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ABSTRACT

The objectives of this research were (1) to use a Raman micro-spectroscopic technique to determine the
tensile stress distributions of a cellulosic-fiber/polymer droplet interphase, and (2) to examine if the stress
profile could be used to evaluate load transfer in fiber/polymer adhesion. Cellulosic fibers were treated
with various silanes (amino, phenylamino, phenyl, and octadecyl functionalities) and a styrene-maleic
anhydride copolymer to create different interphases upon bonding with polystyrene. A single fiber,
bonded with a micro-droplet of polystyrene in the mid-span region of its gage length, was strained in
tension. Raman spectra were collected at five-micrometer intervals along the embedded region of the
fiber. The stress-dependent peak of cellulose (895 cm−1) was analyzed for frequency shift so that the local
tensile stress in the interface region could be determined. Results showed that the local tensile stresses of
the strained fiber were lower in the embedded region compared to the exposed region, suggesting a
transfer of load from the fiber to the matrix polymer. A deeper and sharper decline of the stress profile
was observed when the fiber/droplet interaction was enhanced. Further analyses, involving conversion of
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tensile stress profiles to shear stress distributions in the interphase, confirmed that the micro-Raman/
tensile test can be employed to evaluate fiber/matrix interfacial bonding in composites. This success
signifies the possibility of evaluating adhesion between cellulosic fibers and brittle polymers, which is
difficult to study using common micromechanical tests. Use of the micro-Raman technique can improve
our understanding of wood/polymer adhesion.

Keywords: Raman spectroscopy, micromechanical test, cellulose fibers, polymer, interphase, load trans-
fer, adhesion, silane.

INTRODUCTION

Wood-plastic composites (WPC) have been
increasingly favored over the traditional wood
products and the unfilled plastics for applica-
tions where structural requirements are low.
Two examples of such applications are decking
and window profiles. For railings and decking,
WPCs, being more environmental-friendly, are
partially replacing lumber treated with chro-
mated copper arsenate (Smith 2001). In window
applications, wood-filled poly(vinyl chloride)
composites are gaining wide acceptance because
they are more moisture-resistant compared to
wood products, and are stiffer and more ther-
mally stable compared to the unfilled plastics
(Defosse 1999).

The common fillers for WPCs have been in
the form of wood flour, but high-purity, stiff
cellulose fibers are recently receiving much at-
tention for producing engineered wood-plastic
composites that have an enhanced structural per-
formance compared to the conventional WPCs.
Chemical pulp fibers (�95% alpha-cellulose
content) have been used to reinforce engineered
plastics such as nylon 6 at a fiber loading of
30–33% (Sears et al. 2002). The resulting com-
posites exhibited properties that were intermedi-
ate between the wollastonite-reinforced nylon
and the glass fiber-reinforced nylon. Apart from
natural fibers, continuous regenerated cellulose
(lyocell) fibers solvent-spun from wood pulp
have also been used as a reinforcing agent for
plastics. When combined with cellulose acetate
butyrates, a naturally derived plastic, the result-
ing lyocell/polymer composites attained a stiff-
ness modulus that exceeded 20 GPa (Franko et
al. 2001).

As the WPC applications shift to end-uses of
higher performance, it is increasingly important

to engineer the composites, and such a need can
be fulfilled with an improved understanding of
the factors that influence the composite me-
chanical properties. The mechanical proper-
ties of fiber/polymer composites depend on the
properties of the fiber, the matrix polymer, and
the interphase, as well as the distribution be-
havior of the fibers in the matrix such as fiber
volume fraction, orientation, and agglomeration
(Hoecker and Karger-Kocsis 1996). While the
mechanical properties of bulk fibers and matrix
polymers are usually well known, the interface
region (interphase), whose properties are differ-
ent from the combining constituents, are not
well understood. Therefore, much effort has
been placed on studying the mechanical proper-
ties of the fiber/polymer interphase, and relating
these properties to the composite performance.

A common approach for evaluating fiber/
matrix interfacial properties is to evaluate the
effectiveness of load transfer across the inter-
face. For such a task, micro-composite tests are
better than bulk mechanical tests whose results
could be perturbed by fiber volumetric and ori-
entation effects (Fan et al. 1991). The current
micro-composite test methods, however, suffer
particular limitations. In the micro-debond test
(Fig. 1a), the interfacial shear strength is deter-
mined by shearing a polymer droplet from the
fiber (Gaur and Miller 1989). However, this test
is of limited use when the fiber is either too thin
or too weak, or the interphase is too strong,
thereby causing the fiber to break before shear
removal of the droplet. In the fiber fragmenta-
tion test (Fig. 1b), the interfacial shear strength
is deduced from the number (or length) of fiber
fragments when a fiber-embedded polymer
sample is subjected to a tensile load (Herrera-
Franco and Drzal 1992). Unfortunately, this test
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cannot be applied to a brittle matrix polymer
because the polymer will fracture before fiber
fragmentation is observed.

Evaluation of interphases that are formed be-
tween cellulosic fibers and brittle polymers is
challenging. Liu et al. (1996) performed micro-
debond tests on wood-fiber/polystyrene inter-
phases. They reported that 55% of the total
samples tested in their study failed in fiber
breakage and 5% in matrix cracking. Trejo-
O’Reilly et al. (2000) employed fiber fragmen-
tation tests for their lyocell-fiber/polystyrene
system. They carried out the tests at 94°C, which
is near the glass-transition temperature of poly-
styrene, presumably aiming to reduce the brit-
tleness of the matrix polymer by testing the
rubbery state. These researchers obtained the in-
terfacial shear strength values, but did not obtain
information about fiber/polymer interactions in
the glassy state of the matrix, which may be
more relevant to the normal use of the compos-
ites.

In addition to the stringent requirements for
fiber/polymer combinations, the current micro-
composite tests are also limited in identifying
local strain or stress values that are critical to the
prediction of failures in the fiber/polymer inter-
phase. In the micro-debond test, for example, the
maximum load to shear-off the droplet is aver-

aged over the area of contact between the fiber
and the matrix (Gaur and Miller 1989). The dis-
tribution of stress (or strain) in an interphase,
however, is not uniform due to stress (or strain)
concentrations. Because failures occur at loca-
tions of maximum stress or strain, depending
upon the controlling failure criteria, the average
state of the interphase may not accurately char-
acterize the integrity of the interphase.

The strain or stress distributions of wood fi-
bers have been determined using several uncon-
ventional techniques, but these approaches are
either limited in applications or not robust
enough for different matrix polymers. Mott et al.
(1996) strained single wood pulp fibers under an
environmental scanning electron microscope
(ESEM), and subsequently compared sequential
images for surface displacement, which could be
converted to microstrain distributions on the fi-
ber surfaces. The advantage of this technique,
however, could not be fully utilized in fiber/
polymer systems where the visibility of the fiber
underlying the matrix polymer is greatly re-
duced. Mercado (1992) loaded in tension poly-
urethane samples that contained single wood
fibers, and subsequently examined the image un-
der a polarized microscope for birefringent
pattern, whose light intensity is related to the
stresses within the matrix polymer around the
region of the fiber/polymer interphase. The tech-
nique, however, is primarily limited to transpar-
ent and birefringent matrix polymers (such as
epoxy, polycarbonate, and polyester).

Raman micro-spectroscopy is a novel tech-
nique that provides a robust approach in identi-
fying interfacial stress distributions for a poten-
tially wide range of cellulose-fiber/polymer
combinations. This technique relies on (1) iden-
tifying the stress-dependent vibrational fre-
quency, (2) establishing the stress-frequency
calibration curve, and (3) directly converting the
frequency of a spectrum of interest to local
stresses (Fig. 2). The stress-dependent Raman
bands of cellulose have been identified by Eich-
horn et al. (2001) to be at 895 cm−1 and 1095
cm−1. These bands shift 0.4 cm−1 to lower fre-
quencies for every 100 MPa increase in tensile
stress. Therefore, if Raman bands are collected

FIG. 1. Two common micro-composite tests: (a) the
micro-debond test (top figure) and (b) the fiber fragmenta-
tion test (bottom figure).
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at different locations of the fiber along the re-
gion bonded with a matrix polymer, the point-
to-point variation (or spatial distribution) of
stress can thus be determined for the fiber/matrix
interface region.

Research published so far indicates the prom-
ising applicability of the Raman technique in
discerning strain and stress distributions in cel-
lulosic-fiber/polymer interphases, but no practi-
cal success has been accomplished in evaluating
interfacial bonding. In the absence of polymer
matrices (or bonding), the Raman technique has
been successfully employed to study microde-
formation of natural cellulose (flax and hemp)
fibers (Eichhorn et al. 2000) and to monitor the
deformation process in regenerated cellulose
(viscose and lyocell) fibers (Eichhorn et al.
2001). This technique was later extended to
study fiber composites, where strain distribution
was examined along the ends of a flax fiber
embedded in an epoxy matrix (Eichhorn and
Young 2003). In this study, however, no quan-
tification was made regarding the extent of flax/

epoxy bonding. In another investigation, the Ra-
man technique was used to map the tensile stress
distribution of single hemp fibers along the re-
gion bonded with an epoxy micro-droplet (Eich-
horn and Young 2004). A maximum interfacial
shear stress was identified, but the value ap-
proximated the shear yield stress of the epoxy
resin, thereby implying a good adhesion but also
a hampered attempt to quantify fiber/matrix ad-
hesion.

The objectives of this study were (1) to sys-
tematically study stress distributions in the
cellulosic-fiber/polymer interphase using a micro-
Raman tensile technique, and (2) to examine if
the stress profile could be used to evaluate load
transfer in fiber/polymer adhesion.

MATERIALS AND METHODS

Test materials and equipment

The fibers used in this study were regenerated
cellulose (lyocell) fibers solvent-spun from

FIG. 2. A schematic approach of using Raman micro-spectroscopy for mapping tensile stress in the fiber/polymer
interphase.
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wood pulp to a diameter of 12 micrometers.
These fibers were acquired from Acordis Cellu-
losic Fibers (Tencel�) in the form of continuous
fibers to increase the ease of sample handling.
The fibers also have mechanical properties that
are quite similar to mature (black spruce) wood
fibers (Table 1). Polystyrene was used as the
matrix polymer because it is a commonly avail-
able polymer. Additionally, polystyrene is a ma-
terial of interest in this study because of its
glassy (brittle) behavior, which has been known
to cause complications in micromechanical
tests. The polystyrene sample was of 125,000–
250,000 weight-average molecular weight, and
it was acquired from PolySciences Inc. The tri-
alkoxysilanes used for fiber surface modification
were of phenyl [–C6H5], amino [–(CH2)3NH2],
phenylamino [–(CH2)3NHC6H5], and octadecyl
[–(CH2)17CH3] functionalities, and they were
acquired from Gelest, Inc. Styrene-maleic anhy-
dride, another surface modifier used in this
study, was a random diblock copolymer of 50/50
styrene and anhydride content based on percent
weight (Polysciences Inc.). The copolymer had a
number-average molecular weight of 1600
g/mol and an acid number of 480.

The Raman spectrometer (Renishaw system)
used a diode laser operating at 785 nanometers
(Fig. 3). The spectrometer was equipped with a
microscope that could focus the laser beam to a
spot size of 2 micrometers using a 50× objective
lens (0.25 numerical aperture). A microtensile
apparatus was placed under the microscope to
hold or stretch a single fiber, and expose the
fiber to the laser beam for collection of Raman

spectra. The fiber holder of the apparatus had a
moving arm at one side, and a stationary arm at
the other side. The moving arm was actuated by
a stepper motor via a leadscrew/nut system and
gearhead, providing a linear motion of 0.1 mi-
crometer repeatability. The motion was com-
puter-controlled to attain a desired distance and
speed for stretching the fiber. The stationary arm
of the fiber holder was equipped with a strain-
gage load cell of ±0.15% error (250 gram-force
full scale). The stationary arm was also con-
nected to a mini XY stage to position the fiber
both horizontally and vertically prior to stretch-
ing. The microscope stage that held the tensile
apparatus was another XY stage, which could be
computer-programmed to position and move the
tensile apparatus, and hence also the fiber, to
allow spatial mapping at fixed intervals.

Sample preparation

Lyocell fibers were cleaned by Soxhlet-
extraction for 12 hours using HPLC-grade
methanol, and subsequently dried in an oven at
70°C until a constant weight was achieved.
These fibers became either the control samples
or the substrates for chemical treatments in this
study.

For silane treatment, a 95 volume-% methanol
solution was first acidified to pH 5 using acetic
acid. Trialkoxysilane was then added to the

TABLE 1. Some mechanical properties of regenerated cel-
lulose and wood fibers.

Lyocell
fibersa

Juvenile
wood
fibersb

Mature
wood
fibersc

Tensile modulus (GPa) 15.2 1.11 9.44
Ultimate tensile strength (GPa) 0.54 0.21 0.48
Strain at failure (%) 7 17d 6d

a Data from Eichhorn et al. (2001); 20 replicates; 83 �m/s.
b Data for 10-year old black spruce fibers (Egan and Shaler 2000); 18

replicates; 80 �m/s.
c Data for 55-year old black spruce fibers (Egan and Shaler 2000); 34

replicates; 80 �m/s.
d Data estimated from the stress-strain plots in Egan and Shaler (2000).

FIG. 3. The micro-Raman tensile test apparatus. Note:
1 � moving arm; 2 � fiber mounting arm; 3 � load cell;
4 � fiber aligning XY stage.
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methanol solution at a dosage of 0.005 M, and
let to hydrolyze for five minutes. For aminosi-
lane, the pre-hydrolysis was performed in
methanol solution that was not acidified. Fibers
of about 2 grams (oven-dry weight) were soaked
in the silane solution for 20 minutes at a tem-
perature of 22°C and a relative humidity be-
tween 42–46%. Upon completion of the treat-
ment, the residual chemical was rinsed off twice
using HPLC-grade methanol. The rinsed fibers
were heated in an oven at 110°C for 10 minutes
and subsequently dried at 70°C for 24 hours to
complete the crosslinking of the polymerized si-
lane layers.

For grafting with styrene-maleic anhydride
(SMA) copolymer, procedures were adopted
from Liu (1994). First, 3.5 grams of copolymer
were dissolved in 20 mL of N,N-dimethyl-
formamide with 0.2% (based on the copolymer
weight) of 4-dimethylaminopyridine as the cata-
lyst. Then, about 0.5 grams of cellulose fibers
were added to the solution to undergo the esteri-
fication reaction at 100°C for five hours. At the
end of the reaction time, the fibers were rinsed
twice using acetone, and subsequently extracted
with acetone by Soxhlet for six hours. The ex-
tracted fibers were then dried at 70°C to evapo-
rate the solvent.

For depositing polymer droplets onto the fi-
bers, a 20 weight-% polystyrene solution in tolu-
ene was first prepared. A stiff fiber optic strand
was used to transfer a drop of the polymer so-
lution to the fiber, with an embedment length of
70–90 micrometers. The specimens were left in
the fume hood for 18 hours to allow solvent to
evaporate from the droplet. The evaporation was
not assisted by heating so that thermal residual
stresses in the fiber/polymer system could be
avoided.

A single fiber, with an attached polymer drop-
let, was mounted onto the tensile stage with a
gage length of 10 mm. The fiber was fixed to the
stage at both ends using a five-minute curing
epoxy. Although a fast-curing adhesive was
used, a standing time of 18 hours was allowed to
maximize curing so that fiber slippage could be
minimized during tensile displacement. Under
the assumption of no fiber slippage, the global

strain of the fiber was considered similar to the
nominal strain calculated from the ratio of dis-
placement and the initial gage length.

Raman scanning

The fiber was loaded in tension at a rate of 10
micrometer/second to a strain level of 1%. The
stretched fiber was then held in position for five
minutes. Within this elapsed time, instantaneous
stress relaxation occurred, as revealed in an ini-
tial study (Tze 2003), and any attempts made
during the said period to examine the point-to-
point (spatial) variation of stress (or the Raman
band frequency) would be hampered by an ad-
ditional source of variation: the time-dependent
stress change. After the five-minute elapsed
time, Raman spectra were collected at regular
intervals of five micrometers along the droplet-
embedded region of the fiber. Each Raman spec-
trum required 30 seconds to record. Upon
completion of scanning, the fiber was further
stretched, followed by a five-minute elapsed
time and then spectra collection. The overall
procedures were repeated for each loading level,
which was in incremental steps of 1% strain
(i.e., 1%, 2%, 3%, etc.).

The collected spectra consisted of cellulose
and polystyrene bands (Fig. 4), and therefore
these spectra were subtracted by the spectrum of
polystyrene to produce cellulose spectra. The
895 cm−1 band of the cellulose spectrum was
analyzed for frequency shift by curve fitting us-
ing a Laurentian:Gaussian ratio of 75:25. This
frequency shift was then converted to the fiber

FIG. 4. The Raman bands of cellulose-fiber/polystyrene
system and the individual components.
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axial stress at a factor of 0.44 cm−1/100 MPa, as
determined in a prior calibration experiment
(Tze 2003). All the calibration and Raman map-
ping experiments were carried out at 22 ± 1°C
and 40 ± 3% relative humidity.

RESULTS AND DISCUSSION

Determining the tensile stress distribution in
the fiber/polymer interphase

In the Raman tensile test approach, the local
axial stress of the fiber embedded in a polymer
droplet was determined from the frequency shift
of the stress-sensitive band of cellulose. The
band frequency shift, based on initial studies,
was not affected by prolonged exposure to the
laser beam of the Raman spectrometer, the sol-
vent used for depositing the polymer droplet, nor
the axial variation of the fiber (Tze 2003).

Figure 5 plots tensile stresses of the fiber as a
function of distance from the center of embed-
ment. When the fiber was unstrained, the tensile
stresses in the fiber/polymer interphase did not
differ from the local stresses of the fiber outside
the droplet. When the fiber was stretched at 1%

strain level, the local tensile stresses became
lower in the embedded region compared to the
exposed region, suggesting a transfer of load
from the fiber to the embedding polymer. The
fiber stresses declined from regions at both
edges of the polymer droplet, and attained a
minimum value near the mid-region of the em-
bedment (Fig. 5). A similar stress profile was
also obtained by Egan and Shaler (2000), who
performed finite element analyses of a wood-
fiber/phenol-formaldehyde droplet system with
the fiber undergoing a tensile loading condition.
Such an agreement lends merit to the empirical
Raman approach, which has the advantage of
not requiring mathematical assumptions on
sample geometry and boundary conditions.

The tensile stress as a function of distance
along the droplet-embedded region of the fiber
(Fig. 5) can be fitted using a fourth-order poly-
nomial relationship to express the three inflec-
tion points: one each near the two edges of the
droplet-embedded region, and the other one at
the mid-region of the embedment. Such equa-
tions were satisfactory (R2 or coefficients of de-
termination not less than 0.80) for stress distri-
bution profiles at 1% and 2% strain levels. For
stretching at a higher strain level, the tensile
stress distribution exhibited local variations in
addition to the general trend of stress dissipation
towards the mid-region of the embedment. The
local tensile peak values corresponded to loca-
tions of polystyrene fractures (Fig. 5) that were
observed to begin at 2% global strain level when
the ultimate strain of polystyrene was attained.
As such, the Raman technique is able to provide
information of locally induced failures, which
are not detected in numerical analyses.

Verifying load transfer in the
fiber/polymer interphase

The next attempt of the study was to verify the
load transfer phenomenon in the cellulose-fiber/
polystyrene system. To demonstrate a case
where no load transfer occurs, a micro-droplet of
silicone fluid was applied onto single cellulose
fibers. Silicone fluid is an inert compound that
does not interact with cellulose, hence it presents

FIG. 5. The variation of fiber local tensile stress along
the droplet-embedded region of the fiber and the corre-
sponding polymer fractures in the sample.
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a fiber/polymer system where the interphase is
not strong enough to transfer load, and the ma-
trix (droplet) is not load-sustaining. To demon-
strate a case where the load transfer ability is
expected to be improved, cellulose fibers were
treated with styrene-maleic anhydride (SMA)
copolymer prior to forming a micro-bond with
polystyrene. The copolymer has anhydride
groups at one end to bond to cellulose and it has
styrene groups at the other end to interact with
polystyrene; hence it should facilitate load trans-
fer in the fiber/polymer interphase.

Figure 6 depicts the stress distribution pro-
files for cellulose/silicone-fluid, cellulose/poly-
styrene, and cellulose-SMA/polystyrene systems
at 1% applied strain. When no fiber/droplet in-
teractions occurred (in cellulose/silicone-fluid
system), the tensile stress profile did not show a
noticeable decline along the embedded fiber.
When the fiber/droplet interaction was enhanced
(in cellulose-SMA/polystyrene system), the ten-
sile stress profile exhibited a deeper decline to-
wards the center of the droplet. Hence, the ob-
served decline in the fiber tensile stress is an
indication of fiber-to-matrix load transfer.

In brief, the tensile stress profiles determined

from the micro-Raman tensile test are manifes-
tations of load transfer phenomena in fiber/
polymer composites. The transfer of loads re-
ported here is from the fiber to the matrix. An
interphase, however, should allow loads to trans-
fer equally well either from the fiber to the ma-
trix or the opposite direction. Therefore, the in-
tegrity of a bonding system, as inferred from this
study, should be applicable to the matrix-to-fiber
load transfer in relevance to the practical appli-
cations of fiber-reinforced composites.

Quantifying fiber/polymer interfacial bonding

The preceding discussion implies that tensile
stress profiles in the fiber/polymer interphase
could provide quantitative information of inter-
facial bonding. Indeed, the slope of a tensile
stress profile has been related to interfacial shear
strength for micro-debond (carbon/epoxy micro-
composite) samples (Gu and Young 1997):

� =
r

2

d�f

dx
, (1)

where r is the fiber radius, and d�f /dx is the
slope of the tensile stress distribution curve at
any point along the embedded fiber. Equation
one was derived through the force balance ap-
proach, which is detailed in the appendix. The
equation calculates the shear stress at any point
along the embedded fiber. The values of d�f /dx
in the equation were determined from the slope
of the regressed line (a fourth-order polynomial
fitting) of the tensile stress profile. For such an
analysis, the stress profile at 1% applied strain
level was used so that the load dissipated in the
embedded fiber was wholly converted to the
shear force (as assumed for Eq. 1), but not par-
tially expended on fracturing the polystyrene
matrix.

The interfacial shear stress, as depicted in Fig. 7,
is not uniform along the droplet-embedded re-
gion. The shear stress profile agrees with the
finding of Eichhorn and Young (2004) for hemp/
epoxy microbond in that (1) the interfacial shear
stress value (the absolute value of �) is maxi-
mum near regions where the fiber enters and
exits the polymer droplet, and (2) the � is zero

FIG. 6. Tensile stress distributions in three interphases at
1% global strain. Note: 1 � cellulose-fiber/silicon-fluid;
2 � cellulose-fiber/polystyrene, 3 � SMA-treated cellu-
lose-fiber/ polystyrene. SMA refers to grafting with styrene-
maleic anhydride copolymer.
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near the mid-length of the embedment. Addi-
tionally, the present study identified, from the
stress profile, maximum shear stress values
(�max) of 8.7 MPa for the cellulose/polystyrene
interphase and 12.1 MPa for the cellulose-SMA/
polystyrene interphase. Such interfacial proper-
ties agree with the study of Liu et al. (1996),
where macerated wood fibers were grafted with
styrene-maleic anhydride copolymer using the
same procedure and recipe used in this study.
Based on the micro-debond test data, these re-
searchers obtained interfacial shear strength
values of 5.6 MPa for the (untreated) cellulose/
polystyrene interphase and 10.0 MPa for the
cellulose-SMA/polystyrene interphase. Presum-
ably, these values would be higher and hence
closer to our �max values (8.7 MPa and 12.1
MPa) if the micro-debond test, which was used
by Liu et al. (1996), could take into account
stress concentrations rather than average stress
values.

Characterizing different types of interphases

This study has established that the tensile
stress profiles of the embedded fiber can be used
to quantify the fiber/polymer interfacial bond-

ing. The subsequent attempt was to apply such
knowledge to examine fiber/polystyrene systems
whose interfacial chemistries were varied by
pre-treating the fibers with different functional
groups.

Figure 8 and Fig. 9 show the shear stress dis-
tributions obtained using the micro-Raman ten-
sile tests. Treatments of fibers with a silane of
alkyl (octadecyl) or non-polar functionality re-
sulted in a fiber/polystyrene interphase of re-
duced shear stress (Fig. 8). This observation sig-
nifies that polar (acid-base) interactions are re-
quired in bonding fibers to a non-polyolefin
polymer matrix. Adding polar (amino) function-
ality onto the fibers resulted in an increased shear
stress (load transfer) in the fiber/polystyrene in-
terphase, once again showing the importance of
acid-base interactions. For fibers with induced
phenyl groups (phenylamino-silanated, phenyl-
silanated, and styrene copolymer esterified fi-
bers), the resulting interphases exhibited a simi-
lar distribution of shear stress that is larger than
the shear stress in the untreated fibers (Fig. 9).
These observations indicate that the introduced
phenyl group was the active group that inter-

FIG. 7. Distributions of shear stress in the cellulose-
fiber/polystyrene interphase for two systems of different
fiber/matrix interactions at 1% applied strain.

FIG. 8. Shear stress (at 1% applied strain) in the inter-
phase between polystyrene and cellulose fibers treated with
either non-polar (octadecyl-) or polar (amino-) functional
silanes. Note: The data for untreated fibers were also plotted
for comparison.
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acted with polystyrene, further demonstrating
the importance of molecular compatibility in
cellulose/polymer adhesion.

Overall, the micro-Raman tensile technique
revealed maximum interfacial shear stress values
of 8.0 to 13.8 MPa, in average, for the differ-
ent interphases examined (Table 2). The data can
be categorized to show ranking of the functional
groups according to their adhesion to polystyrene:
alkyl < untreated < phenyl � phenylamino �

styrene copolymer < amino. These results dem-
onstrate that the Raman technique is a powerful
tool to examine cellulose/polymer adhesion and
interphases.

CONCLUSIONS

Raman spectra were collected at regular inter-
vals of five micrometers along the droplet-
embedded region of individual cellulosic fibers.
The point-to-point variation of the cellulose
band frequencies was converted to local tensile
stress. A profile of local tensile stress was hence
obtained as a function of distance along the
droplet embedding length. The local tensile
stress of the fiber exhibited a decline from the
edge of the embedding region to the mid-length
of the embedment. The stress decline was deeper
and sharper for a stronger interphase. Therefore,
the tensile stress profile obtained from the Ra-
man tensile test demonstrates the phenomenon
of load transfer where the load in the embedded
fiber is dissipated to the matrix polymer. The
slope of the stress profile along the droplet-
embedded region allows for an estimation of the
fiber/matrix interfacial shear stress. The shear
stress value is maximum near regions where the
fiber enters and exits the polymer droplet. The
maximum (�max) shear stress values differed in
different types of interphases, and the �max val-
ues increased when the fiber/polymer adhesion
is stronger. Hence, the tensile stress profiles can
be applied to evaluate fiber/polymer interfacial
bonding.

Overall, this study demonstrates that Raman
micro-spectroscopy can be employed to deter-
mine the tensile stress distributions of the cellu-
losic-fiber/polymer interphase and to evaluate
load transfers in cellulosics/polymer adhesion.
This technique characterizes bonding between a
ductile fiber and a brittle polymer, which is dif-
ficult to study using common micromechanical
tests. Although regenerated cellulose fibers were
used in demonstrating the technique, its useful-
ness should also be applicable to wood fibers,
which also contain cellulose. The success of the
Raman technique also demonstrates the unique
approach of applying a chemical tool (molecular
vibrational spectroscopy) to the understanding

FIG. 9. Shear stress (at 1% applied strain) in the inter-
phase between polystyrene and cellulose fibers treated with
surface modifying agents that carry phenyl functionalities.
Note: The data for untreated fibers were also plotted for
comparisons.

TABLE 2. Maximum interfacial shear stress (at 1% applied
strain).

Cellulose (Lyocell) fiber
Maximum interfacial shear stress,

�max (MPa)

Untreated 9.3 ± 1.2 C
Amino-silanated 13.8 ± 1.8 A
Phenylamino-silanated 11.0 ± 2.0 B
Phenyl-silanated 11.8 ± 1.6 B
Octadecyl-silanated 8.0 ± 1.4 D
SMA-grafted 12.1 ± 1.6 B

The �max values in the table are averages obtained from six replicates. The
variability (indicated by the ± sign) refers to the 95% confidence interval for
the average value. The average values assigned with the same letters (i.e., A,
B, C, or D) are not significantly different from one another at 95% confi-
dence level, as tested based on the Student-Newman-Keul method using
SigmaStat software. An exception is the statistical difference between the
untreated and octadecyl-silanated fibers, whose confidence level is at 90%.
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of mechanical properties of a cellulosic-fiber/
polymer interphase.
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APPENDIX

In the force balance approach adopted by Gu
and Young (1997), the change in tensile force in
the fiber is balanced by the change in shear force
at the interface (see Fig. A1):

dF = 2�r�dx, (A1)

where F, r, �, and x, respectively, refers to the
tensile force on the fiber, the fiber radius, the
shear stress at the fiber/polymer interface, and
the position along the fiber in the embedded re-

WOOD AND FIBER SCIENCE, JANUARY 2007, V. 39(1)194



gion. Equation A1 can be simplified in terms of
interfacial shear stress (�):

� =
1

2�r

dF

dx
. (A2)

Because fiber tensile stress (�f) is the amount of
tensile force (F) acting on a unit of fiber cross-
sectional area (�r2), a simple expression can be
made:

dF = �r2d�f . (A3)

The interfacial shear stress, after inserting Eq.
A3 to Eq. A2, becomes:

� =
1

2�r

�r2d�f

dx
, or � =

r

2

d�f

dx
. (A4)

FIG. A1. Balance of tensile forces on an element of the
fiber embedded in the polymer.
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