M. Fritz, H. G. Hansma, and P.
Hansma, Biophys. J.66, 2159~1994!.

5D. D. Koleske, G. U. Lee, B. I. Gans, K. P. Lee, D. P. DiLella, K. J. Wa
W. R. Barger, L. J. Whitman, and R. J. Colton, Rev. Sci. Instrum.66, 1
~1995!.

6M. Heuberger, G. Dietler, and L. Schlapbach, Nanotechnology6, 12
~1995!.

7V. V. Tsukruk and Z. Huang, Polymer41, 5541~2000!.
8S. M. Hues, C. F. Draper, K. P. Lee, and R. J. Colton, Rev. Sci. Instr
65, 1561~1994!.

9M. R. VanLandingham, J. S. Villarubia, W. F. Guthrie, and G. F. Meye
in Nanoindentation of Polymers: An Overview, Macromolecular Sympo-
sia, Vol. 167, Mar. 2001~Wiley, Berlin, 2001!, pp. 15–43.

10M. R. VanLandingham, S. H. McKnight, G. R. Palmese, J. R. Elings,
Huang, T. A. Bogetti, R. F. Eduljee, and J. W. Gillespie, J. Adhes.64, 31
~1997!.

11P. Maivald, H. J. Butt, S. A. Gould, C. B. Prater, B. Drake, J. A. Gurley,
B. Elings, and P. K. Hansma, Nanotechnology2, 103 ~1991!.

12K. Yamanaka, H. Ogiso, and O. Kolosov, Appl. Phys. Lett.64, 178~1994!.
13T. Kajiyama, K. Tanaka, I. Ohki, S. R. Ge, J. S. Yoon, and A. Takaha

Macromolecules27, 7932~1994!.
14N. A. Burnham, A. J. Kulik, G. Gremaud, P. J. Gallo, and F. Oulevey

Vac. Sci. Technol. B14, 794 ~1996!.
15F. Oulevey, G. Gremaud, A. Semoroz, A. J. Kulik, N. A. Burnham,

Dupas, and D. Gourdon, Rev. Sci. Instrum.69, 2085~1998!.
16A. Rosa, E. Weilandt, S. Hild, and O. Marti, Meas. Sci. Technol.8, 1333

~1997!.
17U. Rabe, V. Scherer, S. Hirsekorn, and W. Arnold, J. Vac. Sci. Techno

15, 1506~1997!.
18N. A. Burnham, G. Gremaud, A. J. Kulik, P.-J. Gallo, and F. Oulevey

Vac. Sci. Technol. B14, 1308~1996!.
Downloaded 04 Oct 2001 to 132.250.150.239. Redistribution subject to A
he

er

e
e
f

l.

.

.

,

.

,

.

B

.

19J. Tamayo and R. Garcia, Appl. Phys. Lett.71, 2394~1997!.
20J. Tamayo and R. Garcia, Appl. Phys. Lett.73, 2926~1998!.
21O. P. Behrend, L. Odoni, J. L. Loubet, and N. A. Burnham, Appl. Ph

Lett. 75, 2551~1999!.
22N. A. Burnham, O. P. Behrend, F. Oulevey, G. Gremaud, P.-J. Gallo

Gourdon, E. Dupas, A. J. Kulik, H. M. Pollock, and G. A. D. Brigg
Nanotechnology8, 67 ~1997!.

23N. A. Burnham, A. J. Kulik, F. Oulevey, C. Mayencourt, D. Gourdon,
Dupas, and G. Gremaud, inMicro/Nanotribology and its Applications,
edited by B. Bhushan~Kluwer, Dordrecht, 1997!, Vol. E330, pp. 439–454.

24J. Colchero, M. Luna, and A. M. Baro, Appl. Phys. Lett.68, 2896~1996!.
25S. Ge, Y. Pu, W. Zhang, M. Rafailovich, J. Sokolov, C. Buenviaje,

Buckmaster, and R. M. Overney, Phys. Rev. Lett.85, 2340~2000!.
26P. E. Mazeran and J. L. Loubet, Tribol. Lett.7, 199 ~1999!.
27J. B. Pethica and W. C. Oliver, Physica ScriptaT19A, 61 ~1987!.
28W. C. Oliver and G. M. Pharr, J. Mater. Res.7, 1564~1992!.
29S. P. Jarvis, A. Oral, T. P. Weihs, and J. B. Pethica, Rev. Sci. Instrum.64,

3515 ~1993!.
30E. L. Florin, M. Radmacher, B. Fleck, and H. E. Gaub, Rev. Sci. Instru

65, 639 ~1994!.
31S. A. Joyce and J. E. Houston, Rev. Sci. Instrum.62, 710 ~1991!.
32B. Bhushan, A. V. Kulkarni, W. Bonin, and J. T. Wyrobek, Philos. Mag.

74, 1117~1996!.
33O. L. Warren, J. F. Graham, and P. R. Norton, Rev. Sci. Instrum.68, 4124

~1997!.
34S. A. Syed Asif, K. J. Wahl, and R. J. Colton, inThin Films—Stresses and

Mechanical Properties VIII, edited by R. Vinci, O. Kraft, N. Moody, P.
Besser, and E. Shaffer II~Materials Research Society, Pittsburgh, 200!,
Vol. 594, pp. 471–476.

35S. A. Syed Asif, R. J. Colton, and K. J. Wahl, inInterfacial Properties on
the Submicron Scale, edited by J. E. Frommer and R. M. Overney~Ameri-
can Chemical Society, Washington, DC, 2001!, Vol. 781, pp. 198–215.

36S. A. Syed Asif, K. J. Wahl, and R. J. Colton, Rev. Sci. Instrum.70, 2408
~1999!.

37S. A.Syed Asif, Thesis,~Oxford University Press, London, 1997!.
38S. A. Syed Asif and J. B. Pethica, inThin-Films — Stresses and Mechan

cal Properties VII, edited by R. C. Cammarata, E. P. Busso, M. Nasta
and W. C. Oliver~Materials Research Society, Pittsburgh, 1998!, Vol. 505,
pp. 103–108.

39J. L. Loubet, W. C. Oliver, and B. N. Lucas, J. Mater. Res.15, 1195
~2000!.

40J. S. Villarrubia, Surf. Sci.321, 287 ~1994!.
41J. S. Villarrubia, J. Vac. Sci. Technol. B14, 1518~1996!.
42S. A. Syed Asif, K. J. Wahl, and R. J. Colton, J. Mater. Res.15, 546

~2000!.
43J.-B. Donnet and R. C. Bansal,Carbon Fibers~Marcel Dekker, New York,

1990!.
44K. L. Johnson,Contact Mechanics~Cambridge University Press, Cam

bridge, UK, 1985!.
45K. L. Johnson, inMicro/Nanotribology and Its Applications, edited by B.

Bhushan~Kluwer, Dordrecht, 1997!, Vol. 330, pp. 151–168.
46K. L. Johnson, Proc. R. Soc. London, Ser. A453, 163 ~1997!.
47R. W. Carpick, N. Agrait, D. F. Ogletree, and M. Salmeron, Langmuir12,

3334 ~1996!.
48J. N. Israelachvili, inFundamentals of Friction: Macroscopic and Micro

scopic Processes, edited by I. L. Singer and H. M. Pollock~Kluwer, Dor-
drecht, 1992!, Vol. 220, pp. 351–385.

49J. F. Graham, C. McCague, O. L. Warren, and P. R. Norton, Polymer41,
4761 ~2000!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp


