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Physical Modification of Natural
Fibers and Thermoplastic Films
for Composites – A Review

S. MUKHOPADHYAY* AND R. FANGUEIRO

Fibrous Materials Research Group, School of Engineering
University of Minho, Guimaraes 4800 058, Portugal

ABSTRACT: The article throws light on the physical methods to modify natural
fibers to be used in composites. Physical methods in natural fiber processing are used
to separate natural fiber bundles into individual filaments and to modify the surface
structure of the fibers so as to improve the use of natural fibers in composites. Steam
explosion and thermomechanical processes fall in the first category while plasma,
dielectric barrier techniques and corona fall in the second. The physical treatments
have also been used to modify the thermoplastic polymeric films like polyethylene
and polypropylene in a bid to impart reactivity. Reviewing such developments, the
areas for further research are suggested.

KEY WORDS: plasma, DBD, corona, fiber, composite.

INTRODUCTION

N
ATURAL FIBERS HAVE attracted much attention for use as reinforcing
agents in composite materials and nowadays are considered as potential

substitute for nonrenewable synthetic fibers. Natural plant fibers have
favorable qualities in terms of specific strengths and modulus, economical
viability, low density, reduced tool wear, and enhanced energy recovery.
The natural fibers have limited thermal stability (usable temperature
restricted upto 2308C) and can be easily attacked in extreme environments.
There is also a major drawback associated with the application of biofibers
for reinforcement of polymeric matrices. Due to the presence of hydroxyl
and other polar groups in their constituents, natural fibers exhibit high
moisture absorption.
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Increased moisture decreases the mechanical properties and provides the
necessary condition for biodegradation and dimensional instability. It has to
be noted that the moisture regain of natural fibers vary from 3.5% for
triacetate, 8.5% for cotton to as high as 15% for wool. The hydrophilic
groups, coupled with presence of more amorphous regions result in such
higher absorption of water for natural fibers. This hydrophilic nature leads
to incompatibility and poor wettability in a hydrophobic polymer matrix,
and weak bonding in the fiber/matrix interface. There has been studies
which reported a fall in tensile, flexural [1,2], and impact properties [3] of
natural fiber-reinforced composites due to moisture absorption. This fact
greatly reduces the potential of natural fibers to be used as reinforcement in
polymers because the adhesion at the interface is often not adequate for
composite applications. Several physical and chemical methods have been
used to modify the fiber surface so as to make them more suitable for such
applications. The thermoplastic polymers used as matrices are also inert in
nature. Physical treatments have also been used to improve reactivity of
such polymers on the surface.

Physical treatments are done on natural fibers for two reasons:

. Separation of the fiber bundles into individual filaments

. Modification of the fibers for composite applications

The following sections deal with the above two kind of physical
modifications on natural fibers.

SEPARATION OF THE FIBER BUNDLES INTO

INDIVIDUAL FILAMENTS

The first step of using the natural fibers for composites is separation into
individual filaments. Processes so far used to remove lignin are chemical
treatment or chemo-mechanical treatment, mostly used in the manufacture of
pulp and paper. Water-retting, which was formerly the method of choice
because of high quality fiber, produces environmentally unacceptable
fermentation waste [4,5]. This practice was mostly discontinued in western
countries several decades ago because of the pollution from fermentation
products and the high cost of drying [6]. Dew-retting, which depends on
indigenous, aerobic fungi to colonize pulled plants in the fields, is a prevalent
practice in some countries. Disadvantages of dew-retting are (1) dependence
on particular geographical regions that have the appropriate moisture and
temperature ranges for retting, (2) coarser and lower quality fiber than with
water-retting, (3) less consistency in fiber characteristics, and (4) occupation
of agricultural fields for several weeks. Enzyme retting has produced some
good results but yet the enzymes are costly and the experiments are still in
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pilot scale. Considering all the above points, physical separation processes
can be tried as alternative. The paragraphs below discuss the physical process
in separation of the fibers.

Steam Explosion Process

Steam explosion process separates the lignocellulosic material into its main
components, namely cellulose fibers, amorphous lignin, and hemicellulose.
However, the steam explosion process has the disadvantage of producing
relatively short fibers. This renders steam-exploded fibers-reinforced
composites inferior in certain properties.

In a work by Kessler et al. [7] decorticated fiber bundles are impregnated
with NaOH at a concentration range of 0.1–0.5% (Figure 1) at different
temperatures (20–1208C) in the reaction chamber. After releasing the surplus
base, the material is subjected to saturated steam. In the specified steam

Processing and variables

Decorticated flax straw
(Matunty, retting degree, variety, etc.)

Impregnation
(Chemicals, temperature, time, etc.)

Steam explosion
(Temperature, time extrusion speed)

Scouring
(Procedure, chemicals, etc.)

Opening, carding

Short staple fibers

Knots, fiber bundles

Hemicellulose,
pectin, lignin

Fiber fragments, trash 

Hemicellulose,
pectin, lignin,

cellulose

Low
disintegration

High
disintegration

Figure 1. A schematic of the steam explosion process (after Kessler [7]).
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treatment, the material is extruded into a cyclone by suddenly opening of
the extrusion valve at the defined release pressure. The degraded materials,
like pectin, hemicellulose etc. are then extracted by an alkaline scouring.
Following the wash cycle the fibers are dried at room temperature, opened on
a standard opener and carded. The authors concluded that flax fibers
processed by steam explosion offer the opportunity for high tech applications
in textile as well as in technical applications.

In a study by Eichhorn [8] and others, SEM micrograph (Figure 2) of
steam-exploded flax clearly shows the surface irregularities developed as a
result of the process.

(a)

(b)

2 μm

2 μm

Figure 2. SEM micrographs of: (a) cordenka EH and (b) Steam-exploded flax fibers (after
Eichhorn et al. [8]).
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Das et al. [9] have found that steam stabilization (Figure 3) lead to
dimensional stability of particle board. Steaming, according to the authors,
lowers the softening points of jute components and imparts thermoplasti-
city. Thus, fiber loses its first memory of original configuration because of
steaming and the internal stress induced during pressing of the mat is
relieved and minimized. Lower internal stress within the pressed jute
products may cause less spring-back of the original configuration. The new
flattened fiber structure is stable and undergoes normal reversible swelling
when exposed to moisture. During the steam stabilization process, fiber is
subjected to heat as well as pressure in the presence of air and moisture,
whereby both degradation and oxidation of jute constituents may take place
and this may lead to remarkable loss of fiber strength.

Thermomechanical Process

Thermomechanical processes also offer a good alternative for separation
into individual filaments. When fibers are given thermal treatment around
the glass transition temperature of lignin, it is postulated that lignin will be
released from the fiber bundles without affecting the other constituents of
the fibers generating single fibers which will have greater strength and
stiffness than the fiber bundles. In literature, the values of glass transition
temperature of lignin have been quoted according to nature of lignin.

Kraft lignin is supposed to have glass transition temperature at 1428C
[10]. Such temperatures are higher when the moisture content is decreased as
the case will be when fibers are given heat treatment. Lignin begins to
degrade at around 2148C; hence heating the fibers to 2008C would be
expected to cause some softening [11]. During this treatment, the lignin, and
to some extent, the hemi-cellulose, are depolymerized into lower molecule
aldehyde and phenolic-functionalities leaving cellulosic microfibrils [12].

(a) (b)

Figure 3. Scanning electron micrographs of: (a) steam stabilized jute fiber and (b) untreated
jute fiber (control). (after Das et al. [9]).
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Just as steam explosion process gives clean fibers with rough surfaces and
increased crystallinity index [13], heat-treated fibers also have some
advantages. During the heat treatment, lignin and/or extractives migrate
to the fiber surface increasing the hydrophobicity of the surface [14] and are
likely to improve the capability with the matrix such as polypropylene [15].
Furthermore, during processing of composites particularly based on
thermoplastics, the moisture content can lead to poor processability giving
undesirable porous products.

MODIFICATION OF FIBERS AND FILMS FOR

COMPOSITE APPLICATIONS

The surface of the fibers can be modified by physical or chemical means.
The basic objective, however, remains the same: removal of surface
contamination and to provide an intimate contact between the surfaces on
a molecular scale so that molecular energies decrease across the surface
drastically. The simplest way is to roughen the surface so as to enhance the
contact area and facilitate mechanical interlocking. There have been several
theories proposed behind the mechanism of adhesion like adsorption or
chemical theory, electrostatic theory, diffusion theory, etc. The subsequent
passages discuss the different physical methods of surface modification of
natural fibers and thermoplastic polymers.

Physical Treatments

Two types of atmospheric pressure plasma treatments are available,
thermal and nonthermal. While plasma treatment is discussed in the first
category, the DBD technique and corona treatments is discussed under the
nonthermal treatments.

Plasma Treatment

Scientists such as Michael Faraday, James Clerk Maxwell, J. J. Thomson,
Ernest Rutherford, J. S. E. Townsend, and Irving Langmuir, to name only a
few, contributed to the basic understanding of electric gas discharge
phenomena. Plasma is an example of such an electric discharge.

A plasma can be defined as a partially ionized quasineutral gas, In this
ionized gas there is a balance between the densities of negative and positive
particles in macroscopic volumes and time. Plasma components include ions
(10–30 eV), electrons (0–10 eV), and UV (2004�5400 nm) and vacuum UV
(�5200 nm) radiation (3–40 eV) [16].

140 S. MUKHOPADHYAY AND R. FANGUEIRO

 at UCLA on March 25, 2010 http://jtc.sagepub.comDownloaded from 

http://jtc.sagepub.com


The generation of plasma depends on

(a) an energy source for ionization, which may be an electrical source (DC
or high frequency AC)

(b) a vacuum system for maintaining the source with pressures as low as
1–10�2 torr. Generally this is a combination of a rotary pump and an oil
diffusion pump, which ensures less amount of gas remaining in the
reaction chamber, and

(c) a reaction chamber, which is generally a bell jar or tubular shaped
chamber of glass or stainless steel.

Electrical discharge is the simplest and widespread means to sustain a
plasma for a long time. Plasma is thought to bring a physical modification
on the surface through roughening of the fiber by the sputtering effect,
producing an enlargement of contact area that increases the friction between
the fiber and the polymer.

In cold plasma, the electron temperature is 10–100 times higher than
the low gas temperature [17]. However, due to very low density and the
very low heat capacity of the electrons, the very high temperature
of electrons does not imply that the plasma is hot. This is why
cold plasma can be used in surface treatment of fibers. The high
electron temperature affords a sputtering effect on the fiber surface
and the possibility of chemical modification. The low gas temperature,
being as low as room temperature in most cases, enables fibers to experience
such plasma surface modification without loss of their mechanical
properties.

There are two types of plasma treatments available,

(a) vacuum and
(b) atmospheric

The vacuum type of plasma process requires the parts to be treated under
low vacuum pressure in a chamber. A bleed gas is then introduced and
ionized. A number of gases have been used, including, oxygen [18–20],
nitrogen [21], helium [22], and air [23]. The gas ions bombard the surface
causing chemical and topographical changes in the near surface region. The
chemical changes are complex but involve removing atoms or breaking
bonds which results in free radical evolution and cross linking. This method
is thus limited by the size of the chamber and of course it is a batch process.
Plasma modification of the surface results in the following events in various
degrees, which affect the adhesion (Figure 4).

(a) surface cleaning, which promotes adhesion and action of coupling
agents,
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(b) ablation or etching of material, which results in a rougher surface,
promoting physical adhesion,

(c) cross linking or branching of materials at the surface which may
strengthen the surface layer, and

(d) modification of the surface chemical structure and introduction of free
radicals.

The atmospheric plasma pretreatment technique is highly attractive since
the parts are treated in situ rather than in a chamber. The subsequent
discussion is with atmospheric plasma.

Jeong et al. [24] reported an atmospheric plasma treatment which
produced a uniform plasma at low temperature which may be used for
materials processing on relatively large substrates.

An OpenairTM plasma system [25] (Plasmatreat GmbH, Steinhagen,
Germany) was used to functionalize the surfaces of lignocellulosic fibers.
The treatment was carried out at maximum power (10 kW) for duration
of 1 and 3min. A small amount of technical fibers (3 g) were fixed
longitudinally inside an inverted glass T-piece. The middle inlet was

M
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-P-:  Polymer chain
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free radicals
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Figure 4. Reaction mechanisms for plasma surface modification.
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positioned under the plasma nozzle in an attempt to confine the active plasma
species around the fibers for the duration of the treatment (Figure 5). The
substrate was fixed at 30mm from the plasma nozzle in order to avoid the
thermal degradation of the lignocellulosic fibers.

The results of study by Marais et al. [26], the use of cold plasma, and/or
autoclave treatments of the flax fiber modify the permeametric properties of
composite films has been demonstrated. The nature of the gas plasma used for
this, helium, introduces some radicals on the surface of the flax fibers that
react with the unsaturated polyester chains and reduce the impurities on the
surface. Using flax fibers in composites increases the water permeability
coefficient, while plasma treatment of these fibers leads to a reduction of the
permeability coefficient P.
Figure 6(a) shows the SEM micrographs of untreated flax fibers, while

Figure 6(b) shows the fibers after plasma treatment. The surface of the
treated fibers seems to be cleaned-up.

Images from Figure 7(a) and (b) highlight some differences between a
composite reinforced by untreated-flax fibers and a composite reinforced by
plasma-treated-flax: the composite reinforced by untreated-flax fibers is
characterized by a poor interfacial bonding between the fibers and the
matrix (presence of some holes) and that produce a relatively clean surface
over the pull-out fibers due to greater extent of debonding (Figure 6(a)). In
the case of composites reinforced with plasma-treated fibers (Figure 6(b)),
the interfacial adhesion between the fibers and matrix is comparatively
stronger (fibers are broken in the failure with no signs of pull out).

The research group of Marais also proposed that the reduction of
modulus E is another way to evaluate the efficiency of the plasma treatment
of fibers in composites. The reduction rate of E, corresponding to a
damaging measurement, is calculated according to

r ¼
Edry � Ewet

Edry

Water

RF in

He / O2 gas in

Center electrode

15 cm

Nozzle

Figure 5. Schematic of the atomospheric pressure plasma jet.
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Edry and Ewet are the tensile modulus for the reinforced composites at the
dry and wet state, respectively. The lower the value of r, the higher the
efficiency of the plasma treatment in improving the fiber/matrix adhesion
and consequently in decreasing the water penetration in the composite.

Wang et al. [27] found that after plasma treatment, the water-absorption
time for both sides of the fabrics was reduced. In general, the bottom side of
the fabric had a longer water absorption time. The decrease of water-
absorption time can be attributed to the destruction of the scale structure

Mag = 1.00 K X 10 μm EHT = 5.00 kV
WD = 7 mm

Signal A = SE2
Photo No. = 3163 Dae : 1 Oct 2003

Mag = 1.00 K X 10 μm EHT = 5.00 kV
WD = 7 mm

Signal A = SE2
Photo No. = 3170

Dae : 1 Oct 2003

(a)

(b)

Figure 6. Scanning electron micrograph of flax fibers: (a) untreated, (b) treated plasma
(after Marais et al. [26]).
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due to plasma etching on the wool fiber surface and the introduction of
more polar groups such as hydroxyl groups due to plasma chemical
modification.

Figure 8 shows the SEM images of the control and the treated wool fiber
surface. It can be seen that the scales covering the surface of the untreated
fiber were intact. The presence of the epicuticle makes the fiber surface
difficult to get wet. It is interesting to note that after the plasma treatments,
the scales on the fibers on the top side of the fabric were broken and so was

Mag = 200 X
100 μm EHT = 3.00 kV

WD = 16 mm
Signal A = SE2
Photo No. = 2930

Dae : 23 Sep 2003

Mag = 150 X
100 μm EHT = 3.00 kV

WD = 15 mm
Signal A = SE2
Photo No. = 2943 Dae : 23 Sep 2003

(a)

(b)

Figure 7. Scanning electron micrograph of tensile surface fracture of composites reinforced
with fibers: (a) untreated and (b) treated plasma (after Marais et al. [26]).
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15 kV X5.000 5 μm 0003 07/Nov/06

15 kV X5.000 5 μm 0001 07/Nov/06

15 kV X5.000 5 μm 0002 07/Nov/06

(a)

(b)

(c)

Figure 8. SEM micrographs of: (a) control, (b) top side, and (c) bottom side of the fiber
treated for 2 s (30 W, 2–3 mm, 3 mm/s) (after Wang et al. [27]).
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the epicuticle. The authors ascribed the reason behind the observation, as
‘penetration of the active species from plasma jet through the pores in the
wool fabric’. The etching effect of plasma treatments could also roughen
the surface of the fibers. All these, according to the authors, contributed
to the wettability improvement of the wool fiber surfaces.

The effects of air or oxygen plasma on polymer films are well investigated.
The chemical surface modification induced on PE and PP is widely reported
[28–31]. In a comparative study with polypropylene (PP) and polyethylene
(PE), higher levels of oxygen incorporation were achieved in PP than in
PE [32]. The initial step involves formation of radicals on the top layer of the
polymer surface which can react with each other to cause cross-linking or
branching (polymerization), or result in surface oxidation. The wettability is
increased and is often correlated to this oxidation.

Plasma engineering techniques offer several advantages and has some
disadvantage:

1. Plasma engineering is usually reliable, reproducible, and can be applied to
wide variety of polymers, ceramics, and composite. Plasma processes can
be monitored quite accurately using in situ plasma diagnostic devices.

2. Plasma treatment can result in changes of a variety of surface
characteristics, like, chemical, tribological, electrical, optical, biological,
and mechanical. Proper applications yield dense coatings with excellent
interfacial bonds due to the graded nature of the interface.

3. Plasma processing can provide sterile surfaces and can be scaled up to
industrial production relatively easily.

However, atmospheric pressure plasma jet can only be applied to one side
of the treated material directly facing the plasma jet. For a flat and
nonporous substrate, plasma jet surface modification is only limited on one
surface within several nanometers of thickness. For a textile fabric, which is
a porous material, it is important to know the depth of the plasma treatment
before this technique can be applied successfully for modifications of the
fabric for better dyeability and other properties which involve all the fibers
in the fabric instead of just the surface fibers [33–36]

Nonthermal Treatments

The use of nonthermal plasma treatment of polymer surfaces to
promote wettability and adhesion has also been reported in the literature
[37]. At atmospheric pressure, essentially there are two methods
for producing nonthermal using either a corona discharge or a dielectric-
barrier discharge.
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CORONA TREATMENT
Corona is defined as a luminous, audible discharge that occurs when there

is an excessive localized electric field gradient upon an object that causes the
ionization and possible electrical breakdown of the air adjacent to this point
[38]. Corona discharges are due to inhomogeneous electrode geometries such
as a point electrode and a plane. The discharge takes place near sharp points
where the electric field is enhanced.

Corona discharges are relatively low power electrical discharges that take
place at or near atmospheric pressure. The corona is generated by strong
electric fields associated with small diameter wires, needles, or sharp edges on
an electrode. Corona takes its name (‘crown’) from mariner’s observation of
discharges from their ships’ masts during electrical storms. Corona is
characterized by a colored glow frequently visible in a darkened environment.
The audible discharge, usually a subtle hissing sound, increases in intensity
with increasing output voltage. Ozone, an odorous, unstable form of oxygen
is frequently generated during this process. Because the corona is relatively
easy to establish, it has had wide application in a variety of processes.

Corona process applications emphasize one of two aspects of the discharge:
the energetic electrons producing the plasma or the ions produced. The
electron energies depend on the gas characteristics and on the method of
generating the corona. The ion identities depend on the polarity of the
discharge and the characteristics of the gas mixture, specifically on
the electron attaching species. A process using the electrons will fill most of
the volume with the plasma while using ions, the corona-induced plasma zone
will occupy a small fraction of the total process volume.

Corona discharges exist in several forms, depending on the polarity of the
field and the electrode geometrical configurations. For positive corona in the
needle-plate electrode configuration, discharges start with burst pulse corona
(Figure 9) and proceed to the streamer corona, glow corona, and spark
discharge as the applied voltage increases. In a negative discharge (Figure 10)
there is pulse corona, followed by pulseless corona and spark discharge with
increasing voltage.

Dong et al. [39] found a decrease in the apparent melt viscosity of
cellulose-filled PE composites if one (or both) of the constituents was corona
treated. Bataille et al. [40] used corona treatment as a kind of pretreatment
to activate the cellulose to improve the efficiency of a grafting process.

Corona treatment, however, is difficult to use on 3D objects. This
limitation applies not only to 3D shaped products, but also to fibrous
materials, particularly in the form of woven fabrics or strands. The
awareness of the existence of these limitations has highlighted the need for
alternative, more 3D ‘compliant’ surface modification techniques such as
ozone and/or ultraviolet radiation (e.g., UV) light.
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As seen by Gassan et al. [41] the corona treatment of the jute fibers
increases the polarity of the fibers as is evident from Figure 11. The
nonpolar part of the free surface energy does not change. It is most likely
that an increase in the polarity subsequent to corona treatment is caused by
an increase of the number of carboxyl and hydroxyl groups.

The corona treatment of the jute fibers, as observed by Gassan et al. [42]
with increasing energy output led to a decrease in the tenacity of the fiber
(Figure 12). Lower treatment speeds [which result in higher specific energy
output (mJ/mm2) at fixed generator power] altered this tendency for
reducing the fiber tenacity (T). The surface ablation and subsequent
weakening of the superficial region of the material is known to occur as a
result of excessive treatment of polymeric materials by corona or plasma.
It has been observed by the authors, that although the above observations
are confirmed by the decrease in fiber tenacity, the elasticity modulus
was approximately constant over the whole range of energy output.

Trichel
pulse

corona

Pulseless
corona

Spark

− − −

Figure 10. Nature of negative corona discharge.

Burst
pulse

corona

Streamer
corona

Glow
corona

Spark

+ + + +

Figure 9. Nature of positive corona discharge.
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These observations and results on the influence of corona treatment on
surface polarity, fiber tenacity, and composite strength are consistent with
the underlaying surface chemistry and the materials’ mechanical perfor-
mance. The increased treatment level on individual fibers increased the fiber
polarity. The adhesion at the matrix–fiber interface may be increased due to
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the rise of the number of OH and COOH groups, as demonstrated by the
increase in the surface polarity. The overall strength and fracture
performance of the composite material was, however, lowered when fibers
are over-treated due to the decrease of the strength and fracture energy of
the individually treated (over-treated) fibers.

Gassan et al. [45] further reported that storage modulus, E0, at 608C
(Figure 13) increased with higher corona energy and followed the trend of
increase of the polar component of free surface energy due to the unchanged
fiber stiffness.

The effect of various corona treatment conditions on the mechanical
properties of cellulose fibers/PP composites was studied by Belgacem et al.
[43]. The cellulose fibers and PP were modified using a wide range of corona
treatment levels and concentrations of oxygen. The treatment level of the
fibers was evaluated using the electrical conductance of their aqueous
suspensions. The mechanical properties of composites obtained from
different combinations of treated or untreated cellulose fibers and PP
were characterized by tensile stress–strain measurements.

The authors reported that mechanical properties of cellulose/PP compo-
sites improved when either one or both components were modified by corona
discharge pretreatment. A striking result observed by the authors was that
modification of cellulose rather than PP yields a greater improvement of the
composite properties as can be seen from Figure 14. The yield stress of
composites incorporating treated fibers, was seen to be a function of corona
current. The yield stress increased by asmuch as 24%, although when only PP
was treated, the yield strength increased by a mere 6%. This may be at least
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Figure 13. Influence of corona discharge energy on the storage modulus, E0, at 608C
(treatment SPEED¼ 79 cm/min) (after Gassan et al. [45]).
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partially related to a smaller specific surface area of the polypropylene, that is,
a larger relative size of the PP particles. Treatment of both components,
cellulose fibers and PP, resulted in composites with only slightly better
properties than for cellulose treatment alone.

DIELECTRIC BARRIER TECHNIQUES
The history of the Dielectric Barrier technique has been very well

summarized by Ulrich Kogelschatz [44]. First experimental investigations
on dielectric barrier technique were reported by Siemens in 1857. They
concentrated on the generation of ozone. This was achieved by subjecting a
flow of oxygen or air to the influence of a dielectric-barrier discharge (DBD)
maintained in a narrow annular gap between two coaxial glass tubes by an
alternating electric field of sufficient amplitude. The novel feature of this
discharge apparatus was, that the electrodes were positioned outside the
discharge chamber and were not in contact with the plasma. Andrews ant Tait
proposed the name ‘silent discharge’, owing to the absence of sparks in this
kind of technique way back in 1860, and it came to be known by this name.
Becker in Germany and Otto in France made important contributions to the
design of industrial ozone generators utilizing DBDs.

As the name suggest, there is a dielectric barrier which restricts a direct
current and require high alternating voltages for operation. The dielectric
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Figure 14. Yield stress of composites as a function of the corona treatment current.
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constant and thickness, in combination with the time derivative of the
applied voltage, determine the amount of displacement current that can be
passed through the dielectric(s). To transport current in the discharge gap
the electric field has to be high enough to cause breakdown in the gas. In
most applications the dielectric limits the average current density in the gas
space. Preferred materials for the dielectric barrier are glass or silica glass, in
special cases also ceramic materials, and thin enamel or polymer layers.
At very high frequencies the current limitation by the dielectric becomes
less effective. For this reason DBDs are normally operated between line
frequency and about 10MHz. When the electric field in the discharge gap,
which may be planar or cylindrical (Figure 15) is high enough to cause
breakdown, in most gases a large number of microdischarges are observed
when the pressure is of the order of 105 Pa.

It has to be noted that the gas in between the electrodes is not ionized and
only serves as a background reservoir to absorb the energy dissipated. The
gas can either flow through the DBD (ozone generation, surface treatment,
pollution control) or it can be recirculated (CO2 lasers) or fully encapsulated
(excimer-based fluorescent lamps and light panels, plasma display panels).
The flowing gas in the DBD technique is applied to composite surface
treatment.

A way to avoid formation of sparks and essential current growth in the
channels formed by streamers is to place a dielectric barrier in the discharge
gap [45]. Obviously, the presence of a dielectric barrier in the discharge gap
precludes DC-operation of DBD, which usually operates at frequencies
between 0.5 and 500 kHz. An important advantage of the DBD is the
simplicity of its operation in strongly nonequilibrium conditions at atmo-
spheric pressure and at reasonably high power levels, without using
sophisticated pulse power supplies. The DBD proceeds in most gases through
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Figure 15. Dielectric-barrier discharge configurations.
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a large number of independent current filaments usually referred to as the
micro-discharges. These micro-discharges, from a physical point of view, are
actually streamers that repeatedly strike at the same place as the polarity of
the applied voltage changes, thus appearing to the eye as bright filaments.
Micro-discharges are self-organized taking into account charge accumulation
in the channel volume and on the dielectric surface. The short duration of
current leads to low overheating of the streamer channel, and the DBD
plasma remains strongly nonthermal. The plasma generated by DBD in
ambient air is known to generate a host of reactive oxidative intermediates
including OH, N, O, O3, exited states of N2 and O2 and atomic oxygen and
nitrogen [46,47]. These species are generated by electron collisions in the
discharge and initiate different reaction paths leading to production of
reactive intermediates. These reactive intermediates provide a convenient
resource for surface activation of polymeric materials including cellulosics.

Recently Wielen et al. [48] have explored the use of atmospheric DBD to
enhance the physical strength properties of bleached kraft pulps. They
discovered that atmospheric DBD could be employed to improve the wet-
strength and wet-stiffness of paper prepared from chemical pulps. Indeed,
these recent findings demonstrate that the wet-strength of bleached kraft
paper could be enhanced by 50–70% by treatment with DBD generated cold
plasma. Although prior studies have highlighted the link between increased
surface oxidation and hydrophilicity with plasma treatment, no definitive
studies have examined the relationship to wet-strength properties and the
atmospheric cold plasma oxidation of cellulosic fibers [49,50]. The use of
ESCA to analyze the surface of cellulosic fibers is a frequently employed
technique that can detect changes in the surface components of cellulosic
wood-derived fibers including the presence of surface lignin, extractives and
carbohydrates [51,52]. Of special significance to this study is the ability of
ESCA to differentiate between differing oxidation states of carbon on the
surface of cellulosic fibers.

A number of authors used homogeneous glow discharges for surface
treatment of polymeric surfaces [53]. An alternative approach was
experimented by J. Salge and co-workers [54]. They showed that by using
pulsed DBDs microdischarge properties can be influenced in such a manner
that superior surface modification and coatings of excellent quality can be
obtained. Special power supplies were developed to generate repetitive pulse
trains resulting in improved statistical distribution of the microdischarges
across the surface, a prerequisite for uniform treatment.

An alternative method of evaluating changes in the surface chemistry of
cellulosic fibers was accomplished indirectly via dynamic contact angle
analysis using the Wilhelmy plate technique [55]. Dynamic contact angle
(DCA) analysis by theWilhelmy plate method, in comparison with the sessile
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drop method, is less affected by the absorbency or surface roughness of the
fiber mat. DCA analysis provides information regarding the dispersive and
non-dispersive components of fiber surfaces using probes with known polar
and dispersive characteristics. The purpose of the study by the group ofMiller
was to apply these complementary techniques to characterize changes to
cellulose fiber surfaces at relatively low and highDBD treatment intensities so
as to determine the fundamental mechanisms involved in the recently
reported cold plasma enhancement of wet-strength/stiffness of kraft pulps.

ULTRASOUND TREATMENTS

Ultrasound has been defined as very high frequencies of sound, above
20 kHz (Figure 16). Generally used for medical and diagnostic purposes, the
use of ultrasound has also been tried for cellulosic fibers.

The treatment of cellulosic fibers with ultrasound has been studied by
several researchers. A review [57] describes the use of ultrasound in pulp and
paper technology for various processes like debarking, defibration, beating,
impregnation and penetration, pulping, bleaching, stock preparation, and
grafting.

Laine et al. [58] studied the influence of ultrasonic irradiation at 23kHz on
the physical and chemical properties of pulp fibers, reporting an increase
in the fiber wall porosity and a slight increase in the carbonyl group content
of the fibers due to the oxidation of carbohydrate hydroxyls. Although
ultrasound at lower frequencies produces more violent cavitation, the effects
are highly localized. On the other hand, cavitation is less violent at higher
frequencies owing to shortened life time of cavitation bubbles. However, there
is very less work aimed at ultrasound modifications. Aqueous suspensions of
thermomechanical pulp were subjected to ultrasonic irradiations at 610kHz
frequency. FTIR transmission and ATR results show an increase in
nonconjugated carbonyl groups in TMP upon sonication. To investigate
this behavior, sonication of the hydrolytic lignin was carried out, which also
shows an increase in the number of nonconjugated carbonyl groups coupled
with a decrease in nonconjugated phenolic hydroxyl groups.

Acoustic

2 MHz 200 MHz20 Hz 20 KHz

Ultrasound

Diagnostic and NDE

Medical and destructive

Animals and chemistryLow bass notes
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Figure 16. The ultrasound range diagram [56].
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It can be seen from Figure 17 that there is a considerable increase in the
intensity of absorption in the region from 1680 to 1800 cm�1, which
corresponds to C¼O stretching vibrations in non-conjugated carbonyls. The
increase in nonconjugated carbonyls in TMP after sonication can attributed
to the oxidation of phenolic hydroxyl groups in lignin.

ULTRAVIOLET TREATMENTS

Ultraviolet (UV) light has shorter wavelengths than visible light
(Figure 18). [59] Scientists have divided the ultraviolet part of the spectrum
into three regions: the near ultraviolet, the far ultraviolet, and the extreme
ultraviolet. The three regions are distinguished by how energetic the
ultraviolet radiation is, and by the ‘wavelength’ of the ultraviolet light,
which is related to energy. Ultraviolet energy has also been used to modify the
natural fibers.

In a study by Gassan et al. [60] tossa jute fibers were treated by ultraviolet
treatment. For the UV treatment, a Fusion UV Curing bulb with UV
emission spectrum according to Figure 19 and a focal point 53mm away
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Figure 17. Difference spectrum (FTIR-transmission) showing an increase in the absorption
in the band near 1700 cm�1 upon sonication (after Laine [58]).
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from the bulb was used. The energy output at a wavelength of 254 nm, which
is the most important wavelength regarding ozone generation, is approxi-
mately 80W.

As shown in Figure 20 the UV treatment leads to higher polarities of the
fiber surface. Consequently, the wettability of fibers and the composite
strength were improved.

The trend observed in Figure 21 shows, that in the case of appropriately
treated jute fibers an increase of 30% in composite strength is possible, after
a 10min treatment at a distance of 150mm away from the UV lamp.

The UV treatment of the jute yarn led to higher polarity (up to 200%
increase) with increased treatment time and constant bulb-substrate distance.
Furthermore, the treatment distance was showed to have a significant effect
on the polarity as well as to the tenacity of the yarn. To improve the
mechanical properties of jute-epoxy composites by the use of UV-oxidation
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Figure 18. The ultraviolet region of the spectrum.
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of fibers a balance between increased polarity of fiber surface and decrease of
fiber strength is necessary. Under optimum treatment conditions an increase
of the composite flexural strength of about 30% was achieved.

Oosterom et al. [61] in a bid to improve the polarity of UHMPE, used
different techniques including an UV lamp (Figure 22) for surface
modification and improvement of polarity of PE. They have commented
that Corona and glow discharge treatments were found to activate the
surface as shown by an increase in surface energy of over 100% in an order
of less than a minute, corresponding to an increase in ultimate shear stress
from 0.12 to 0.40MPa. In contrast, UV/ozone required exposure times in
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the order of minutes to have an effect that was still incomparable to the
other gas-phase treatments examined.

CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

Physical treatments have been found to be really useful tools in separation
of natural fibers from bundles and also modifying the surface properties of
natural fibers. While some of the methods have resulted in increase of
surface roughness, some like UV treatment altered the polarity of the
natural fibers. Plasma treatments increase the polarity of the fibers and
change the water absorption capacity of the fibers. Overall the physical
treatments are effective means to improve the fiber-matrix interaction in
composites.

Inspite of the advancements in the application of plasma and other
discharge techniques, there are several unsettled questions regarding the
proficient use of plasma processing. This is due to the inherent complexity of
the plasma state and also inadequate number of experiments dedicated
towards understanding the behavior. Several parameters like discharge
density, surface temperature, excitation frequency need to be appropriately
controlled for the desired effect. It is, however, to be noted that the
effect of excitation frequency on the plasma surface interactions are still
partially understood and can be the object of further research. Physical
treatments on several natural fibers need to be carried out exhaustively so as
to know their behavior and to improve the interfacial properties
between natural fibers and thermoplastic composites. Investigations into
treatments like ultrasound and ultraviolet have really been scanty and
demands deeper probes.

UV lamp

Sample

Sample holder

Figure 22. UV lamp for modification (after Oosterom [61]).
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