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1. Introduction

Contact-resonance force microscopy CR-FM has been used for the first time to evaluate the mechanical
properties of the interphase in natural fiber-reinforced composites and of cell wall layers of natural fibers.
With CR-FM, quantitative images of the spatial distribution in nanoscale elastic propei'ties were acquired.
The images were calibrated with nanoindentation values. From the modulus images, the average inter
phase width was found to be (49 ± 5 am for composite without any treatment, and 139 ± 21 am for
one with a maleic anhydride polypropylene treatment. There was a gradient of modulus across the
interphase that ranged between the values uf fiber and the polymer. The average values of indentation
modulus obtained for different cell wall layers within a fiber were 22.5-28.0 CPa, 17.9.-20.2 CPa, and
15.0-15.5 CPa for the S2 and S1 layers and the compound middle lamellae, respectively.

2010 Elsevier Ltd. All rights reserved.

Natural fiber-reinforced polymer composites NFRPCs repre-
sent one of today's fastest growing industries. Possessing mechan-
ical properties comparable to those of manmade fibers such as
carbon, glass or aramid, natural fibers are a potential alternative
in reinforced composites because of growing environmental
awareness and legislated requirements. Natural fibers also have
various advantages compared to conventional reinforcing fibers
like glass and carbon fibers such as low cost, low density for an
acceptable specific strength, low energy consumption, high tough-
ness, high sound attenuation, nonabrasiveness, undergo little dam-
age during processing, high degree of flexibility, less dermal and
respiratory irritation, relatively reactive surface, ease of separation,
renewable nature and biodegradability [1-8]. The combination of
all these factors has prompted a number of industrial sectors, espe-
cially the automotive industry, to consider natural fibers as a sub-
stitute fur cons eiitional fibers in various products [9

The interphase region between the reinforcing fiber and the
bulk polymer matrix playc an important role in the performance
of fiber reinforced polymer composites. The structural integrity
of a composite mainly depends on the quality of stress transfer
in the interphase. The interphase formation depends on the prop-
erty of components in use and modifications made on the compo-
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nents [10]. Extending over lengths from nanometers to
micrometers, a "well engineered" interphase is critical for desir-
able mechanical properties of fiber-reinforced polymer composites
[9]. An interphase which has lower modulus than the surrounding
polymer results in low composite stiffness and strength, but great-
er resistance to fracture [10,11]. On the other hand, an interphase
with higher modulus than the currounding polymer results in low-
er fracture resistance but greater strength [12]. While consentional
fibers can be produced with a definite range of properties, the effi-
ciency of natural fibers as reinforcements in composites depends
on inherent factors such as structure, degree of crystallinity, poly-
merization, and orientation of cellulose chains. The major disad
vantage of NFRPCs is the incompatibility between the hydrophilic
natural fiber and the hydrophobic polymer, which can be improsed
only by either physical or chemical modification of the fiber or
polymer [2,13], Although various researchers have studied the ef-
fect of interphase on the bulk properties of composites [2,8,13],
very little research has been done to characterize and proside
quantitatise measurements in the interphase. Previous NFRPC re-
search on interphase characterizution has consisted mostly of
examining the fracture surfaces of broken composite samples with
scanning electron microscopy SEM'. Because these studies exam-
ined the intei action between the fibers and the matrix based on
the nature of fracture surface, the iesults only gase an indirect
inference of interphase [14,15]. Nanoindentation and nanoecrat-
ching hase ako been used to quantify interphase mechanical prop-
erties on micrometer or submicrometer length scales tee et al.
[16] evaluated the ntei'phase properties of a natural ilbet-
reinfoiced polypropylene composite by nanoindentation and fln1te
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element analysts. Although they could not measure the interphase
directly, their results mdicated that the interphase width was less
than 1 jim. More recently, researchers have used scanning probe
microscopy SPM methods to get qualitative images and evaluate
the extent of the interphase in various composites. Lee et al. [171
investigated the interfacial zone of a lyocelllpolypropylene com-
posite modified by maleated polypropylene (MAPP) using atomic
force microscopy phase imaging (AFM-Pl). Phase imaging records
the phase lag when the AFM tip interacts with areas of different
mechanical properties. They showed that the interphase transition
zone ranged from approximately 113 nm to 128 nm. Since the
measurements involving SPM involves complex geometric consid-
erations, it has proved very difficult to obtain quantitative data on
areas of different mechanical properties 1181.

In addition to characterization of the composite interphase, a
better understanding of the mechanical properties (modulus, hard-
ness, yield stress and strength) of different fiber layers is necessary
to improve the utilization of natural fibers as reinforcements in
composites. Each wood fiber consists of different layers, as shown
in Fig. 1. The primary wall of the fiber is the outermost layer, which
is bound to the middle lamellae, which acts as a cementing agent
between fibers. The primary cell walls of adjoining fibers, together
with the middle lamellae in between, form the compound middle
lamellae (CML). The secondary wall is divided into the S1, 52 and
53 layers. The orientation of the cellulose microfibrils within each
cell wall layer strongly influences the mechanical properties of nat-
ural fibers in their longitudinal direction 1191. The orientation of
the cellulose microfibrils is nearly perpendicular (flat helix) to
the fiber axis in the S1 and 53 layers, while it is almost parallel
(steep helix) to the fiber axis in the S2 layer [20,211. Using theoret-
ical cell wall unit models, Watanabe and Norimoto 122] showed
that the longitudinal modulus of the 52 layer decreased as the
microfibril angle with respect to the fiber axis increased. Several
researchers have studied the mechanical properties of single wood
fibers, mainly with nanoindentation, atomic force microscopy
(AFM), or a combination of both. However, most of these studies
were conducted on refined natural fibers 123] or isolated single cel-
lulose fibrils [24], both of which are prone to mechanical or chem-
ical modification. Nanoindentation is currently one of the most-
used methods to quantify the mechanical properties of cell wall
layers of natural fibers. Due to the limits of its spatial resolution,
most nanoindentation studies have been confined to the S2 layer.
These studies have considered annual rings [25], lignifications
[261, comparisons with middle lamellae, melamine modified wood
[27], and early or late wood [28]. Wimmer and Lucas [29] con-
ducted nanoindentation on the 52 layer and CML and obtained an
average value of 16 GPa for the longitudinal modulus of the 52
layer, double the value for the CML Their indentation test on the
CML was confined to the cell corner middle lamellae due to the
narrowness of the CML layer. Since the average thickness of the
S layer is approximately 0.4 jim and that of the CML layer is

SI

53

62

around 0,1 jim, the mechanical properties of these layers have
rarely been studied. Zhang et al. [30] investigated the strength
and fracture behavior of wood cell wall S2 layer through an uniaxial
micro-compression test and obtained the value of 125 MPa for the
compression strength for loblolly pine. Attempts to characterize fi-
ber layers such as S and S with various microscopic methods have
yielded only qualitative results [31,32].

rhe above discussion highlights the need for a measurement
method capable of providing quantitative information about
mechanical properties with nanoscale spatial resolution, while at
the same time providing images of the spatial distribution in prop-
erties, Such a method would prove invaluable for studies of the
interphase region in NFRPCs as well as of cell wall layers. Here
we show how contact-resonance force microscopy (CR-FM) meth-
ods [33] can be used to meet this need. CR-FM has the imaging
capability of AFM, combined with the ability to determine quanti-
tative modulus values. In this way, it is possible to image or visu-
alize the nanoscale spatial distribution of properties, rather than
relying on a single average value or a point by point estimation
of quantitative values.

2. Materials and methods

2.1. Materials and sample preparation1

For the NFRPC experiments, isotactic polypropylene (PP) (Exxon
Mobil Corporation, Irving, TX) with a melt flow index of 35 and
maleated polypropylene (MAPP) (Epolene G-3003, Eastman Chem-
icals, Kingsport, TN) were used. Dry solid states of PP and MAPP
were mixed with a HAAKA MiniLab extruder (Thermo Fischer Sci-
entific, Karlsruhe, Germany). The temperature, rotation speed, and
processing period were 180 °C, 100 rpm, and 10 mm, respectively.
One mixture contained 10 wt.% of MAPP, while the other contained
0% MAPP. The dry mixtures were compression molded into films
approximately 0.25 mm thick. Lyocell fibers (Lenzing AG, Lenzing,
Austria) approximately 10 jim in diameter and 30 jim long were
unidirectionally placed on top of the PP-MAPP films. The films
were then stacked and compression molded at 200 C for 10 mm
in order to obtain unidirectional lyocell fiber-reinforced compos-
ites [34]. The cell wall layer experiments involved samples col-
lected from a 45-year-old red oak. A latewood portion of the
45th annual ring was cut with dimensions of 2 mm x 5 mm x
5 mm in the radial, tangential and longitudinal directions,
respectively.

The NFRPC and cell wall samples were embedded in an epoxy
medium under vacuum and cured by heating and drying for 8 h
at 70 C [35J. A cross section of the sample was prepared by use
of an ultramicrotome with a diamond knife. The microtome pro-
cess yielded sufficiently smooth surfaces for the CR-FM
experiments.

2.2. Narioindentation techniques

Modulus values for the lyocell fiber and PP matrix for the com-
posites and the S2 layer of the wood sample were obtained by dis-
placement-controlled nanoindentation (Triboindenter, Hysitron,
Eden Prairie, MN . The Berkovich indenter tip was loaded to a max-
imum displacement of 250 nm. The indentation modulus of the
sample is inferred from the initial unloading contact stiffness S.
i.e., the slope dPidh of the tangent to the initial unloading curve
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in the load displacement curve, where P is the indentation force
and Is is the displacement, The sample reduced indentation modu
lus E is then calculated from [36]

F
5rS

1

where is a constant that depends on the geometry of the indenter
= 1.034 for a Berkovich indenter and A is the contact area, The

indentation modulus M of the sample is then obtained from

1 1 1
2F, M, M,,

where M, is the indentation modulus of the diamond indenter tip,
The value M,0 = 1146 CPa was used [37]. The average value of M for
the S2 layer obtained by nanoindentation was 24.6 CPa. The average
indentation modulus reference values for the composites obtained
by nanoindentation on the fiber and matrix were Mflb,, = 12.4 ± 0.3
CPa and M,,,,,ir, = 3.2 ± 0.3 CPa, respectively.

2.3. CR-FM techniques

Contact-resonance force microscopy (CR-FM) [33] was used for
quantitative imaging of the nanoscale elastic properties of the
samples. CR-FM is based on the atomic force acoustic microscopy
(AFAM) method [3839], which determines elastic properties at a
fixed sample position. The basic measurement procedure involves
measuring the resonant frequencies of the vibrating AFM cantile-
ver in both free space and when the tip is in contact with the sam-
ple. From the measured resonant frequencies, values are
determined for the contact stiffness k' describing the elastic inter-
action between the tip and the sample. The indentation modulus is
then determined from the contact stiffness with a model for the
tip-sample contact mechanics [33,38,39].

An extension of AFAM for quantitative imaging, CR-FM tech-
niques have been described in detail elsewhere [33,40,41]. The
imaging experiments were performed with custom electronics that

interface with a commercial AFM instrument [42] A conceptual
schematic of the experimental apparatus is shossn in Fig. 2. The
sample under investigation is bonded to a piezoelectric actuator
ultrasonic transducer affixed to the positioning stage of the

AFM instrument. The transducer is driven by a swept sine wave
voltage, and the resulting vibrations excite the resonant modes of
the cantilever, The signal from the AFM position-sensitive photodi-
ode is used as input to the custom electronics in order to determine
the contact resonance frequency at a given image position.
Through the use of an auxiliary AFM input channel, an image of
these frequencies is acquired in parallel with the topographic
image.

The AFM cantilevers used in these experiments had nominal
dimensions of length L=225± 10pm, width w=30±8pm, and
thickness t = 3 ± 1 pm, and nominal spring constant k 2.8 N m,
The applied static force F5 = k4, where d is the deflection, was
approximately 50 80 nN, To avoid registration difficulties and arti-
facts due to scanner drift and hysteresis in scanning the same area
twice, frequency images were acquired for only one resonant
mode, namely the second flexural mode [411. The second mode is
the most sensitive mode for the experimental conditions used
here, that is, it exhibits the greatest change in resonant frequency
for a given change in contact stiffness [33].

Images of the normalized contact stiffness k k, for a sample
("test") region were calculated from the frequency images assum-
ing a fixed value foi the relative tip position L1/L 0.97, where L1 is
the position of tip relative to the total length L of the cantilever,
This approach was feasible due to the relatively small variation
in contact stiffness with 111L for the second fiexural mode [33].
The contact stiffness images were transformed into images of the
reduced modulus E,,,1 by use of the nanoindentation measure-
ments on a reference specimen. It is necessary to convert the re
duced modulus value F, obtained by nanoindentation with a
diamond tip into a reduced modulus E corresponding to contact
with the AFM tip. A relation identical to Eq. (2) is used, except that

= 165 CPa for the 0 0 1 silicon tip. Values of the reduced
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modUl1 E,r for the sample region were then calculated with
[33,38391

E (3)

a
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where and k are the contact stiffness values for the test sam-
ple and reference sample, respectively. The value n = 32 was used,
corresponding to Hertzian contact, Finally, the reduced modulus
images were converted to images of the indentation modulus
usiig Eq. 2

This approach was used to calculate indentation modulus val-
ues 1or the images of the cell wall layers. Er and hence Mre and

were obtained by nanoindentation for the 52 layer. For each
experimental image, the mean value of the contact stiffness was
determined for a region containing the S2 layer and was used as
k in Eq. (3). For images of the composite interphase, a dual refer-
encc approach was used. Nanoindentation values for both the fiber

and the matrix Mmstnx weie obtained and used in [43J
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in this case, two reference values of the contact stiffness were deter-
mined for each image. One value was the average value k5ber for an
image region that contained only the fiber, and one was the average
value ,, for a region that contained only the matrix.

3. Results and discussion

3.?. Evaluation of interphase in fiber-reinforced composites

Contact resonance frequency images were obtained at the
boundary region between the fiber and the matrix. In order to
Avoid signal artifacts due to topographical effects, regions as flat
as possible were selected (height ...20 nm or less) for imaging.
Fig. 3 shows indentation modulus images for two composite sam-

les with different treatments. Differences in modulus values for
the fiber, fiber-matrix boundary zone, and matrix regions are
learly visible in the images. The interphase zone properties were

inalyzed with commercial image processing software. Mean
identation modulus values for regions consisting entirely of fiber
nd matrix were obtained from the area enclosed within the box

plots shown in Fig. 4a. Fig. 4b shows the line profile corresponding
to the radial line segment in Fig. 4a across the fiber-matrix bound-
ary region. The left pointer in Fig. 4b corresponds to the mean
ndentation value for the fiber (12.4 GPa , while the right pointer
ndicates that of the matrix p3,2 GPa'. In Fig. 4b, the distance be-

tween the two pointers, where the properties differ from those of
the bulk fiber and matrix corresponds to the interphase thickness

n this case was about 135 nm1. By definition, the interphase starts
from some point on the fiber where the local properties, as a result
f various surface treatments or reaction with the matrix, begin to
hange from those of the bulk fiber and extends until the local

properties equal the bulk matrix properties [101 In order to mini-
nize any morphological variations near the fiber or the matrix sur-
face, this approach was applied to 15 radial lines across the fiber-
matrix boundary. The width of interphase obtained by averaging
these line scans was found to be 49 ± 5 nm for the composite
without MAPP treatment, and 139±21 nm for the one with
10 MAPP treatment. Fig. 5 shows the line profiles obtained by
averaging 15 radial line scans across the fiber matrix boundary re-
gion for both composites The average line profile for each compos-
.te exhibited a gradient of modulus across the interphase region
that ranged between the modulus values of flbe and the polymer.

:
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Hg. 3. indentation modulus images for: a yocelifPP composites without treat
ment and b with MAPP treatment.

As mentioned above, chemical modification of the hydrophilic
fiber and1or the hydrophobic matrix is necessary for a strong fi-
ber matrix bond. These results indicate that the MAPP treatment
has substantially increased the interphase transition zone. This is
consistent with previous results in the literature. For instance,
Lee et al. [17J showed that the use of MAPP as a compatibilizer
in lyocell/polypropylene composite increased the interphase tran-
sition zone. Also, they have shown that the combined use of MAPP
and '-amino propyltrimethoxy silane (y-APS have further in-
creased the interphase transition zone.

lnterphase widths of less than 100 nm with quantitative
mechanical measurements at each position have rarely been re-
ported in the literature. The main reason for this is the lack of tech-
niques that can measure the properties with such nanoscale spatial
resolution. Griswold et al. [44J examined the interphase region of
an epoxy1glass composite with AFM-Pl and nanoindentation and
showed that the interphase thickness varied between 110 nm
and 888 nm for different silane concentrations. Although they used
SPM methods such as AFM-Pl that possess the spatial resolution
needed to characterize such narrow interphases, the lack of ability
to provide quantitative measurements at each position in the
interphase was a major drawback. Hodzic et al. [45J conducted
nanoindentation and nanoscratching on polymer glass composite
systems and reported that the interphase varied between 2 pm
and 6 rm. Kim et al [46[ found that the interphase width mea-
sured by nanoscrrtching for a polymer glass system varied from
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1terphase ' Matrix

Fig. 4. a Analysis of the modulus and b line profile image showing the size of interphase based on the gradient in modulus.

0.8 sm to 1,5 Ism, and that the width increased with silane
concentration.

AU of these values are much larger than the values obtained in
this study. One explanation is that the limited spatial resolution of
nanoindentation prevents accurate measurements of narrow inter-
phases. In addition to the limit imposed by the size of the indenter
tip, the lateral resolution is reduced by other effects. The spacing of
indents made by nanoindentation should be sufficiently wide en
ough to avoid the overlapping of the zone associated by plastic
deformation. For instance, finite element analysis has shown that
the interphase thickness measured by nanoindentation can appear
larger than the true value due to the effect of neighboring materials
[16). In this study involving the CR FM technique, we have demon-
strated the ability to measure interphase zones as narrow as 50 nm
in lyocell polypropylene composites. The extremely small tip ra-
dius 25 35 nm and low forces 50 80 nN inolved in these
CR-FM experiments mean that the deformation of the sample sur-
face is very small and is elastic, This feature is quite valuable for
characterizing the narrow interphase widths in NFRPC5,

3.2. Evaluation of mechanical properties of cell wall la,ters

Contact resonance frequency images were obtained at the
boundary region between two fibers within the growth ring. Mod
ulus maps were calculated from the frequency images using the
piocedure described above Fig. 6 shows images foi the tupograpn
and indentation modulus. Contrasts in modulus between the CML
and S and S layers are clearly visible Mean values of the indenta

tion modulus for the CML and S and S2 layers were obtained from
the area enclosed within the box plots, as shown in Fig. 6. To avoid
signal artifacts due to topographical effects, regions as flat as pos-
sible were selected for the box plot analysis. The values of indenta-
tion modulus were 22.5-28.0 CPa, 17.920.2 CPa, and 15.0-15.5
CPa for the S2, S, and CML layers, respectively. The higher values
of the 52 layer compared to other layers are consistent with previ-
ous results in the literature [29,47). Although the S layer has a
steeper helix and the S layer has a flatter helix of microfibril ori-
entation with respect to the fiber axis, various studies have shown
that there is a shift of microfibril orientation fiom the outer S layer
to the inner 52 layer and from the outer 52 layer to the inner S
layer. Abe et al [48) reported that the cellulose microfibril orienta-
tion in the secondary cell wall layei s of Sakhalin hi, as seen from
the lumen side, gradually changed in a clockwise direction from
the outermost S to the middle of the S and then to counterclock-
wise to the innermost S . Xing et al. [49) examined the cell wall
layers of refined fibers of loblolly pine by use of nanoindentation
and showed that there exists a clear interphase between S and
S and between S and S . The wider range of indentation modulus
values obtained in this study for each of the secondary layers can
be explained partly b differences in the cellulose microflbril angle
within each layer [19,22).

The images in Fig. 6 also show a thin region between the S and
S layers with appaientls lower modulus than that of other second
ary layers Line profi e analysis of these regions as shown in Fig 7,
indicates that signal artifacts due to topography are the most likel,
cause of the effect, In CR FM experiments, the measured resonant
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frequency depends not only on the local contact stiffness, but also
on the contact area between the tip and sample. For a perfectly flat
sample, the contact area remains the same during scanning, and
frequency changes correspond only to contact stiffness variations.
However, as indicated in Fig. 8, sharp or significant changes in
topography will affect the contact area, The resulting change in fre-
quency leads to false changes in modulus. Finally, the innermost
layer of the fiber, the 53 layer, could not be reliably identified in
the CR-FM modulus maps. Because it is adjacent to the lumen
and is the thinnest layer, the distinction of this layer might have
been lost when the lumen region was replaced with epoxy during
sample preparation. Improved sample preparation methods are re-
quired in order to better characterize this layer with CR-FM

CR-FM methods present a number of advantages over other
methods for studying the elastic properties of cell walls. Because
it is the thickest cell wall layer, the S2 layer has been the subject
of earlier studies. The presence of various adjacent layers in fibers
can alter the deformation fields surroundIng indents made by nan-
Oindentation, potentially leading to incorrect estimates of the
IndentatIon modulus jakes et al [50] showed that the structural
Compliance observed in nanoindentation experiments on the 52
layer was mainly due to the effect of the nearby free edge of the lu-
men. In CR-FM technique the fact that the deformation is much
Smaller and elastic largely solves this problem. The improvement
10 lateral spatial resolution afforded by CR-FM methods using a
Smaller tip and lower applied forces opens the doot to detailed
Studies of cell wall structure CR-FM also provides an image of
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Fig. 6. Images of: a) topography and b' box plot analysis of indentation modulus
image of various cell wall layers.

quantitative modulus values, in contrast to many other AFM meth-
ods. For instance, the AFM methods used by Clair et al. [47] to
investigate holm oak and boco wood specimens provide only qual-
itative images of elastic contrast and quantitative values at only a
handful of sample positions. The ability of contact-resonance
methods to provide quantitative images of nanoscale mechanical
properties has not been demonstrated in any of the previously con-
ducted cell wall studies.

4. Conclusion

This study demonstrates that contact-resonance force micros-
copy is a valuable technique for evaluating the interphase of natu-
ral fiber-reinforced polymer composites and for characterizing the
elastic properties of cell wall layers of natural fibers. The nanoscale
spatial resolution of CR-FM, combined with its ability to provide
quantitative modulus images, makes it possible to investigate the
mechanical properties of interphases as narrow as 50 nm in
NFRPCs and thin cell wall layers in natural fibers. This technique,
which has previously been used to characterize various micro-
and nano structures, is used here for the first time in the field of
natural fibers. The extremely low loads and small tip radius char-
acteristic of CR-FM enables in situ elastic property information
with sIgnificantly higher spatial resolution than other, destructive
methods like nanoindentation. The use of a reference material with
similar modulus values removes much of the uncertainty arising in
the final modulus values from tip wear and tear, which is very
common with other AFM methods, These results suggest that this
method will enable researchers to get much more information
about the nanoscale properties of Interphase and fibers, and
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correlate these information to macroscale performance provides an
interesting direction for future work, which is very important for
optimum design of final NFRPC products.
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