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Abstract This study aims to evaluate plant fibers that were

surface activated with NaOH and corona discharge before

incorporating in ortho unsaturated polyester-based fiber

composites. It demonstrates the potential use of lignocel-

lulosic particles, especially eucalyptus that presented the

higher values for all the mechanical properties analyzed.

The corona discharge treatment increased impact strength

and tensile strength of the composites, and decreased water

absorption. SEM images showed that the surface activation

generally improved the interfacial adhesion between fibers

and polyester matrix. Corona treatment may depolymerize

the lignocellulosic material and smaller fragments may

actually help increase the interaction with the polyester.

Keywords Plant fibers � Lignocellulosic residues �
Polyester resin � Vegetable fibers � Surface activation

Introduction

The use of unsaturated polyester for several applications is

of interest due to several favorable characteristics such as:

(1) low cost; (2) ease of curing at room temperature; (3) ease

of molding; (4) good balance of mechanical, electrical, and

chemical properties; and (5) a wide experience base in

developing technologies and design parameters [1–3].

The increasing interest in plant fiber-based composites is

due to the possibility of improving the mechanical properties

of products, reducing material costs, or both [4, 5]. Plant

fibers have relative low cost, high mechanical strength, low

abrasiveness, broad availability, and low density. They are

also renewable, non-toxic and non-pollutant [6, 7]. Some

plant fibers such as wood [8, 9], sisal [10–13], jute [14],

kenaf [3], and sugarcane bagasse [15] have potential for use

as reinforcing elements in composite materials.

Cellulose-based fibers are intrinsically polar due to the

presence of hydroxyl and carboxylic groups in their

structure [16]. The major drawback in using these hydro-

philic plant fibers in polyester-based composites (that

consists of a hydrophobic polymer) is that the interfacial

adhesion is poor [3, 17]. Furthermore, the plant fiber

component remains susceptible to moisture and, poten-

tially, to fungal and bacteria growth. Thus, when exposed

to water, untreated plant fibers have a relatively high water-

uptake that makes fibers swell, generating voids and

affecting the dimensional stability and strength of the

composite [18, 19]. In these conditions the potential of the

plant fibers is underutilized because their strength is not

fully utilized for reinforcing the polymeric matrix [20]. To

overcome this, in many cases the fiber surface is chemi-

cally modified or compatibilizers are used prior to com-

posite fabrication [3, 16, 21–25]. These treatments may

decrease the swelling of plant fibers when exposed to water

and improve their dimmensional stability.

The chemical or physical treatment of fibers is currently an

area of research receiving significant attention. In previous

work, the modification of lignocellulosic fibers with alkali

[26, 27] and silanes [28] successfully enhanced the flexural
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strength andflexuralmodulus of the composites.However, the

problem of water-uptake of the composites was not resolved.

Other efforts [29, 30] were successful in improving the

mechanical properties and water resistance of composites

through treatment with 1,6-diisocyanatohexane and 2-hy-

droxylethyl acrylate, andwithN-methylol acrylamide. In spite

of the success of these treatments in modifying plant fibers,

there is still a need for less polluting chemical reagents that

further improve the mechanical properties and water resis-

tance of plant fiber-polyester composites.

Corona discharge is an alternative technology for modi-

fying the surface property of fibers. It is used for the surface

activation of synthetic polymers (e.g. polyethylene before

printing) and woods (e.g. graft polymerization of vinyl

monomer or ethylene imine to wood) [31, 32]. Corona dis-

charge is generally used to improve wettability, adhesion,

hydrophilic properties [25, 33] or to graft molecules on

polymeric surfaces [34–36]. Compared to chemical routes,

polymer (that includes lignocellulosicmaterials) activation by

corona discharge proffers many advantages: high efficiency

and economic feasibility [37]; environmental acceptability as

an eco-friendly, solvent-free process with the flexibility for

application as a continuous process [36]; modificaction of

surface properties without affecting bulk properties [38], can

be performed under different atmospheres [36], and allows a

large range of species to be grafted [35, 39]. The extent of

improvement depends on the treatment parameters, such as

time and current. Sakata et al. [40] showed that the contact

angle of a droplet of urea-formaldehyde resin on a wood

surface decreases by increasing the degree of corona treat-

ment. In that case, the improved wettability was reported to

lead to higher bond strength.

Success in growing the market for industrial products

containing plant fibers will depend on fiber treatments that

improve their functionality and performance. The effect of

different plant fiber morphologies and of surface activation

with alkali and corona discharge on the performance of the

polyester-based composites has rarely been reported in the

literature. The objective of this study was to evaluate the

impact of surface activation of lignocellulosic fibers (pine,

eucalyptus, and sugarcane bagasse) with alkali and corona

discharge on the performance of plant fiber reinforced

polyester-based composites.

Experimental

Materials

Three types of lignocellulosic fibers were used: pine (Pinus

oocarpa), eucalyptus (Eucalyptus grandis) and sugarcane

bagasse (Saccharum officinarum). These fibers were cho-

sen because of their wide availability in Brazil. The

eucalyptus and pine trees were obtained from an experi-

mental plantation (Lavras/MG, Brazil) and the sugarcane

bagasse was obtained from an ethanol plant located in

Southern Minas Gerais, Brazil. The lignocellulosic mate-

rials were processed in a hammer mill with a 12 mesh

sieve, then sieved through a 20 mesh sieve and collected on

a 24 mesh sieve. The material collected on the 24 mesh

sieve consisted of elongated, sliver shaped particles that

will be called in the present work as fibers. These fiber

particles were actually comprised of several individual

lignocellulosic fibers (or tracheids in the case of pine).

The polymer matrix used here was composed of ortho

unsaturated polyester resin. Methyl-ethyl-ketone peroxide

was used as catalyst (both donated by Fibrasil Industria e

Comercio Ltda., Brazil).

Characterization of the Lignocellulosic Fibers

Measurements (length—L, width—W and lumen diame-

ter—/) of the individual fibers and tracheids that form the

fiber particles were performed using an Olypus BX41

microscope, with the aid of Wincel Regent PRO software.

Each of the morphological features was measured in at

least 30 fibers. Anatomical terms describing the fibers were

used as recommended by the International Association of

Wood Anatomists [41]. Some parameters were calculated

for individual fibers such as flexibility coefficient and wall

fraction [42–44]. Lumen is the empty cavity in the cell,

while the cell diameter includes the lumen plus the cell

walls that surround the lumen. The flexibility coefficient

(FC) is given by the ratio between the fiber lumen diameter

and the fiber cell diameter, expressed in percentage. The

wall fraction (WF) is the ratio between cell wall thickness

and cell radius, expressed in percentage.

The chemical analyses (lignin, extractives and ash) were

conducted according to the Brazilian standards, and holo-

cellulose (cellulose ? hemicelluloses) content was deter-

mined by weight difference [45].

Chemical and Physical Treatments of the Fibers

The three types of lignocellulosic fibers were treated with a

solution of sodium hydroxide (NaOH) at pH = 12 for 2 h.

This alkaline treatment was used to promote two effects on

the fiber: increase surface roughness resulting in better

interfacial adhesion and increase the amount of cellulose

uncovered on the fiber surface, thus increasing the number

of free hydroxyl (OH) groups exposed as possible reaction

sites [26, 46]. Following the alkaline treatment, the fibers

were subjected to a corona discharge (Plasma-Tech, model

P-1, Corona Brasil Ldta.) for 5 min, using an applied

potential of 12 kV, a current of 60 mA and a frequency of

60 Hz. The discharge was performed in air (25 ± 3 �C,
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70 ± 5 % relative humidity—RH) at an average distance

of 2 cm between the sample and the electric source. The

corona treatment excites the free hydroxyl groups and also

changes the surface energy, which serves to improve the

compatibility between the fiber and the matrix [47].

Production of the Composites

The composites were prepared by mixing solutions of ortho

unsaturated polyester resin with the catalyst and the ligno-

cellulosic fibers. Sugarcane bagasse fibers incorporated into

the polyester led to viscosities that were too high for handling

compared to the other fiber sources. The maximum sugarcane

bagasse fiber concentration that could be incorporated into the

compositeswas 15 %(w/w).Thiswasdue to the lower density

and high volume of sugarcane bagasse fibers relative to the

other fiber sources. Themixture was poured into steel-framed

molds greased with silicone to facilitate de-molding. After

curing, the specimens were de-molded and conditioned

(22 ± 2 �C, 65 ± 5 % RH) until a constant weight was

achieved. The different steps in preparing the compositeswith

treated and untreated fibers are shown schematically in Fig. 1.

Characterization of the Composites

X-ray radiography was performed with a Faxitron MX-20

X-ray instrument to evaluate the formation of bubbles and

eventual failures in the composite structure.

An EMIC DL 3000 universal testing machine was used

in the tensile and bending tests. Tensile strength was

determined following the ASTM D638-01 [48] standard

using around eight replicates, a test speed of 5 mm/min,

and load cell of 3,000 Kgf. Bending tests were performed

using a three point bending apparatus as recommended by

ASTM D790-00 [49] standard, using at least five replicates,

a test speed of 2 mm/min, and a load cell of 50 Kgf.

The Izod impact tests were performed using a Tinius

Olsen with a hammer of 2.82 J. The tests were carried out

in accordance with the ASTM D256-10 [50] standard using

ten replicates.

Water absorption was performed with the immersion of

the composites in water for different periods, in agreement

with the ASTM D570-98 [51] standard.

Boxplot charts were used for descriptive statistical

analysis of the mechanical properties and water absorption

of the composites. The asterisk is the average value; the

horizontal line in middle of each boxplot shows the median

value; the margins of the box show the 25 and 75 %

quartiles; lines outside the box correspond to the largest

data points (5 and 95 % quartiles) that are not evaluated as

outliers. The outliers (when available) are plotted by the

plus signs.

The morphology of the fracture surface of the composites

after tensile tests was observed in a scanning electron micro-

scope (SEM) Zeiss/DSM 940A, operated at 15 kV. Fracture

surfaces were gold coated before SEM visualization.

Results and Discussion

Fiber Characterization

Table 1 shows the anatomical properties of the individu-

alized fibers from the lignocellulosic material used in the

Fig. 1 Illustrative scheme of

the treatments and fiber-

reinforced composites
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composites. The values of the fiber cell length (L) and

width (W) are in agreement with the literature wherein

eucalyptus had the smallest fiber length, sugarcane bagasse

fibers were intermediate, and the pine fibers had the

greatest length. Long and narrow fibers have a higher

aspect ratio compared to short and wide fibers. Fibers with

a high aspect ratio are preferable because they confer

higher mechanical properties for the composites [52].

The wall fraction (WF) is related to the rigidity of the

fiber cell and values above 60 % are normally related to

stiffer fibers [52]. Pine was the material that showed the

lowest WF values and the higher flexibility coefficient

(FC), similar to values observed for Pinus taeda [53]. The

WF of eucalyptus fibers was very close to 60 %, similar to

that for Eucalyptus grandis [54].

Table 2 presents the chemical composition of the lig-

nocellulosic materials. Eucalyptus and pine fibers have

higher holocellulose content. Sugarcane bagasse had the

highest ash content among the particle fibers tested. High

levels of ash, lignin, and soluble extractives are believed to

decrease the mechanical strength of fiber composites by

interfering with interfacial adhesion and increasing the

fiber pull-out [55]. The higher mineral content of sugarcane

bagasse can be observed in the X-ray images (Fig. 2).

Silica (SiO2), which is a well-known component of the

sugarcane bagasse, was visualized as dark spots in the

radiographs due to its high density in relation to the other

fiber components.

Mechanical Properties of the Composites

Figures 3, 4 and 5 are boxplot charts used for descriptive

statistical analysis of the physico-mechanical properties of

the composites. They indicate a high degree of variability

in the data when the differences between major and minor

responses (outside line of the box) are high. Moderate

Table 1 Morphological

characteristics of the

individualized lignocellulosic

fibers

Fibers L (lm) / (lm) T (lm) W (lm) FC (%) WF (%)

Pine 3154.3 44.2 6.9 51.4 86.0 26.7

Eucalyptus 988.8 8.4 5.2 18.5 45.4 55.9

Sugarcane bagasse 2133.5 13.9 6.5 27.4 50.8 47.3

L, fiber cell length; /, lumen diameter; T, cell wall thickness; W, fiber cell width; FC, flexibility coefficient;

WF, wall fraction

Table 2 Chemical composition

of the lignocellulosic materials
Material Extractives (%) Lignin (%) Ash (%) Holocellulose (%)

Pine 2.7 29.3 0.2 67.8

Eucalyptus 3.2 26.5 0.4 69.9

Sugarcane bagasse 2.7 28.6 7.5 61.2

Fig. 2 X-ray radiography

images of the composites

reinforced with sugarcane

bagasse, pine and eucalyptus.

This image permits the easy

identification of high-density

phases since photon scattering

increases with the increase in

atomic number. Dark areas in

the image (due to high atomic

number) pertain to cross or

longitudinal sections of the

mineral species (e.g. SiO2

content)
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Fig. 3 Boxplot of a modulus of elasticity under tensile and b tensile

strength of the composites reinforced with the different lignocellu-

losic fibers. BA, sugarcane bagasse fibers; BA-T, corona-treated

sugarcane bagasse fibers; EU, eucalyptus fibers; EU-T, corona-treated

eucalyptus fibers; PI, pine fibers; PI-T, corona-treated pine fibers. The

asterisks are the average values, the horizontal line in the middle of

each boxplot shows median values; margins of the box give 25 and

75 % quartiles; lines outside box correspond to the largest data points

that are not evaluated as outliers

Fig. 4 Boxplot of a modulus of elasticity under bending and

b bending strength of the composites reinforced with the different

lignocellulosic fibers. BA, sugarcane bagasse fibers; BA-T, corona-

treated sugarcane bagasse fibers; EU, eucalyptus fibers; EU-T,

corona-treated eucalyptus fibers; PI, pine fibers; PI-T, corona-treated

pine fibers. The asterisks are the average values, the horizontal line in

the middle of each boxplot shows median value; margins of the box

give 25 and 75 % quartiles; lines outside box correspond to the largest

data points that are not evaluated as outliers

Fig. 5 Boxplot of a impact strength and b water absorption of the

composites reinforced with the different lignocellulosic fibers. BA,

sugarcane bagasse fibers; BA-T, corona-treated sugarcane bagasse

fibers; EU, eucalyptus fibers; EU-T, corona-treated eucalyptus fibers;

PI, pine fibers; PI-T, corona-treated pine fibers. The asterisks are the

average values, the horizontal line in the middle of each boxplot

shows median value; margins of the box give 25 and 75 % quartiles;

lines outside box correspond to the largest data points that are not

evaluated as outliers
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differences generally indicate a uniform spread whilst data

distributions are reasonably symmetrical and the

interquartile values across the range are similar. There

were no data points considered as outliers in the entire set.

Composites reinforced with sugarcane bagasse had the

lowest strength when compared to composites reinforced

with pine and eucalyptus. This may be related to the lower

mechanical strength of sugarcane bagasse fibers [56] due to

their high content of parenchyma cells and the effect of the

milling process (during the ethanol production). The higher

median values of modulus of elasticity in the tensile and

bending tests of composites reinforced with eucalyptus

fibers are probably related to the WF of the fibers. Another

important factor that contributed to the higher performance

of the eucalyptus-reinforced composites may be related to

their higher cellulose content. Eucalyptus fibers contain

high amount of holocellulose, and it is well know that

cellulose is largely responsible for the mechanical strength

of the fibers. The lowest values of modulus of elasticity in

tensile (Fig. 3a) and bending tests (Fig. 4a) for pine and

bagasse-reinforced composites may be related to the lower

values of wall fraction and higher flexibility coefficient of

these fibers (Table 1). Pine composites showed higher

variability of data for tensile modulus, while values were

less variable for tensile strength (Fig. 3b).

Even using lower amount of reinforcement, the average

bending strength for pine and eucalyptus-reinforced com-

posites in the present work was higher than that found

elsewhere, evaluating composites of high density poly-

ethylene with 20 % pine and eucalyptus sawdust [57].

However, the tensile strength values obtained in the present

work were lower than that former work. The proportion of

sawdust influenced the tensile strength [58] and this may

explain the lower values found in this study when 15 % (by

mass) of fibers was used. The modulus of elasticity in the

bending test for bagasse-reinforced composites was similar

to that found in literature, however the values of modulus

of elasticity under tensile were higher than values pub-

lished elsewhere for polyester composites reinforced with

15 % of sugarcane bagasse fibers [53].

The treatment of the fibers with NaOH and corona dis-

charges decreased average values of modulus of elasticity

under bending (up to 26 % decrease for eucalyptus),

bending strength (up to 7 % decrease for sugarcane

bagasse) and modulus of elasticity under tensile (up to

18 % decrease for eucalyptus) for all kinds of fiber rein-

forcement. The corona discharge treatment seemed to act

negatively to these properties and this was especially true

for bending modulus, which showed the most significant

reduction in the average values after treatments. For

bending modulus, data variability was low, but variability

of values for bending strength was higher for untreated

fibers (Fig. 4). The bending strength of the composites

depended on the interaction between the fiber and matrix

and on the properties of the reinforcing element. Therefore,

the chemical treatment and the corona discharge seems to

have degraded the cellulose chains, as also reported by

Uehara and Sakata [31] that showed evidence of chemical

changes and chain scission of cellulose by corona treat-

ment. A decrease in the fiber tenacity was observed with

increasing of corona energy level and time of exposure

[16, 36, 59]. Sakata et al. [40] reported on the oxidation of

hydrophilic constituents of the surface of different types of

wood through corona treatments. However, it is expected

that chemical changes induced by corona treatment were

restricted to the substrate surface and did not affect the bulk

properties of corona-treated wood [40]. Some authors also

observed a decrease in the bending strength values when

jute fibers were exposed to 5 and 15 min of plasma dis-

charge in polyester-based composites [14]. Heating the

fibers by using high exposure times or high-energy con-

ditions, could degrade the fibers by depolymerisation (be-

cause they are low molecular weight species) or decreasing

of crystallinity as previously suggested [16].

Otherwise, the smaller fragments from depolymerization

of the lignocellulosic material may help increase interac-

tion with the polyester chains. This could account for the

higher tensile strength values (Fig. 3b) for composites with

treated fibers were higher (up to 32 % increase for sugar-

cane bagasse) than composites reinforced with untreated

fibers. Furthermore, the removal of excess cellulose, lignin

and alkali soluble impurities from the surface layer of

fibers by NaOH treatment enhanced surface roughness,

made the fiber soft, adhering easily to the polyester, and

improved the mechanical interlocking at the fiber–matrix

interface [60]. The use of alkali treated fiber as reinforce-

ment results in significant increases in tensile strength,

flexural strength and impact strength of composites [61].

This increase is probably due to the removal of the excess

cellulose, lignin and wax content present over the hydro-

philic fiber surface by means of alkali degradation [62].

Additionally, corona discharge treatment is thought to

activate the molecules at the surface, producing many

activated sites along the polymeric chains of the fiber. The

size and number of micro-pits increased with treatment

time [36]. Thus, the roughness of the corona-treated fiber

tends to increase as already reported by Zheng et al. [63] on

polymeric materials. According to Gassan and Gutowski

[16], corona-treated fibers exhibited significantly higher

polar components of the free surface energy with increas-

ing treatment energy output; which is mainly due to

increasing the content of carboxyl and hydroxyl groups.

The impact strength values of the composites with

corona-treated pine and bagasse fibers were higher (20 and

10 %, respectively) than the composites with untreated

fibers. The rough surface found around the alkali treated
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fiber contributed to better stress transference between the

matrix and fiber, which in turn resulted in better absorption

of impact energy through uniform fiber breakage [62]. The

eucalyptus-reinforced composites showed high data vari-

ability for impact strength (Fig. 5a). It was observed that

the treatment of the fibers (in a low extent to eucalyptus

treated fibers) seems to increase the data variability for the

composite properties. Therefore, other factors require

consideration and may contribute to the spread in the col-

lected data, such as difficulties with corona treatment on

Fig. 6 Hypothetical

mechanism for surface

activation of the cellulose fibers.

Free radicals formed by bond

cleavage between: (1) with C1

and ring oxygen (Mechanism

A); or (2) with C1 and

glycosidic oxygen bond

(Mechanism B). Adapted from

Ward et al. [69]

Fig. 7 SEM micrographs of the fracture surface of the composites

reinforced with sugarcane bagasse fibers: a 950 magnification (BA);

b 9500 magnification (BA); c 950 magnification (BA-T); d 9500

magnification (BA-T). Arrows indicate: (1) presence of air bubbles;

(2) fiber-matrix interface region; (3) surface left by the pull-out of

sugarcane bagasse fiber; (4) detail of the sugarcane bagasse fiber; and

(5) polyester matrix

806 J Polym Environ (2017) 25:800–811

123



three dimensional objects [64], or with the ‘underneath’

side not directly exposed to the bombardment by ionised

species present in the discharge zone [16].

It is also expected that surface roughness increased with

the treatment time as a consequence of the increase of

surface density of oxygenated species such as carboxylic

(COOH) and hydroxyl (OH) groups, increasing interaction

at the fiber-matrix interface. Therefore, a balance between

the increase in surface roughness and the decrease of the

fiber strength is necessary to successfully improve the

composite strength [16].

Water Absorption of the Composites

Water absorption (WA) of the polyester resin is almost

null, since it has expressive hydrophobic properties. The

hydrophilic lignocellulosic fibers were likely responsible

for much of the water absorption of the composite. Agri-

cultural residues (such as sugarcane bagasse) typically

have lower density and higher percentage of hemicellulose

compared to wood. This composition could result in a

greater amount of binding sites for water resulting in higher

water uptake [65]. Water uptake can break the secondary

bonds between matrix and fibers, decreasing the interaction

between them. Also, the water absorption by the fibers can

lead to dimension instability. Those effects can decrease

the mechanical properties of the composites, as observed

by Zadorecki and Flodin [66] testing polyester composites

reinforced with cellulose after water immersion and com-

pared to dry conditions.

Composites reinforced with sugarcane bagasse had the

highest WA values (Fig. 5b). The WA values for all for-

mulations were lower than those previously reported [56],

whose WA values were around 10 % after 72 h of water

immersion. Some authors evaluated different wood fibers

in composites based on low-density polyethylene, and also

observed lower water absorption for pine-reinforced com-

posites [67]. The authors attributed this behavior to the

improved interaction of the pine fibers (probably due to the

lower polar contribution of the lignin and extractives in

these fibers) with the polymer matrix and the lower per-

centage of cellulose in this species. A higher variability

was observed for tensile properties in sugarcane bagasse

(with and without treatment) composites.

Fig. 8 SEM micrographs of the fracture surface of the composites

reinforced with pine fibers: a 950 magnification (PI); b 9500

magnification (PI); c 950 magnification (PI-T); d9500 magnification

(PI-T). Arrows indicate: (1) formation of air bubbles; (2) fiber-matrix

interface region; (3) surface left by the pull-out of the pine fiber; (4)

pine tracheid; (5) polyester matrix: (6) pits in the pine tracheids, and

(7) polyester matrix present in the lumen of the pine tracheid
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The WA values of the composites reinforced with treated

fibers are similar to the untreated pine fibers. A reduction of 7

and 9 % in the average WA values was observed for com-

posites with treated sugarcane bagasse and eucalyptus

respectively, in relation to untreated samples. According to

Benhadi et al. [36], after the corona treatment, oxygen O1s

content increases while that of carbon C1s decreases. Never-

theless, it can be assumed the formation of oxygen-containing

functional groups such as esters, carboxyl and carbonyl, by

reaction of carbon present at the cellulose surface and oxygen

atmosphere as reported by Belgacem et al. [68]. According to

Ward et al. [69], cellulose radicals generated by plasma

treatments can result fromofone of the followingmechanisms

shown in Fig. 6: (1) bond breakage between C1 and ring

oxygen (Mechanism A); (2) bond breakage between C1 and

glycosidic bond oxygen (Mechanism B). The O–C–O groups

might partially originate frompectic substances, as also found

in literature [70]. Mihailovic et al. [37] demonstrated that the

amount of C–OH, C–O–C and O–C–O groups significantly

decreased after corona, and consequently, the surface rough-

ness increases. According to those authors, corona treatment

led to creation of a uniform nano-sized grain-like fiber

topography [37]. Park et al. [71] also reported the increase of

surface roughness of the fibers with the increase of the power

of corona discharge.Hence, different new functionalities such

as C–O, O–C–O, O=C–O, C=O and O–CO–O can be formed

[72], depending on the nature of the gas and plasma operating

conditions. Uehara and Sakata [31] reported the increase of

aldehyde groups content with increase in the corona discharge

time. Actually, according to those authors, the aldehyde

groups are often unstable, and then they are easily converted to

carboxyl groups by autoxidation.

Microstructure of the Composites

SEM micrographs depict a weak interaction between fibers

and polymer matrix for all the untreated fibers tested

(Figs. 7, 8, 9). The low degree of interfacial adhesion was

probably due to the differences in the affinity of the

hydrophobic matrix and the hydrophilic lignocellulosic

fibers. The gap at the fiber-matrix interface was observed

on the surface of the untreated fibers in the composites

(Figs. 7b, 8b, 9b), showing poor interfacial adhesion

between untreated fibers and the polyester matrix. The

corona-treated fibers presented smaller gaps over the

untreated fibers (Figs. 7d, 8d, 9d), which may have

Fig. 9 SEM micrographs of the fracture surface of the composites

reinforced with eucalyptus fibers: a 950 magnification (EU); b 9500

magnification (EU); c 950 magnification (EU-T); d 9500

magnification (EU-T). Arrows indicate: (2) fiber-matrix interface

region; (3) eucalyptus pulled-out fibers; (4) particle of eucalyptus

fibers; and (5) polyester matrix
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contributed to the increase in the average tensile (Fig. 3b)

and impact strength (Fig. 5a) of the composites with

corona-treated pine and sugarcane bagasse fibers. The

improvement in mechanical properties may have occurred

due to the enhanced effective stress transfer from the

polyester matrix to the fibers.

As discussed in the previous sections, the decrease of

voids at the fiber-matrix interface can be a consequence of

the creation of small fragments at the fiber surface of the

corona-treated fibers [73]. Figure 8d (arrow 7) shows the

polyester matrix present in the lumen of corona-treated

pine tracheids, which is probably a consequence of

increasing wettability with applying corona discharge. It

seems easier for the polyester to slide between the tightly-

packed cellulose polymer structure in corona-treated fibers.

This is an unexpected finding for untreated fibers consid-

ering the hydrophobic character of the polyester resin and

its relatively high molecular weight [66].

The SEM micrographs corroborate with the observa-

tions in the X-ray radiographs (Fig. 2) that show the

presence of bubbles (air voids) in pine-reinforced com-

posites, which have negatively affected the mechanical

strength. The composites with corona-treated fibers pre-

sented fewer bubbles, which also had higher tensile

strength and lower WA. The enhanced adhesion mini-

mized the gap between fibers and matrix, thus facilitating

the wetting and penetration of the resin in the fibers.

Conclusions

Among the composites analyzed, the eucalyptus-reinforced

composites had the superior mechanical performance

(bending, tensile and impact strength). The improved per-

formance is probably due to the higher strength of the

eucalyptus fibers. Pine-reinforced composites showed the

lower water absorption, probably because of the

hydrophobic character of the extractives and lower polar

contribution of the lignin in this type of fiber. Activation of

the fiber surfaces with NaOH and corona discharges

increased impact strength (in the pine and bagasse-rein-

forced composites), decreased water absorption (in euca-

lyptus and bagasse-reinforced composites) and increased

tensile strength (in all reinforced composites). SEM

micrographs showed that these treatments generally

improved wettability and the interfacial adhesion between

fibers and polyester matrix, despite probably causing some

damage to the fibers if treatment time is to long. Corona

discharge constitutes an interesting and promising route to

activate plant fiber surfaces and to functionalize polymer

materials. Corona discharge offers many advantages for

surface activation including being a solvent-free technique

that can be applied as a continuous process. The present

work contributes with information about corona discharge

under atmospheric (25 ± 3 �C and 70 ± 5 % RH) condi-

tions for the activation of lignocellulosic fiber surfaces.

Corona discharge could potentially find more widespread

use in the development of composites for multi-purpose

applications. Further work is ongoing to study the influence

of corona discharges on the pull-out stress for fibers in

composite materials.
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