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Abstract The aim of this work is to study the

influence of low-pressure plasma treatment on cellu-

lose fibres to improve the adhesion between a poly-

meric matrix and natural fibres used as reinforcement.

To evaluate fibre wettability, contact angle measure-

ments were carried out on flax fibres after treatment

with plasma under several conditions. Similarly,

contact angle measurements were performed without

plasma treatment. A comparison between all the

samples led to the definition of the optimal plasma

treatment conditions. Once the latter were determined,

composite materials were prepared with treated and

untreated flax fibres and a low-density polyethylene

matrix. Composites, with different fibre contents (5

and 40%) and different fibre lengths (1 and 10 mm),

were manufactured using a mixer and a hot plate press.

The tensile strengths of the composites were assessed

to determine optimal fibre content and length, and the

plasma treatment effect was also quantified. It was

found that the higher the fibre content, the higher the

tensile strength, and the higher the Young’s modulus;

however, fibre length did not affect tensile strength.

Regarding plasma treatment, composites with treated

fibres exhibited a considerably improved tensile

strength and Young’s modulus. Plasma treatment

effects were also studied by X-ray photoelectron

spectroscopy and by differential scanning calorimet-

ric. Finally, an analysis of the fibre surface and an

interaction study between thematrix and the fibres was

conducted with scanning electron microscopy.

Keywords Natural fibres � Surface treatment �
Composites � Plasma � Adhesion

Introduction

Composites of thermoplastics reinforced with natural

fibres have been widely used in recent years (Keller

2003). Natural fibres are considered as a potential

alternative to conventional fibres due to their advan-

tages over conventional glass, carbon or aramid fibres.

The benefits of cellulose fibres include low cost, low

density, high availability, excellent mechanical prop-

erties, biodegradability and being environmentally

friendly (Herrera-Franco and Valadez-González 2005;

Pérez et al. 2012). Among mechanical properties, high

stiffness and toughness, low abrasiveness and great

deformability are important. These natural fibres also

have good thermal properties and reduced dermal and

respiratory irritations (Reddy and Yang 2005; Ghosh
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and Sinha 1997). Thermoplastics, mainly polypropy-

lene, polyethylene and polyvinyl chloride, currently

dominate as matrices for natural fibres (Malkapuram

et al. 2008). There are many applications of natural

fibre/polymer composites in the industrial sector. This

kind of composite materials are suitable for the

aerospace industry, and in leisure, packaging, con-

struction, sports, and especially in the automotive

industry (Wambua et al. 2003). Every year, end-of-life

vehicles (ELV) generate between 7 and 8 million tons

of waste in the European Union, which have to be

disposed of correctly. According to the European

Directive (2000/53EC) for all ELV, re-use and

recycling should be increased to a minimum of 85%

by average weight per vehicle and year. Moreover, it is

important to take into account that the use of this type

of materials reduces the overall vehicle weight.

Flax fibres come from the flax plant and are widely

cultivated in those parts of western Europe where the

daily temperature is generally below 30 �C. The life

cycle of a flax plant is around 90–125 days and the

stem height is about 80 cm (Charlet et al. 2012), of

which 75% can be used to produce fibres (Bismark

et al. 2005). Flax fibres are bast fibres; that is, they are

contained within the stalk, surrounded by a fine layer

of bast. This is why retting and scutching processes are

necessary to extract the fibres. Formed according to a

complex process, it is their composition and architec-

ture that confer the properties to the fibers. The flax

fibre has a mass composition of cellulose 71–81%,

hemicellulose 18.6–20.6% and lignin 2.2–3.0%

(Bledzki et al. 1996). The mechanical properties

(Hornsby et al. 1997; Barkoula et al. 2009) are shown

in Table 1.

In light of all the above-described features, flax

fibres are a very good option as a polymeric composite

reinforcement. However, it is necessary to improve the

weak interaction between the hydrophilic flax fibre

and the hydrophobic thermoplastic matrix. This can be

achieved by surface treatments that increase surface

energy and improve adhesion (Doan et al. 2006; Ji

et al. 2010). Natural fibres without any surface

modification generate weak interfaces with polymeric

matrices and the transferred stress from the matrix to

the fibre is ineffective (Gibeop et al. 2013). Further-

more, the limited capacity of the polymer to wet the

fibres hinders a homogeneous dispersion of short

fibres within the polymeric matrix (Duigou et al.

2010).

Acidic (Chollakup et al. 2013) or other chemical

treatments (Li et al. 2007) are the most commonly

used for this type of fibres, and in this work a low-

pressure plasma treatment (LPP) in a vacuum chamber

was investigated.

Plasma sources represent a fast, environmentally

friendly, nontoxic and dry process which acts on the

surface material without affecting bulk properties

(Conrads and Schmidt 2000; Braithwaite 2000).

Plasma technology is an active media constituted by

energetic neutrals, ions and free electrons which act on

a surface modifying its physicochemical nature. A

plasma source consists of an ionized gas created by

applying sufficient energy to reorganize the electronic

structure of the species present in the gas. This kind of

treatment is useful to activate and clean the surface and

to enhance the adhesion of several materials (Encinas

et al. 2010, 2012; Kusano 2014). Surface activation

consists in grafting chemical functionalities on the

surface in order to increase its surface energy (Tendero

et al. 2006). Additionally, plasma treatments can be

used for other applications such as coating or cleaning

surfaces without producing a hazardous effect on the

substrates (Rodrı́guez-Villanueva et al. 2013). In

particular, LPP treatment is a cost-efficient way to

modify material surfaces on a microscopic level

without manual operations or the use of chemical

products. With this technique, it is possible in a well-

controlled and reproducibleway to clean, activate, etch

or otherwise modify the surface of different materials

to improve their bonding capabilities or to achieve

totally new surface properties. Another advantage of

LPP is that can be spread more widely in the space and

totally cover all surfaces. Thus, LPP provides a clean,

green and efficient treatment for natural fibres in order

to manufacture polymer composite materials in a fast

and environmentally friendly way.

Table 1 Main mechanical

properties of flax fibres
Fibre Density (g cm-3) Tensile

strength (MPa)

Young’s

modulus (GPa)

Elongation

at break (%)

Flax 1.50–1.54 450–1500 27.6–38.0 1.5–3.2
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Experimental procedure

Materials and sample preparation

Low-density polyethylene, DOW 780E, was used as

the composite matrix and was supplied by Dow

Chemical (Madrid, Spain). Short flax fibres (10 mm in

length) provided by Procotex (Dottignies, Belgium)

were used as the reinforcement.

The mixtures were prepared in a rotor mixer (Haake

Rheomix 252P, MA, USA) at 150 �C for 30 or 40 min,

depending on the reinforcement content which was from

5 to 40%.When the torque exerted by the rotors has been

stabilised, it is considered that the mixture is homoge-

neous and that a good dispersion random 2Dof the fibers

within thematrix has been obtained. Following this, they

were pressed in a hot plate press using a framework to

obtain a controlled thickness of 1 mm. The dimensions

of each sheet were 200 9 200 9 1 mm.

Contact angles measurements

The wettability of both treated and untreated flax fibres

samples was evaluated by contact angle measurements

using an OCA 15 plus goniometer (DataPhysics;

Neurtek Instruments, Eibar, Spain) according to the

standard (EN 828:2009). Short flax fibres were placed

into the isothermal (25 �C) chamber of the apparatus,

which was previously saturated with the vapour of the

corresponding test liquid for at least 10 min before

depositing the drops. The test liquid was distilled water.

Drops (2 ll) of water were placed on the fibre surface

using an end-flat micrometric syringe (Gilmont Instru-

ments, Barrington, IL, USA). At least six drops per

surface condition were measured and averaged.

Plasma treatment durability was also studied by

contact angle measurements at different aging times.

Plasma treatment

Before mixing them, the flax fibres were treated with

LPP in a Harrick Plasma Cleaner chamber (Ithaca,

NY, USA) using air as the gas to produce plasma at a

pressure of 300 mtorr. Different times and powers

were explored to find the optimal conditions regarding

contact angle measurements. Once a vacuum is made

in the chamber, the fibres remain there for 1 min at

30 W.

Mechanical properties

Tensile tests were performed in an electromechanical

universal testing machine (Microtest EM2/FR,

Madrid, Spain) according to the standard (EN ISO

6892-1:2009). The thickness of the sample was 1 mm

and the other dimensions are shown in Fig. 1. The test

speed was 5 mm/m.

After the tests, the tensile strength and Young’s

modulus were determined. Young’s modulus was

assessed from 0 to 8 MPa, because all materials reach

this value in the elastic zone.

X-ray photoelectron spectroscopy (XPS) chemical

composition analysis

Chemical modifications on the surfaces of treated and

untreated flax fibres were analysed with a VG Scientific

Microtech Multilab (VG Scientia, Hastings, UK) spec-

trometer using Mg–Ka X-ray source (1253.6 eV),

operating at 15 keV and 300 W. The fibre random array

hinders placing them parallel to the X-ray beam, so three

tests of each material were carried out, and the average

obtained. The analysis was performed on 1 9 1 cm2

surfaces at a residual pressure below 5 9 10-8 torr. A

survey scan encompassing the 0–1200 eV region was

obtained for each sample. Peak width at half height of

the X ray beam was 2.1 eV. High-resolution spectra

were obtained in a 20-eV range. Curve fitting was

performed using Gaussian (70%)–Lorentzian (30%) fits.

All binding energies were referred to the C1s core level

spectrum position for C–C and C–H (hydrocarbons)

species at 285 eV (Johansson and Campbell 2004;

Buchert et al. 2001). Atomic concentrations were

calculated using a VGX900-W system.

Differential scanning calorimetric (DSC)

technique

The DSC instrument used was supplied by Mettler

Toledo (Greifensee, Switzerland). Aluminium cru-

cibles of 40 ll were used and filled with approxi-

mately 9 mg of composite for each test. Nitrogen

(80 ml min-1 flow) was used as purge gas. In order to

control the temperature, the equipment was connected

to an intercooler which could lower the temperature to

-40 �C. The program procedure conducted dynamic

ramps from -40 to 200 �C with a heating rate of

Cellulose (2017) 24:1791–1801 1793

123



10 �C min-1, keeping the temperature at 200 �C for

3 min. The temperature was then returned to -40 �C
with a faster cooling rate (20 �C min-1). Finally,

another dynamic temperature ramp identical to the

first one (from -40 to 200 �C) was performed to

observe the effect of the plasma treatment.

Morphology study

The fibre surface as well as the fracture surface of the

tensile test specimens were analysed using a Philips

XL-33 FEI EUROPE SEM microscope (Eindhoven,

Holland) to observe the effect of the PP treatment. The

samples were prepared using a gold coating in a

Polaron high-resolution sputter coater to obtain a

conductor media for the electrons and enough contrast

in the SEM micrographs.

Results and discussion

Wettability

It is first necessary to optimise the PP process to define

the optimal conditions. The distilled water contact

angle results for each condition are summarised in

Table 2.

After the plasma treatment, wettability increases

considerably. The best results are obtained at maxi-

mum power (30 W) and 60 s of treatment time in the

chamber (Table 2). If the samples remain in the

chamber longer than that time, it is impossible to

measure contact angles because of the high filtration

speed through the fibres. However, this last case was

characterised in terms of mechanical properties.

Therefore, the treatment time of 60 s corresponds to

the minimum possible contact angle.

It is important to take into account when the fibres’

hydrophobic recuperation occurs in order to know how

much time is available after treatment. This is

important to manufacture the composite material

without losing the beneficial effects of the plasma.

Samples were subjected to natural aging at room

temperature and in dust-free conditions. Figure 2

shows contact angle values during aging. After 2 days,

some of the plasma treatment effects were lost, and,

after a period between 2 and 3 weeks, total hydropho-

bic recovery occurs. Therefore, the composite should

be manufactured after plasma treatment, reducing the

time between treatment and manufacture as much as

possible to maximise the related benefits.

Mechanical properties

Composite materials were manufactured with differ-

ent fibre contents, from 5 to 40%, and different fibre

Fig. 1 Tensile test specimen dimensions

Table 2 Contact angles values depending on low-pressure plasma condition

Distilled water

Condition Without LPP 40 s/20 W 40 s/30 W 60 s/20 W 60 s/30 W

Contact angle (�) 121.22 118.53 102.87 75.05 50.57

Fig. 2 Fibre hydrophobic recovery after plasma treatment
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lengths. Fibres were pre-treated with LPP. Figure 3

shows the results of tensile tests for each material. It

can be observed that the higher the fibre content, the

higher the tensile strength. However, there is a limit

beyond which the strength does not increase further,

but decreases slightly.

Thereby, the best results were obtained for a 30%

content of flax fibre. Nevertheless, the Young’s

modulus increases with fibre content, even with 40%

of flax fibre (Table 3). This means that the higher the

fibre content, the more rigid the material becomes.

The influence of the fibre length was also studied.

As can be observed in Table 4, fibre length does not

practically affect the tensile strength, unlike as

reported in the literature. Some studies (Liu et al.

2007) claim that the smaller the particle size or length

of the reinforcement, the greater the tensile strength

obtained because of a better dispersion. In this case,

the results could be due to the cottonised character of

the flax fibres that makes these two lengths visually

very similar, obtaining similar dispersions and causing

the same effect. Therefore, all compared results were

made with 10-mm flax fibres.

The effects of LPP treatment were studied in two

cases, for 20 and 30% of flax fibre content (Fig. 4). In

both cases, the tensile strength as well as the Young’s

modulus increased after plasma treatment. This

difference is more evident in the case of 20% fibre

Fig. 3 Tensile strength versus fibre content

Table 3 Young’s modulus versus fibre content (calculated at 8 MPa)

Material LDPE Flax 5% Flax 20% Flax 30% Flax 40%

Young modulus (MPa) 105.1 ± 15.7 142.2 ± 7.5 286.8 ± 4.8 418 ± 1.9 497.9 ± 31.9

Table 4 Fibre length influence in tensile strength

Fibre length (mm) Tensile strength (MPa)

Fibre content (%)

5 20

1 10.1 ± 0.4 13 ± 1.1

10 10.9 ± 0.4 13.1 ± 0.3

Fig. 4 LPP plasma treatment: a effect on tensile strength and

b effect on Young’s modulus (T = 8 MPa)
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content, obtaining an improvement of 18.6% in tensile

strength and almost 32% in Young’s modulus. This

results agree with those obtained for similar natural

materials where fibres were subject to an alkali

treatment (Ku et al. 2011; Joseph et al. 1996).

The variation of these mechanical properties is due

to a better adhesion between the flax and the LDPE

matrix, as was corroborated by scanning electron

microscopy (SEM). Figure 5 shows micrographs of

tensile samples of the fracture surface. It can be clearly

seen that most of the untreated flax fibres were not

bonded to the matrix, whereas treated fibres are

completely embedded with many bonding points.

As mentioned above, composite materials with flax

fibres treated with different plasma conditions were

also manufactured. They were put in the chamber for

3 min instead of 1 min. The related effect was only

evaluated by tensile tests. Table 5 shows the results for

a material with 20% flax fibre content, because in this

case the difference between treated and untreated

fibres was more accentuated.

As can be observed, plasma treatment after 3 min

has no positive effect, i.e. the tensile strength values

are very similar to those of the untreated materials. To

discover what occurs in long-time treated fibres, an

analysis with SEM was carried out. Figure 6 shows

micrographs of untreated fibres as well as fibres

treated for 1 and 3 min. Surface changes for flax fibres

were also studied.

In Fig. 6a, b, it can be seen that untreated flax fibres

have a rather weak layer covering the fibre, along with

some dirt and impurities. After 1 min in the vacuum

chamber, the flax surface looks cleaner and presents

some undulations, which could be responsible for the

mechanical anchoring between the matrix and fibres

(Fig. 6c, d. This improvement in fibre–matrix adhe-

sion leads to the better mechanical properties shown in

Fig. 4. Nevertheless, when the fibres stay under LPP

for a longer time, i.e. 3 min in the vacuum chamber,

tensile strength values are similar to those obtained in

untreated fibre tests. This can be explained by the

degradation of the fibres. If the fibres are exposed to air

flux for longer than the suitable time, they can

deteriorate and break in specific areas and thus

generate zones of weak cohesion. In Fig. 6e, f, the

micrographs show some black spots which look like

small holes.

X-ray photoelectron spectroscopy (XPS) chemical

composition analysis

XPS has been used to study the surface composition of

chemically treated and untreated natural fibres and

their composites (George et al. 2001; Zafeiropoulos

et al. 2003).

In Table 6, can be observed that flax fibres, both

treated and untreated, only contain carbon

(BE = 285 eV) and oxygen (BE = 533 eV), without

significant amounts of N, P, Ca, K or Na, as would be

expected in natural materials (Liu et al. 2007). The

only difference between the treated and untreated flax

fibres is that, after LPP treatment, the amount of

Fig. 5 SEM micrographs of a untreated and b plasma-treated flax fibres in a LDPE matrix

Table 5 Tensile strength

depending on treatment

time in a vacuum chamber

Material Without LPP LPP (10) LPP (30)

Tensile strength (MPa) 13.1 ± 0.3 14.9 ± 0.7 13.3 ± 0.3
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oxygen increases while the amount of carbon

decreases. Table 6 illustrates how the O/C and N/O

ratios increase with LPP treatment.

When the curve fitting of XPS spectra is carried out,

different bonds are obtained. In Fig. 7, different curve

fittings are shown. Regarding chemical groups in

Fig. 6 Untreated flax fibres (a, b), flax fibres LPP treated for 1 min (c, d), and LPP treated for 3 min (e, f)

Table 6 Main elements percentage and ratios (referring to carbon) for LPP-treated and untreated flax fibres, determined from XPS

data

C1s (%) O1s (%) N1s (%) O/C (%) N/C (%)

Untreated 85.6 12.9 1.5 15 2

LPP treated 80.9 16.1 3.0 20 4
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relation to C1s, it is possible to conclude that the flax

surface composition is not affected by LLP treatment.

In both situations, the obtained chemical groups, C–C/

C–H, R–C–O and R–O–C=O, are the same and are

obtained at 285, 286.7 and 288.9 eV, respectively. This

is also consistent with the polymer materials’ chemical

composition (Abenojar et al. 2009), and with other

published values of cellulosic materials (Chastain and

King 1995; Johansson et al. 1999). Although these

peaks are the same, their percentages are different.

Other groups also exist, but they do not affect the

composition and disappear after the treatment. This

Fig. 7 XPS spectra of untreated and LPP-treated flax fibres for C1s, O1s and N1s
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happens with the bond obtained at 290.77 eV, which

suggests that there is no formation of aromatic groups

on the flax surface and that it disappears completely

after the treatment (Liu et al. 2007).

Untreated flax fibres O1s curve fitting (Fig. 7)

reveals four peaks, at 531.53, 533.15, 534.80 and

536.63 eV. The only peak corresponding to the C–O

bonds is centred at 533.15 eV (Gardner et al. 1995). The

other peaks are assigned to hydroxyl groups (2.5%),

oxygen (3.9%) and absorbedwater (1.2%), respectively.

Consequently, 7.62% out of 12.9% (Table 6) does not

correspond to oxygen fibres, but represents products

absorbed on the flax surface. The peak at 531.53 eV is

hence assigned to metal hydroxyl groups, such as Al3?

(Kadi et al. 2016) or carboxylate oxygen (–COO-)

(Vinod et al. 2008). The peak at 534.8 eV corresponds

to oxygen atoms absorbed on the flax surface (Wu et al.

2015). The last peak, obtained at 536.6 eV of binding

energy, is mostly water (Sun et al. 2013). However, all

the measured peaks forthe treated fibres correspond to

carbonyl groups, i.e. C=O and –C–O (Fig. 7). They are

observed at 531.3 eV (assigned to C=O; Weng et al.

1995), 532.7 and 534.1 eV (attributed to –C=O and –C–

O, respectively; Clark and Thomas 1976), and 536.3 eV

(corresponding to the r* state of the C–O; Geng et al.

2011). All these bonds were already present in the fibres

before LPP treatment, even though their quantity may

have been modified, but this cannot be confirmed.

N1s curve fitting shows two peaks at 400.3 and

402 eV corresponding to the C–N and NH4? groups,

respectively (Fig. 7). The C–N bond is a polar group

and increases slightly when LLP treatment is per-

formed, from 0.9 to 2.2%.

In summary, C1s decrease when LPP treatment is

carried out, but the bond C–C/C–H increases. This

happens because water loss occurs during treatment,

as observed in O1s XPS spectra, where the bonds due

to water absorption disappear and a carbonyl group

increment occurs along with the C–N polar group.

This is consistent with a contact angle increment

(Fig. 2), and, therefore, a better adhesion between the

matrix and the treated fibres is obtained.

Differential scanning calorimetric (DSC)

It is important to know if the plasma treatment affects

the main thermal properties (i.e. LDPE melting point

and crystallinity) in a significant way. These issues

were studied by DSC in the case of 20% flax fibre

content with treated and untreated fibres, as also

carried out by other authors (Abenojar et al. 2014).

As can be observed in Table 7, crystallinity is

affected by the addition of flax fibres, as expected, but

not by plasma treatment. Flax fibres are not crystalline,

so when they are introduced into the LDPE matrix, its

crystallinity decreases. However, there is no signifi-

cant difference between treated and untreated fibres in

terms of crystallinity and melting temperature. The

values reported in Table 7 are obtained from the first

heating cycle of the DSC program, but values from the

second heating ramp are in the same range, with an

error margin of ±3 �C in melting temperature and

±4 J g-1 in enthalpy increment.

Therefore, it can be confirmed that LPP treatment

only affects the material surface properties but not the

thermal properties.

Conclusions

Low-pressure plasma (LPP) treatment modifies the

flax fibre surface, increasing the wettability, when

plasma conditions are optimal in terms of power and

treatment time in the chamber.

A better adhesion between flax fibre reinforcement

and polyethylene matrix occurs, which results in a

good fibre–matrix interface interaction. Due to this,

the mechanical properties improve, especially when

the fibre content is around 20%.

Using the DSC technique, it was confirmed that

thermal properties are not affected by LPP treatment.

XPS results show that the chemical composition of

the flax fibre surface does not change after plasma

treatment. Therefore, adhesion improvement is only

due to dehydration and cleaning of the fibres. This

Table 7 Melting

temperature and

crystallinity DSC results

Tm (�C) DH (J g-1) Crystallinity

(%)

LDPE 113.64 99.55 34.56

LDPE ? untreated flax 20% 114.23 65.84 28.57

LDPE ? LPP treated flax 20% 114.73 67.85 29.45
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allows the carbonyl groups to have a better anchorage

when the fibres are treated, as clearly revealed by

SEM.

It was also verified that the higher the fibre content,

the higher the tensile strength and the Young’s

modulus. However, there is a limit beyond which the

tensile strength stabilises or even decreases. For flax

fibres and LDPE, this limit is around 40% of fibre

content.

An important result is that the effect of plasma

treatment has a low stability, and for this reason, it is

important to manufacture the composite reducing the

time between manufacture and LPP treatment as much

as possible.
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