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Abstract

The hardness and elastic modulus of the cellulose fiber and polypropylene (PP) matrix in a cellulose fiber-reinforced PP composite were
investigated by nanoindentation with a continuous stiffness technique. Nanoindentation with different indentation depths and spacings was
conducted to measure hardness and elastic modulus in the interphase region, which was modified by maleic anhydride-grafted PP and c-
amino propyltrimethoxy silane (c-APS) sizing. A line of indents was produced from the fiber to the matrix. There was a gradient of hardness
and modulus across the interphase region. The distinct properties of the transition zone were revealed by 1–4 indents, depending on nan-
oindentation depth and spacing. Based on the results of nanoindentation, it was assumed that the width of the property transition zone is
less than 1 lm. However, three dimensional finite element analysis shows that even a perfect interface without property transition has
almost same interphase width as that measured by nanoindentation. Using existing nanoindentation techniques, it will be difficult to cal-
culate exact mechanical properties without the effect of neighboring material property in at least 8 times smaller region than indent size.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Researchers studying composites are considering natural
fibers for composite materials, suggesting these are a viable
alternative to conventional fibers such as glass, carbon or
aramid fibers and talc [1–4]. Natural fibers have numerous
advantages, for example; low cost, low density, high tough-
ness, acceptable specific strength properties, ease of process-
ing and separation, and biodegradability. Furthermore, the
use of natural resources reduces releases of carbon dioxide
and can aid in the conservation of petroleum.

Natural fiber-reinforced polymer composites (NFRPC)
have also attracted attention as a method of recycling
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natural fibers and plastic waste, and for preparing water-
resistant natural fiber-based materials without using formal-
dehyde-based adhesives [5–10]. The greatest growth
potential for NFRPCs is in the building industries. Products
known commonly as ‘‘wood-plastic composites’’ include
decking, fencing, industrial flooring, landscape timber, rail-
ings, and molding [11]. In particular, the decking market is
the largest and fastest growing NFRPC market.

In fiber-reinforced polymer composites, it is widely
accepted that the performance of a composite as a struc-
tural material depends mainly on the quality of the stress
transfer in the interphase. The interphase in fiber-reinforced
composite is a transition region, which extends nanometers
to microns over which the mechanical and physical proper-
ties change from the bulk properties of fiber to the bulk
properties of the polymer. This interphase has a heteroge-
neous nature, with different morphological features,
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chemical compositions and mechanical properties from
those of the reinforcing fiber or the matrix polymer
[12,13]. It is conceivable that the nature of the interphase
would vary with the specific composite system.

An appropriately engineered interphase can significantly
improve the strength and toughness of composites as well
as the environmental stability [14]. For example, an inter-
phase that is softer than the surrounding polymer would
result in lower overall stiffness and strength, but greater
resistance to fracture [12,15,16]. On the other hand, an
interphase that is stiffer than the surrounding polymer
would give the composite less fracture resistance but make
it very strong and stiff [17]. Therefore, a better understand-
ing of interfacial properties and characteristics will be help-
ful in evaluating the overall properties of fiber-reinforced
polymer composites materials and will enable optimal
design of composite materials [18,19].

However, the nature of the interphase within a thickness
less than 5 lm is rarely reported in the literature because
experimental means of unequivocally establishing the inter-
phase properties are lacking. Nanoindentation testing is a
new approach to measure the size and relative mechanical
properties of interphases. This technique can determine the
mechanical properties of a material on the nanoscale [20–
25]. The nanoindentation technique utilizes the same prin-
ciple as microindentation or micro-hardness testing. The
difference is that in nanoindentation the probe and loads
are much smaller, so as to produce indentations a few
micrometers to a few hundred nanometers in size.

Very few studies have been performed on nanoindenta-
tion measurement of the interphase in fiber-reinforced
polymer composites system, such as glass or carbon fiber-
reinforced thermally-cured resin composite system and
thermoplastic matrix composite system [19,24]. This tech-
nique has not yet been applied to the interfacial properties
in natural fiber-reinforced composites, even though the
evaluation of the interfacial properties in these composites
is also important.

This study investigated the mechanical properties in the
interphase in cellulose fiber-reinforced PP composites using
nanoindentation with a continuous stiffness measurement
(CSM) technique. The CSM technique is a significant
improvement in nanoindentation testing. It offers a direct
measure of dynamic contact stiffness during the loading
portion of an indentation test and, being somewhat insen-
sitive to thermal drift, allows an accurate observation of
small volume deformation [23].

2. Experimental

2.1. Materials

Lyocell fiber (1.7 decitex) with around 12 lm diameter
and 38 mm length was supplied by Tencel Inc., NY. Isotac-
tic polypropylene (Mw = 16 · 104) was provided by Fiber
Visions, Inc. (Covington, GA) in the form of fiber bundles.
For chemical modification, maleic anhydride-grafted PP
(EPOLENE G-3003), with an acid number of 8 and an
average molecular weight (Mw) of 52,000, and c-amino
propyltrimethoxy silane (c-APS) were purchased from
Eastman Chemicals and Sigma Aldrich, respectively. Other
chemicals were purchased from commercial sources.

2.2. Silane treatment of lyocell fiber

A solution of c-APS was prepared by adding 3 g of
silane to 150 ml of a methanol-water mixture (9/1 volume
ratio) and stirred for 15 min. A 10 g of lyocell fiber was
added to the silane solution and kept for 60 min. The silane
coated fibers were rinsed with pure water and dried and
cured in an oven at 60 �C.

2.3. Preparation of specimens

PP and MAPP (10% wt% based on PP weight) were first
mixed in dry solid states followed by blending using a Labo
Plastomill (Toyo Seiki). The temperature, rotation rate,
and processing time were 200 �C, 50 rpm, and 10 min,
respectively. The obtained product was compression-
molded into a film with a thickness of 0.4 mm. Silane-trea-
ted lyocell fiber was unidirectionally placed on PP-MAPP
film and the films were stacked and compression-molded
at 200 �C for 10 min to obtain the unidirectional lyocell
fiber-reinforced PP composites.

The composite was cut into a small block and was glued
to an acrylic block. The acrylic block was then mounted
onto an ultramicrotome and the specimen was cross-section-
ally cut with a glass knife. Finally, the surface was smoothed
using a diamond knife. The smoothed specimens were con-
ditioned for at least 24 h at 21 �C and 60% relative humidity
in a room that housed the nanoindenter and AFM.

2.4. Atomic force microscopy (AFM)

The topography of the sample was taken by AFM
APHB-0100 (Park Scientific Instruments) operated in con-
tact mode. The surface of specimen had a vertical range of
100–250 nm with a root mean square (rms) surface rough-
ness amplitude of 20–30 nm and an average roughness of
15–20 nm. Fig. 1 shows the AFM height image. The fiber
appears on the left-hand side of the image. Two indenta-
tions with 100 nm depth can be seen in the PP matrix
(right-hand side).

2.5. Nanoindentation (continuous stiffness measurement)

A continuous stiffness measurement that involved a pro-
gressive series of loading and partial unloading cycles was
conducted until the final indentation depth was achieved,
generating series of hardness and modulus values as a func-
tion of indentation depth. Three different final indentation
depths, 30, 50, and 100 nm, were used with spacings
between adjacent indents of 260, 400, 800, and 1600 nm
respectively to avoid overlapping of plastic deformation



Fig. 1. AFM height image of the surface of the specimen.
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Fig. 2. The dependency of hardness (d) and elastic modulus (j) on
indentation depth.
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zones onto neighboring indents. Continuous nanoindenta-
tion was performed following six steps: a careful approach
to the surface, loading to peak load, holding the indenter at
peak load, unloading 90% of peak load for 50 s, holding
the indenter after 90% unloading for 100 s, and finally,
unloading completely. An arrayed line of indents was made
from fiber and matrix with different spacing, depending on
indentation depth.

Hardness (H) and elastic modulus (E) were calculated
from the load–displacement data. As the indenter pene-
trates into the sample, both elastic and plastic deformation
occurs and only the elastic portion of the displacement is
recovered during unloading. Nanoindentation hardness is
defined as:

H ¼ P max

A
; ð1Þ

where Pmax is the load measured at a maximum depth of
penetration (h) in an indentation cycle; A is the projected
contact area (24.5 h2

c); and hc is the contact depth of indent.
The elastic modulus of the sample can be inferred from

the initial unloading contact stiffness (S), i.e., the slope dP
dh

� �
of the initial portion of the unlading curve. A relation
among contact stiffness, contact area, and elastic modulus
can be derived as:

S ¼ 2b

ffiffiffi
A
p

r
Er; ð2Þ

where b is a constant that depends on the geometry of the
indenter (b = 1.034 for a Berkovich indenter) and Er is re-
duced elastic modulus, which accounts for the fact that
elastic deformation occurs in both the sample and the
indenter.

The sample elastic modulus (Es) can then be calculated
as [25]:

Es ¼ ð1� m2
s Þ

1

Er

� 1� m2
i

Ei

� ��1

; ð3Þ
where ms and mi (0.07) are the Poisson’s ratios of the speci-
men and indenter, respectively, while Ei is the modulus of
the indenter (1141 GPa).
3. Results and discussion

3.1. Evaluation of hardness and elastic modulus for pure

matrix and fiber

Fig. 2 shows a series of hardness (H) and elastic modu-
lus (E) values of cellulose fiber and PP matrix obtained by
continuous nanoindentation with 100 nm depth. It was
found that these values became constant after an indenta-
tion depth of 30 nm. The variation in region below 30 nm
indentation depth may be due to the roughness of the sam-
ple, which was 20–30 nm (rms surface roughness). This
indicates that the 100 nm indentation depth used in this
study to evaluate interphase properties is deep enough to



Table 1
Two expressions of hardness and elastic modulus obtained by continuous
nanoindentation

Sample Mean value from 50 to
100 nm depth, GPa

Unloading value at final
indentation depth, GPa

Hmean Emean Hu Eu

Lyocell fiber 0.62 (0.01) 16.62 (0.13) 0.62 (0.01) 16.10 (0.30)
PP/MAPP Matrix 0.11 (0.01) 3.03 (0.17) 0.12 (0.02) 3.08 (0.06)

Each is the average value from 5 indents. The value in parenthesis is the
standard deviation (SD).
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Fig. 3. Variation of hardness (a) and elastic modulus (b) across the
interphase region between the fiber and PP matrix obtained by nano-
indentation with 50 nm depth and 1600 nm spacing.
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reach constant elastic modulus and hardness, irrespective
of our sample surface roughness.

The hardness and elastic moduli of the samples were
expressed as two different values. The first was a mean
value from 50 to 100 nm indentation depth. The other
was the value from an unloading at final indentation depth.
These values were obtained by averaging 5 indents in differ-
ent locations, and are summarized in Table 1. There was
no significant difference between the values for mean value
from 50 to 100 nm depth and for unloading value at final
indentation depth (two-sample T-test, a = 0.05). Tze et al.
have recently conducted continuous nanoindentation to
evaluate the nano-scale hardness and elastic modulus of
wood cell walls [26]. They have reported that the hardness
and elastic modulus of natural wood fibers were 0.41–
0.54 GPa and 12.7–19.3 GPa, respectively, depending on
cellulose microfibril angle. Gindl et al. [27] reported that
the hardness and elastic modulus of lyocell fiber were
0.3–0.7 GPa and 11–17 GPa, respectively, depending on
the nanoindentation depth [27]. These values are very sim-
ilar to those of this study but half of the 36 GPa reported
for the microscopic tensile modulus of lyocell fibers with
an average diameter of 10–12 lm [28].

Gao et al. reported the mean elastic modulus of a PP
matrix of 1.85 GPa, which was obtained by single-step nan-
oindentation with a contact depth of 7.1 nm and indenta-
tion force of 0.24 lN [21]. This value is somewhat lower
than our result obtained by continuous nanoindentation.
However, it is natural that there is a wide variation of
mechanical properties of PP with different molecular
weight, crystallinity, etc. The PP/MAPP matrix in this
study showed a crystallinity of 36.7% based on DSC mea-
surements. The effect of crystallization on nanoscale prop-
erties in natural fiber-reinforced composites is the focus of
an upcoming publication. The values obtained in this study
are comparable to the reported values from a macroscopic
tensile test [29]. The values of elastic modulus and hardness
from the final unloading were used in following discussion.
3.2. Evaluation of the size and mechanical properties

of the interphase

Fig. 3 illustrates the profiles of hardness and elastic mod-
ulus across the interphase region between the fiber and PP
matrix, which were obtained from an unloading at the final
indentation depth (100 nm). The spacing of indents was
1.6 lm to avoid overlapping the plastic zone of neighboring
indents. When the indenter is pressed into the materials, it
creates a corresponding stress field, i.e., the zone associated
with plastic deformation. Hodzic et al. have reported that
this zone is approximately equal to twice the maximum
width of the nanoindentation [22]. Based on the geometry
of Berkovich indenter used in this study, the width of inden-
tation can be calculated by following equation:

s ¼ 2hðtan 65:3�Þ=ðtan 30�Þ; ð4Þ

where s is the width of indentation and h is indentation
depth. As h is 100 nm, the width of indentation is
753 nm. Thus the spacing of 1.6 lm is long enough to avoid
the effect of a stress field from plastic deformation.

Two of the five experiments resulted in one indent with
distinct hardness and elastic modulus in transition zone,
showing intermediate properties between those for fiber
and matrix (Fig. 3). The transition zone can be regarded
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as the interphase. However, it is difficult to estimate the
effective interphase width by only one indent with a large
size (756 nm width), considering the increasing resistance
to indentation in locations close to the fiber. If the indent
is made in close proximity to the fiber, or touches the fiber
edge during indentation, the resistance to indentation
should be increased, because the development of a plastic
zone by indentation will be constricted. In fact, one of
the indents in the transition zone showed the linearly
increasing trend with increasing indentation depth without
leveling off to 100 nm depth as shown in Fig. 4. This means
that the indenter tip was touching the fiber edge during
indentation. To obtain the effective thickness of the inter-
phase with reasonable accuracy, indentations should be
made as small as possible.

Therefore, nanoindentations with 50 nm depth and
800 nm spacing were conducted and the results are summa-
rized in Fig. 5. In these experiments, only one indent was
also found in the transition zone, which can be inferred
as less than 1600 nm. However, the nanoindentation with
800 nm spacing is still not sensitive enough to measure
the effective thickness of the interphase. With the same
indentation depth, the nanoindentations were performed
by using 400 nm spacing instead of 800 nm. This spacing
is not enough to avoid overlapping of the zone associated
by plastic deformation, but the neighboring indent will
not be overlapped. Even though it is difficult to obtain
the quantitative value of properties, this trial is still mean-
ingful to evaluate the interphase width and relative proper-
ties. Fig. 6 shows the variation of hardness and elastic
modulus across the interphase region, indicating 2–3
indents in the transition zone per each experiment. It is
notable that, among the indents made in transition zone,
the properties of the indentations close to matrix should
be affected less than those close to fiber. In other words,
the results provided by these indents could not be merely
influenced by the presence of the fiber. Furthermore, nano-
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Fig. 4. An increase of hardness (d) and elastic modulus (j) with
indentation depth in nanoindentation made in close proximity to the fiber.

Fig. 5. Variation of hardness (a) and elastic modulus (b) across the
interphase region between the fiber and PP matrix obtained by nano-
indentation with 50 nm depth and 800 nm spacing.
indentation results (Fig. 7) obtained by using 30 nm depth
and 260 nm spacing showed 4 indents with apparently dis-
tinct properties between fiber and matrix in the transition
zone. Based on these nanoindentation results, it can be said
that the width of interphase region is less than 1 lm.

It is conceivable that the nature of the interphase would
vary with the specific composite system. It has been
reported in phenolic resin or polyester resin/glass fiber com-
posites that the single-step nanoindentation with indent
depth as small as 30 nm showed distinct properties with
2–3 indents in transition zone [22]. The interphase thickness
in vinyl ester/glass fiber composite has been reported as
approximately 1 lm by single-step nanoindentation with
60 nm depth and 400 nm spacing [30]. This nanoindentation
showed one or two indents in the transition zone, depending
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on different silanes (c-methacryl silane and c-glycidoxypro-
pyl-trimethoxysilane) and their concentration. In a glass
fiber-reinforced epoxy composite system, when c-amin-
opropyltriethoxy silane (c-APS)/polyurethane sizing and
c-APS/PP sizing were used, the interphase thickness varied
between less than 100 and �300 nm, depending on the type
of sizing by nanoindentations, with 1–10 nm depth (load
range from 0.17–12 lN) and 40 nm spacing [21].
3.3. Finite element analysis (FEA)

To support the results of nanoindentation above, three
dimensional finite element analysis was conducted by using
a rigid flat cylindrical punch with a radius of 1 lm and the
ABAQUS� finite element code. The finite element mesh
and specimen geometry are shown in Fig. 8. Due to sym-
metry, only half of the specimen was modeled assuming a
PP/MAPP matrix with elastic modulus of 4.67 GPa and a
cellulose fiber with an elastic modulus of 18.65 GPa. The
Poisson ratio of both materials was assumed to be 0.3.
The specimen, consisted of one cube each of the matrix
and fiber materials 100 lm on a side, was perfectly bonded
at a single distinct interface. No friction was assumed, and
the indentation depth was fixed at 50 nm.

Simulations by FEA were carried out to determine the
stiffness at 17 different locations, the first being with the
punch centered on the interface. The punch was then
moved in both directions from the interface in 1 lm incre-
ments for a total of 8 measurements in the fiber and 8 in the
matrix. The adequacy of the mesh was tested by comparing
simulation results for the homogeneous matrix and fiber
materials with the known analytical solution given in Eq.
(2). The FEA results differed from the exact solution by
no more than 2%.

Fig. 9 shows the contact stiffness simulated by FEA as a
function of distance from the perfect interface without



Fig. 8. Schematic illustration of the three dimensional finite element
model and an enlarged view of the mesh in the region of contact.
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property transition. Far from the interface, the stiffness of
the fiber and matrix are approached, but within approxi-
mately 5 contact radii on the stiffer fiber side and 3 contact
radii on the more compliant matrix side, the stiffness varies
in a measurable way from that of the monolithic fiber or
matrix. Thus, there is a transition zone approximately 8
contact radius wide in which the contact stiffness varies.
However, it must be noted that this result is strictly based
on a geometric effect, that is, it has nothing to do with real
variations in material properties in the zone.

The width of the indent contact area in the nanoinden-
tation using 30 nm depth and 260 nm spacing is around
224 nm. Assuming that this FEA analysis is applicable
for nanoindentation using a Berkovich indenter, when
the width of indent contact area is 224 nm, the perfect
interface without property transition would be approxi-
mately 1.8 lm. That is, it would be difficult to say that
the transition region estimated by nanoindentation shows
a distinct interphase region, without the effect of the neigh-
boring material’s property. Therefore, it must be concluded
that it would be difficult to calculate the exact mechanical
properties without including the effect of neighboring
material properties in a region at least 8 times smaller than
the indent size. However, a deconvolution approach to
extract the real properties and dimensions of an interphase
is potentially possible from the nanoindentation experi-
mental results across the interphase, which could be fit to
FEA results as a function of the properties and thickness
of the interphase, even though it would be still difficult in
practice unless the interphase was sufficiently thick and
had sufficiently different properties than both the fiber
and the matrix.
4. Conclusion

Two different approaches using nanoindentation with a
continuous stiffness measurement were used to express the
hardness and elastic modulus of cellulose fiber and PP
matrix in the composite material. There was no significant
difference among the mean value from 50 to 100 nm depth,
the unloading value at final indentation depth. The mean
values for hardness and elastic modulus values were 0.62
and 16.62 GPa in the cellulose fiber and 0.11 and
3.03 GPa in the PP matrix, respectively.

Nanoindentation was also conducted to measure hard-
ness and elastic modulus in the interphase region, which
is modified by maleic anhydride-grafted PP and c-APS
sizing. Even though the nanoindentation showed an
approximately 1 lm wide property transition zone, the
FEA-based results showed that the property transition in
the interphase region is not completely due to the proper-
ties of a real interphase. Therefore, using existing nanoin-
dentation techniques, it would be difficult to calculate the
exact mechanical properties without considering the effect
of neighboring material properties in an area at least 8
times smaller than the indent size. Our data suggests that
nanoindents need to be made as small as possible. The
results and discussion in this paper are useful for research-
ers in the field of natural fiber-reinforced thermoplastic
composite science, to help evaluate the mechanical proper-
ties of the interphase region.
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