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ABSTRACT: In this work, a dual-frequency resonance tracking (DFRT) method was applied on atomic force acoustic microscopy

(AFAM) and high-resolution, quantitative nanomechanical mapping of a glass fiber–reinforced polymer composites (GFRP) was

realized. Results show that even using the single-frequency AFAM, the fiber, and epoxy can give very good contrast in amplitude

images. The modulus mapping result on GFRP by DFRT AFAM was compared with that by dynamic nanoindentation, and it is

found that DFRT AFAM can map the elastic modulus with high spatial resolution and more reliable results. The interface of GFRP

was especially investigated using a 2 lm 3 2 lm scanning area. Finite element analysis was implemented to investigate the effect

of tip radius and the applied pressing force on the interface measurement using a sharp “interface”. By setting a linear-modulus-

varied interface with finite width in finite element analysis (FEA), similar comparison between FEA and AFAM experimental results

was also implemented. The average interface width is determined to be 476 nm based on the high-resolution modulus image, indi-

cating that AFAM is a powerful method for nanoscale interface characterization. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014,

131, 39800.
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INTRODUCTION

Fiber reinforced polymer composites (FRP) is a large type of

important structural materials widely used in aeronautic fields

as well as in infrastructure engineering fields because of their

high strength and light weight.1–3 This kind of materials usu-

ally consists of two components, the fiber and the matrix,

whose macroscopic mechanical properties differ much from

each other. The interface is a small region between the fiber

and the matrix ranging from tens of nanometers to several

micrometers,4,5 which is an important issue for FRP. During

the manufacturing process, the fibers as well as the matrix are

usually subjected to special treatments to enhance the compo-

sites’ mechanical performance. Meanwhile, FRP are usually

used under various ambient conditions, for example moisture,

high temperature, prestress, etc., which may considerably affect

or degrade the materials’ performance.6–8 The stiffness and

strength of the interface are key factors affecting the load

transfer between the fiber and the matrix and then the whole

material’s strength.9,10 The interface can also be tailored to

adjust the strength and fracture resistance to be a balanced sta-

tus.11,12 Besides, the failure of FRP usually initiates at the

interface. Therefore, to better understand how the macroscopic

mechanical properties evolve during the manufacture or duty

process, it is crucial to characterize the micro/nanoscale

mechanical properties of the interfaces, fibers, and matrix. To

accomplish these missions, a quantitative, high-resolution as

well as highly reliable characterization method is deeply

required.

Many researchers have investigated the FRP as well as the

interfaces using different characterization methods,13–18

including nanoindentation (NI),13–15 force-distance curves,16

phase imaging,16 transmission electron microscopy (TEM),17

Raman spectroscopy,18 etc. However, these methods suffer

from more or less deficiencies in mechanical characterization

of the composites especially the interface. NI, mainly used for

single-point testing, is now the most widely used nanome-

chanical characterization method. While NI is inherently

destructive because of its relatively large load (typically on the

order of mN) and its lateral spatial resolution is limited by the

indenter radius which is usually larger than 100 nm. The

force–distance curve method based on atomic force micros-

copy (AFM) is only suitable for very soft materials. It has a

poor resolution and is usually very time-consuming for array

imaging. The TEM method can directly observe the interface
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structure and has a high spatial resolution but the sample’s

local mechanical properties cannot be obtained at all. The

AFM phase imaging and Raman spectroscopy are useful and

convenient methods for mechanical property mapping but

quantitative interface characterization is generally difficult to

realize.

Among all the above-mentioned methods, the AFM-based

characterization methods should be more promising19 as the

tip radius of AFM cantilever is typically about 5–50 nm,

which can give a very high lateral resolution and is thus very

suitable for nanoscale characterization. The force applied by

the AFM cantilever tip onto the sample ranges from tens of

nN to several lN, which is much smaller than that in NI and

nearly nondestructive for FRP because a large exerted force

could induce plastic deformation on the epoxy matrix, mak-

ing the elastic modulus measurements less accurate. Among

all the AFM-based techniques, atomic force acoustic micros-

copy (AFAM) is a relatively new dynamic method very suita-

ble for quantitative nanomechanical characterization.20,21

Typically there are two imaging modes for AFAM. One is the

single-frequency (SF) mode that gets the cantilever’s ampli-

tude and phase signals at a fixed excitation frequency. The SF

AFAM can map the mechanically heterogeneous microstruc-

tures at nanoscale but quantitative information is generally

difficult to achieve. The other is resonance-tracking (RT)

AFAM, or contact resonance force microscopy (CR-FM),

which tracks the contact-resonance frequency (CRF) at every

pixel of the scanning area to get a CRF image. Using a refer-

ence material with known elastic properties, the modulus

image can then be obtained based on a cantilever vibration

model as well as a tip-sample contact mechanics model.22

With a high lateral resolution as well as small applied force,

AFAM is now probably the most suitable method for nano-

scale mechanical property imaging of FRP, especially the small

region near the interface. However, currently the AFAM with

frequency sweep technique suffers from its low speed, which

typically requires about 30 mins for a 256 3 256 pixels

image.23,24

In this work, a dual-frequency resonance tracking (DFRT)

technique was applied on AFAM and quantitative, high-

resolution nanomechanical mapping of a glass fiber reinforced

polymer composites (GFRP) was realized. Firstly, with both

the SF AFAM and DFRT AFAM, the nanomechanical proper-

ties of a GFRP were systematically investigated. Modulus

mapping by dynamic NI was also conducted to make a com-

parison with AFAM. Results showed that DFRT AFAM is a

reliable method for high-resolution nanomechanical character-

ization. Finally, to precisely determine the width of the fiber/

epoxy interface and show the high-resolution characterization

of AFAM, interface mapping on a 2 lm 3 2 lm scanning

area was specially performed. Finite element analysis (FEA)

was implemented to examine the effect of tip radius and

applied force on interface measurement with a sharp

“interface”. By introducing a linear-modulus-varied interface

with finite width in FEA, similar comparison between AFAM

experimental results and FEA was also implemented. The

average interface width was finally determined to be 476 nm

based on 10 radial profiles randomly selected across the inter-

face on the modulus image.

EXPERIMENTAL SETUP AND PRINCIPLE OF AFAM

In this section, we will briefly present the AFAM testing setup

and the principle of resonance tracking AFAM to get the modu-

lus mapping.

AFAM Testing Setup

Our AFAM testing setup is based on a commercial AFM

(MFP-3D, Asylum Research, Santa Barbara, CA), as schemati-

cally shown in Figure 1. The cantilever tip contacts the sam-

ple surface with a constant pressing force. The testing sample

is bonded tightly on a piezoelectric transducer so that it can

vibrate synchronously with the transducer, which will further

excite the cantilever’s flexural vibration through the coupled

tip-sample contact. The exciting signal to the piezoelectric

transducer can be single-frequency or sweep frequency. In our

experiment, a dual-frequency-resonance-tracking (DFRT)

method was applied on AFAM to get the CRF at each pixel.

The DFRT method is a fast and reliable feedback RT tech-

nique that uses two signal generators and two lock-in ampli-

fiers. The principles and details of DFRT method can be

found elsewhere25 and will not be iterated here. The DFRT

method had been successfully used in piezoresponse force

microscopy,25,26 whereas so far its application on AFAM are

very few.27

Principle of AFAM

For AFAM quantitative measurement, the cantilever is usually

modeled as an Euler–Bernoulli beam with a spring of k�

coupled to the sample surface representing the tip-sample con-

tact stiffness, as illustrated in Figure 2. With the above beam

model, the contact stiffness k� can be expressed by the charac-

teristic equation as21

Figure 1. Schematic diagram of DFRT AFAM experimental setup.

Figure 2. Euler–Bernoulli beam model for quantitative AFAM

characterization.
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where kC is the spring constant of cantilever, h 5 L1/L is a tip

location parameter, L is the whole length of the cantilever and

L1 is the length from the tip to the clamped end,
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p
, an is the wave number of the nth flexural

vibration of the surface coupled cantilever, fn is the nth CRF,

f 0
n is the nth free resonance frequency, a0

nL is the nth eigen-value

of free flexural vibrations, with the first three roots to

be 1:8751; 4:6941; 7:8548f g, and
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The most common used contact mechanics model of the tip-

sample contact is the Hertz contact model. In this model, the

normal contact stiffness k� is given by28

k�5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6E�2RFN

3
p

(3)

where R is the spherical tip’s radius, FN is the applied normal

press force, E� is the reduced elastic modulus of the tip-sample

contact system, which can be expressed by

1

E�
5

1

Mt

1
1
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(4)

where Ms is the indentation modulus of the sample surface, Mt

is the indentation modulus of the cantilever tip.

In practical measurement, the tip radius of curvature is usually

difficult to determine, so a reference material with known mod-

ulus is required for calibration. Based on the CRF thus the con-

tact stiffness data of the reference material, the reduced elastic

modulus can be calculated,

E�s2tip5E�ref 2tip

k�s2tip=kC

k�ref 2tip=kC

 !n

(5)

Where for a Hertz contact n51:5, and for a flat punch contact

n51:0.28

Then the indentation modulus of the test sample can be calcu-

lated using the following equation:

Ms5 k�ref =k�s

� �n
�

Mr1 k�ref =k�s

� �n

21
h i�

Mt

� �21

(6)

EXPERIMENTAL PROCEDURE AND FINITE ELEMENT
ANALYSIS

Sample Preparation

The sample used in our experiments is a GFRPcomposites. The

composites were prepared using a vacuum bag molding method

to reduce the porosity. The shaped cylindrical bulk sample was

then cut into wafers with the thickness of �1 mm for testing.

To reduce the influence of roughness on the CRF image, the

samples were carefully grinded with alumina powder solution

with the powder radius ranging from 20 to 1.5 lm and then

carefully polished with 0.05 lm emulsion of diamond powder

using a precision polishing machine. After polishing, the sam-

ples were then cleaned up using an ultrasonic cleaner to get rid

of the small polishing particles on the surface.

Experimental Procedure

Before the AFAM testing, the measurement sensitivity to the

spring constant of the cantilever was first examined in which

three cantilevers with the spring constant of 48, 2, and 0.2 N/m

were used. The forces applied on the tip were set to be 2 lN

for the 48 N/m cantilever, 80 nN for the 2 N/m cantilever, and

10 nN for the 0.2 N/m cantilever, respectively, making the

deflections of the three cantilevers to be approximately the

same. The analysis results of CRF change as a function of mod-

ulus were shown in Figure 3 for both Hertz contact and punch

contact, from which we can conclude that for soft material char-

acterization <1 GPa, a probe with 0.2 N/m would be the best

choice with small applied force; for materials whose modulus is

less than 20 GPa, a probe with 2 N/m could be used; whereas

for more stiffer materials, a probe with 48 N/m would be

appropriate. As the modulus of the glass fiber is 60–90 GPa and

the epoxy 3–6 GPa, a cantilever of 48 N/m should be chosen in

our GFRP characterization. The spring constant of the cantilever

used in our AFAM experiments is 41.85 N/m determined by a

thermal calibration method.29 Using this cantilever, we first con-

duct the SF AFAM testing, then the DFRT AFAM testing on the

GFRP sample. As the NI is now a widely used tool for nanome-

chanical characterization and the dynamic NI can accomplish

modulus mapping,30 dynamic NI modulus mapping was also

conducted on the GFRP sample to make a comparison with

that by DFRT AFAM. Finally, the high-resolution interface char-

acterization of GFRP was specially conducted within a 2 lm 3 2 lm

scanning area.

Finite Element Analysis

For the measurement of the fiber/epoxy interface width which

is typically on the order of several hundred nm to several lm,

as AFM always gives a larger size than the actual size because of

the nonzero tip radius effect, it is necessary to specially investi-

gate the effect of tip radius as well as the pressing force on the

measured interface width. In this work, a 3-D finite element

model (ABAQUS version 6.10.1) was employed to calculate the

contact stiffness variations across a sharp fiber/epoxy interface

(illustrated in Figure 4) as well as a linear-modulus-varied inter-

face with finite width. In the calculation, all the materials used

are set to be isotropic and linear elastic with Poisson’s ratio of

all materials to be 0.3 for simplicity. Young’s modulus of the
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silicon cantilever tip, the epoxy, and the fiber are 165, 5, and 65

GPa, respectively, based on the single-point NI measurement.

The cantilever tip was modeled with four-node 3-D tetrahedron

elements C3D4, which is very suitable for spherical body mesh-

ing and has a high accuracy after refinement. The epoxy as well

as the fiber was modeled using eight-node 3-D hexahedron ele-

ments C3D8R, which has relatively high analysis accuracy and

the analysis result is less affected when the mesh is highly dis-

torted under contact condition. The dimensions of the FEA

model were adopted that the longitudinal dimension along the

symmetric plane is eight times larger than the tip radius and

the dimension normal to the symmetric plane was six times

larger than the tip radius. As to the depth (or thickness), it was

set to be four times larger than the tip radius. Both the epoxy

matrix and fiber were clamped at the bottom. The force–depth

curve was obtained by setting a displacement loading and calcu-

lating the reaction force on the indenter tip. The contact stiff-

ness can be approximately calculated by the following

equation31:

ki5
dFN

dd

����
d5di

� 1

2

Fi11
N 2Fi

N

di112di
1

Fi
N 2Fi21

N

di2di21

	 

(7)

Here ki is the contact stiffness of the ith load step, Fi
N and di is

the magnitude of the normal applied load and the correspond-

ing deformation of the ith load step, respectively. To investigate

the effects of tip radius on the contact stiffness, a series of radii

of 25, 50, and 100 nm are used. The applied displacement on

the tip was set to be 3 nm with the increment of 0.03 nm to

make the large-deformation analysis stable and accurate. With

the help of the FEA simulation results, the contact stiffness var-

iations across a sharp “interface” and a linear-modulus-varied

interface with finite width can be evaluated, which would help

us to determine the interface width in practical measurements.

RESULTS AND DISCUSSION

Qualitative Nanomechanical Imaging by Single-Frequency

AFAM

Figure 5 shows the images of a GFRP (18 lm 3 18 lm)

obtained using the single-frequency (SF) AFAM. Figure 5(a) is

the topography image in which the round fiber and the epoxy

matrix can be clearly observed with height difference up to

about 80 nm in the scanning area. The topography image is

obtained in contact mode by keeping the cantilever’s average

static deflection constant during the whole scanning process.

Figure 5(a) shows that the fiber is slightly lower than the epoxy

matrix. This is probably because of the fact that during com-

pression polishing, the surface may be strictly flat, whereas after

removing the compressing force, the epoxy will expand much

more than the fiber because of the larger difference in modulus.

Previous studies20,32,33 have shown that large height change or

topography roughness could influence the CRF of the cantilever

tip-sample configuration. Thus an accurate and reliable modu-

lus measurement requires the sample surface be strictly flat.

However, in most cases, this ideal condition is very difficult to

be satisfied for composite. Note that the fiber and epoxy were

very flat in their own region and the height changes gradually

Figure 4. Schematic of finite element model for the contact stiffness

variation calculation between the AFM tip and epoxy (left)/fiber (right).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. Sensitivity of the contact resonance frequency on the indentation modulus for cantilevers of different spring constants: (a) 0.2, (b) 2.0, and

(c) 48 N/m, respectively, for both Hertz and punch contact. The applied force is 10 nN for the 0.2 N/m cantilever, 80 nN for the 2 N/m cantilever and

2 lN for the 48 N/m cantilever to make a constant deflection. The tip radius is set as 20 nm and the relative tip position h 5 0.98. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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across the interface [Figure 5(a)], so in the following quantita-

tive characterization the effect of topography roughness on the

CRF image was just ignored and thus the calculated modulus

image.

Figure 5(b,c) are the amplitude images by SF AFAM obtained at

712.93 and 630.36 kHz, respectively, which both give distinct

contrast between the fiber and epoxy but show contrast inver-

sion at these two excitation frequencies. In SF AFAM mode,

sometimes the contrast inversion can even appear in only one

single amplitude image if the CRF shift is larger than the half-

width of the resonant peak.20 Because of the contrast inversion

problem, even qualitative mechanical characterization is some-

what difficult with SF AFAM. That is, from Figure 5(b,c), one

cannot tell whether the bright or the dark region is stiffer,

unless we know in advance that the fiber is much stiffer than

the epoxy. Figure 5(d) shows the phase image obtained at

630.36 kHz. At both sides of the contact resonance peak, the

phase images are similar and did not show contrast inversion.

Note that here the phase contrast should be related to CRF shift

during scanning at different positions. The phase signal shifted

according to the CRF shift, thus phase contrast emerges. Mean-

while, from the amplitude images and phase image, the inter-

face between the fiber and epoxy can be clearly distinguished

although the exact width is difficult to measure because of the

large scanning range.

Quantitative Modulus Mapping by DFRT AFAM and Dynamic

NI

For quantitative nanomechanical characterization, DFRT AFAM

on the same scan area was conducted, as shown in Figure 6.

Using the DFRT technique, the scan speed can reach up to 2

Hz while to prevent the cantilever from quick damage, the scan

speed was set at 0.5 Hz for all testing which means a 256 3 256

image requires about 8 mins, much faster than that of about 30

mins using the frequency sweep AFAM.32 Figure 6(a) is the

CRF image of the GFRP. It can be seen that the epoxy and

the fiber have a CRF difference of about 80 kHz, indicating that

the CRF is very sensitive to the modulus difference. With the

CRF data of the testing sample, the indentation modulus can be

calculated using aforementioned eqs. (1–6) with a reference

material whose elastic property is known by other methods.

Figure 6(b) shows the indentation modulus image calculated

using a fused silica (indentation modulus of 75 GPa) as the ref-

erence material and the Hertz contact model. Figure 6(c) is the

modulus distribution of the indicated line in Figure 6(b), from

which we calculated that the indentation modulus is

59:366:02GPa for the fiber with the relative error about

10.15% and that of 4:6360:72GPa for the epoxy with the rela-

tively error about 15.55%. From Figure 6(a,b), it can also be

seen that AFAM is sensitive to scratches, because the contact

area significantly changed between tip and sample surface.

Figure 5. Single-frequency AFAM images of a GFRP: (a) topography; and (b), (c) the amplitude images obtained at the excitation frequency of 712.93

and 630.36 kHz, respectively; and (d) the phase image. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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To test and verify the modulus mapping capacity of AFAM, we

also conducted dynamic NI testing on this GFRP to make a

comparison with AFAM. In dynamic NI testing, the static con-

stant force is 2 lN, with the amplitude of the dynamic force of

1 lN and driven frequency of 250 Hz. The scan rate is 0.2 Hz,

slow enough for instrument feedback during scanning. Mean-

while, to make the comparison more convincing, we conducted

NI measurements at several locations and choose the modulus

image with the smallest variations for comparison. Figure 7(a)

is the measured storage modulus image of GFRP by dynamic

NI. It can be seen that on the whole the fiber is stiffer than the

epoxy, but the measured modulus in the fiber region is obvi-

ously not as uniform as that by AFAM [seen from Figure 6(c)].

Figure 7(b) is the modulus distribution of the line indicated

part in Figure 7(a) (a line modulus distribution with the least

fluctuation was selected), from which we calculated the storage

modulus of the fiber is 99:53634:23GPa with the relative error

about 34.4% and that of the epoxy is 19:9865:13GPa with the

relative error about 25.7%. From Figures 6(b,c) and 7, it can be

seen clearly that the relative errors for modulus measurement

using AFAM is much smaller than that by dynamic NI, which

may indicate some superiority of AFAM in nanoscale modulus

mapping. Although in this case, AFAM showed more stable

results, we could not simply conclude that modulus mapping

function of CRFM is superior in measurement stability because

AFAM can also be easily affected by the topography roughness.

The reason why dynamic NI presented larger relative error in

our experiments is probably because of that both the amplitude

and phase of the indenter-sample system have to be simultane-

ously measured, and the phase response was much easily dis-

turbed by other material’s properties besides the mechanical

property. Whereas for AFAM, the only measured quantity is the

CRF of the tip-sample system. In addition, the modulus mea-

surement results obtained by dynamic NI are much larger than

the typical modulus values of the GFRP for both the epoxy

(3–6 GPa) and the glass fiber (50–90 GPa). Despite the modulus

difference from the typical value of glass fiber and the epoxy,

the measured moduli by dynamic NI are stable and repeatable.

These differences are probably because of that the NI indenter

usually exerts a relatively large force to the sample surface and

may introduce residual stress or plastic deformation in the sam-

ple after removing the indenter. The measurement accuracy of

the next point may be affected by the adjacent created indenta-

tion by the indenter. Another reason may be that although the

parameters of the instrument of NI were carefully calibrated

before experiments, the tip shape function of the indenter may

Figure 6. Quantitative modulus mapping of a GFRP using RT AFAM: (a) The CRF image, (b) the calculated indentation modulus image, and (c) the

indentation modulus distribution of the line indicated in (b). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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not be so accurate during the penetration process.5 So, it is rec-

ommended that combining both AFAM and NI may be a best

choice to investigate the nanoscale mechanical property of

materials.

High-Resolution Interface Characterization by AFAM

As the AFM cantilever has a small tip radius (5–50 nm) and the

applying forces is also very small (from tens of nN to several

lN), a high lateral resolution (typically about 10 nm) can be

Figure 8. RT AFAM images of a GFRP near the interface region. (a) Topography, (b) the CRF image, (c) the calculated indentation modulus image, and

(d) the modulus distribution of the indicated line in (c). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Modulus mapping images of a GFRP using dynamic NI: (a) the storage modulus and (b) the line scan modulus distribution indicated in (a).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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obtained and AFAM can then present more accurate and reli-

able measurement of interface width, which is very difficult

using other methods. In this work, a 2 lm 3 2 lm mapping

across the fiber/epoxy interface of the GFRP was conducted, as

shown in Figure 8. It can be seen that the fiber/epoxy interface

is clearly distinguished in the CRF image and the fiber is

bonded very well with the epoxy. Also using a fused silica as the

reference material, the indentation modulus image can be

obtained based on the CRF image, as shown in Figure 8(c). A

transition zone between the epoxy and the fiber can be clearly

seen. A typical indentation modulus distribution across the

interface is shown in Figure 8(d), from which we can clearly see

that modulus increases gradually from the epoxy region to the

fiber region and the transition zone between them is the

interface.

To better understand the effect of tip radius and applied force

on interface width measurement, FEA was specially imple-

mented to investigate the contact stiffness variation across the

interface. It is expected that when the cantilever tip scans in the

epoxy region, approaching the interface, both the epoxy and

interface region will have influences on the involved contact

stiffness and thus the CRF. Similar case occurs when the tip

scans in the fiber region and approaches the interface. There-

fore, it is concluded that the measured interface width is always

larger than its actual size. To simplify the analyzing process, the

case of a sharp epoxy/fiber “interface” was first considered. Fig-

ure 9(a) is the simulated results of contact stiffness variation

across the sharp “interface” with the applied force of 250 nN

using different tip radii. Figure 9(b) shows the effect of applied

force on the measured “interface” width. It can be seen that

even for the sharp epoxy/fiber transition, a modulus transition

zone or a “finite-width” interface still exists, which has not

been taken into account in most interface measurements. As

expected, the smaller the contact radius and the applied normal
force, the smaller discrepancies between the real interface width

and the measured value. A larger tip radius or applied force will

inevitably lead to a larger testing error in the interface width
measurement. Thus for interface characterization, a small press-

ing force as well as a small tip radius will give out more accu-

rate values of the interface, which confirms that AFAM may be

the most suitable method for interface characterization in com-
posites, if the sample surface can be polished as flat as possible

to reduce the roughness crosstalk.

Figure 9. Finite element simulation results of contact stiffness variation across a sharp epoxy/fiber “interface” as well as a linear modulus variation inter-

face with a finite interface width: (a) a sharp epoxy/fiber “interface” using different tip radii of 25, 50, and 100 nm, respectively, with the applied force

of 250 nN; (b) a sharp epoxy/fiber “interface” using different applied forces of 50, 150, and 250 nN, respectively, with the tip radius of 100 nm; and

(c) contact stiffness variation comparison between FEA of a linear-modulus-varied interface (with interface width 470 nm, tip radius 50 nm, and the applied

force 250 nN) and AFAM measured experimental results. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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To implement a more accurate interface width measurement,

we adopted a lower limit (average modulus value of the

epoxy plus the corresponding standard deviation, i.e.

(100% 1 15%)Mepoxy 5 115%Mepoxy) and an upper limit (aver-

age modulus value of the fiber minus the standard deviation,

i.e. (100% 2 10%)Mfiber 5 90%Mfiber ) to determine the interface

width. Based on the upper and lower limits of the modulus val-

ues, the average interface width is finally determined to be

476645 nm with 10 randomly selected radial profiles across the

interface, which is consistent with the previous measured values

of between 100 nm and several lm.4,5,15,16 Also to make similar

comparison between the simulation and the experimental

results, we conducted FEA simulations by setting an interface

with linear-modulus-variation across the interface and the inter-

face width to be 470 nm based on our experimental measure-

ment. The comparison of the simulated contact stiffness

variation across the interface by FEA and that by AFAM meas-

urements is shown in Figure 9(c), from which we can clearly

see that the contact stiffness transition width (about 525 nm) is

still slight larger than the prescribed width of 470 nm. Note

that there is a discrepancy between the specific measured con-

tact stiffness values and the simulated contact stiffness values in

Figure 9(c). This is probably because the measured contact stiff-

ness is obtained based on the cantilever dynamics, whereas the

finite element simulated contact stiffness is calculated based on

contact mechanics. Other factors, for example the specific tip

shape, tip radius, applied force and friction can also contribute

to the discrepancy. Despite the above-mentioned discrepancies,

the measured contact stiffness variation width based on both

AFAM measurements and simulations are nearly the same.

Bearing in mind the interface width is relatively large to the tip

radius, in the case that the interface width is much smaller

(<100 nm), the influence of the tip radius as well as the applied

force will be more pronounced [Figure 9(a,b)], and AFAM will

then be a more superior method for reliable and accurate inter-

face measurements.

SUMMARY AND CONCLUSIONS

In summary, a DFRT technique was applied on AFAM and

high-resolution and quantitative elastic modulus mapping of a

GFRP was realized in this work. Using both the single-

frequency AFAM and DFRT AFAM, the nanoscale mechanical

properties of the GFRP were intensively characterized. Modulus

mapping using dynamic NI was also conducted and compared

with that by DFRT AFAM. Results show that DFRT AFAM is a

reliable method for nanomechanical characterization. Interface

characterization was specially performed on a 2 lm 3 2 lm

scanning area to show the high-resolution capability of AFAM.

FEA was implemented to investigate the effect of tip radius as

well as the applied force on interface measurement using a

sharp “interface”. Similar comparison between AFAM experi-

mental results and FEA was also implemented by introducing a

linear-modulus-varied interface with finite width in FEA.

Finally, the interface width was determined to be 476 nm based

on 10 random selected radial profiles across the interface.

Generally, AFAM is a powerful tool for nanomechanical prop-

erty characterization of composites especially for the small scale

interface. With the amplitude–frequency curve and phase–fre-

quency curve at each pixel, quantitative viscoelasticity measure-

ment can also be done for small damping materials.34,35 But at

present a fast and reliable viscoelasticity mapping method is still

lacking. Besides, the influences of the surface roughness, tip

wear during modulus imaging are still problems for AFAM

which makes the accurate modulus measurement rather diffi-

cult. Better understanding of these issues will lead to refinement

of AFAM for more accurate quantitative mechanical characteri-

zation of various materials.
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