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Abstract Polymer nanocomposites were prepared

from poly(oxyethylene) PEO as the matrix and high

aspect ratio cellulose whiskers as the reinforcing phase.

Nanocomposite films were obtained either by extru-

sion or by casting/evaporation process. Resulting films

were characterized using microscopies, differential

scanning calorimetry, thermogravimetry and mechan-

ical and rheological analyses. A thermal stabilization

of the modulus of the cast/evaporated nanocomposite

films for temperatures higher than the PEO melting

temperature was reported. This behavior was ascribed

to the formation of a rigid cellulosic network within the

matrix. The rheological characterization showed that

nanocomposite films have the typical behavior of solid

materials. For extruded films, the reinforcing effect of

whiskers is dramatically reduced, suggesting the

absence of a strong mechanical network or at least,

the presence of a weak whiskers percolating network.

Rheological, mechanical and microscopy studies were

involved in order to explain this behavior.

Keywords Polymer matrix composites � Cellulose

whiskers � Thermal properties � Dynamic mechanical

analysis � Rheology � Extrusion

Introduction

During the last decade, natural fibers reinforced

thermoplastic polymers have attracted the attention of

both the academic and industrial world for applica-

tions in transport and construction. This considerable

interest in the possibility of replacing conventional

fibers, like glass fibers, is ascribed to well-known

advantages such as renewable nature, low cost and

density. However, one of the main drawbacks of

lignocellulosic fibers is the big variation of properties

inherent to any natural products. Their properties are

related to climatic conditions, maturity, and type of

soil. Disturbances during plant growth also affect the

plant structure and are responsible for the enormous

disparity of mechanical plant fiber properties. One of

the basic idea to achieve further improved fiber and

composite is to eliminate the macroscopic flaws by

destructuring the natural grown fibers, and separating

the almost defect free highly crystalline fibrils. When

combining this process with an acidic treatment, high
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specific surface area rod-like nanoparticles of mono-

crystalline cellulosic fragments can be obtained. The

state of dispersion of these nanoparticles, called

cellulose whiskers, in a polymeric matrix has an

important impact on the final properties of compos-

ites and is strongly dependent on the processing

technique and conditions.

In a previous study (Azizi Samir et al. 2004a),

poly(oxyethylene) (PEO) films have been reinforced

with tunicin whiskers. PEO being a hydrosoluble

polymer and cellulose whiskers being obtained as

aqueous suspensions, the processing of nanocompos-

ite films was easily carried out by mixing the two

constituents in water and casting the resultant

dispersion. The important aspect ratio of tunicin

whiskers make these cellulose nanoparticles derived

from tunicate, a sea animal, a good candidate for

modeling rheological and reinforcement behaviors

and it was extensively studied in the literature (Favier

et al. 1995). However, this source of cellulose is not

suitable for technical applications due to its poor

availability. Such rod-like nanoparticles with various

aspect ratios can also be extracted from other

renewable resources as plant fibers (Azizi Samir

et al. 2005a). In the present study, cellulose whiskers

were extracted from ramie fibers.

Very few studies have been reported concerning

the processing of cellulose whiskers reinforced

nanocomposites by extrusion methods. An attempt

to prepare nanocomposites based on cellulose whis-

kers obtained from microcrystalline cellulose and

poly(lactic acid), PLA, by melt extrusion technique

was recently reported (Oksman et al. 2006; Bondeson

and Oksman 2007). The suspension of nanocrystals

was pumped into the polymer melt during the

extrusion process. Organic acid chlorides-grafted

cellulose whiskers were also extruded with low

density polyethylene (De Menezes et al. 2009).

In the present study, we investigate the preparation

and the properties of nanocomposite films obtained

from PEO as the matrix and cellulose whiskers

extracted from ramie as the reinforcing phase. Both

casting/evaporation, largely employed in research,

and extrusion processing method, a more industrial

technique, have been used. Thermogravimetric anal-

ysis (TGA) and differential scanning calorimetry

(DSC) measurements have been used to investigate

the thermal characteristics and degradation of the

ensuing nanocomposites. The viscoelastic behavior of

these materials was investigated in both the molten

and solid states as a function of the whiskers content

and processing technique by rheological and mechan-

ical methods. In the first part of the paper, the effect

of the ramie whiskers content on the properties for

cast/evaporated nanocomposite films was investi-

gated. In the second part, the impact of the processing

technique was examined, restricting the study to a

film reinforced with 6 wt% ramie whiskers.

Experimental methods

Nanocomposite films

Materials

Poly(oxyethylene), PEO, with a high molecular

weight (Mw = 5 9 106 g mol-1) was purchased as

a white powder from Aldrich and used as received.

Cellulose whiskers were prepared from ramie fibers

as described in details elsewhere (Habibi and Dufresne

2008). Briefly, ramie fibers were cut into small pieces

and treated with 2 wt% NaOH at 80 �C for 2 h to

remove residual additives. The purified ramie fibers

were submitted to acid hydrolysis with a 65 wt%

H2SO4 solution at 55 �C for 30 min and under contin-

uous stirring. The suspension was washed with water by

centrifugation and dialyzed to neutrality against deion-

ized water. The obtained suspension was homogenized

using an Ultra Turrax T25 homogenizer for 5 min at

13,500 rpm and then filtered in sintered glass No. 1 to

remove unhydrolyzed fibers. The suspension was

concentrated to constitute the stock suspension. This

treatment leads to aqueous suspensions of high aspect

ratio rod-like nanocrystals, characterized by an average

dimension of the cross section d of 6–8 nm and a length

L ranging between 150 and 250 nm, measured by TEM

(Habibi et al. 2007; Habibi and Dufresne 2008). The

average aspect ratio L/d and the specific surface area of

these whiskers were estimated to be close to 28 ± 12

and 380 ± 38 m2 g-1, respectively, taking 1.5 g cm-3

for the density of cellulose.

Processing of nanocomposite films

Cast/evaporated films The desired amount of ramie

whiskers aqueous suspension was added to the PEO,

previously dispersed in a few milliliter of methanol
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for a better dissolution. The cellulose whiskers

content was varied from 0 to 30 wt% (dry basis).

The resulting suspension was protected against light

by an aluminum foil and was weakly stirred for

4 days at room temperature. The suspension was then

degassed under vacuum in order to remove the

remaining air, cast into Teflon plates and dried under

argon at 40 �C for 3 weeks. The films were then

progressively dried under vacuum for a week with a

temperature increase step of 5 �C per day from 40 to

75 �C and finally stored in glove box. The thickness

of final films was about 200–300 lm.

Extruded films Poly(oxyethylene) matrix and ramie

whiskers reinforced PEO nanocomposite films were

prepared by extrusion. First, the PEO solution and

cellulose whiskers/PEO suspensions with 6 wt%

ramie whiskers were prepared similarly to the

previous description. The suspension was degassed

under vacuum and the water was removed by freeze-

drying. The ensuing powder was introduced in the

mixing chamber of a twin-screw DSM Micro 15

compounder and allowed to melt under nitrogen flow

at 180 �C. The mixing speed was set at 25 rpm for

10 min. Extrusion was carried out with a slit die of

0.6 mm in gap and 1 cm in length. The extruded

films were then cooled and calendered. They were

homogeneous, smooth, and bubble-free. The film

thickness ranged between 400 and 500 lm. The films

were dried for 4 days at 75 �C under vacuum and

then stored in glove box.

Characterizations

Microscopies

Scanning electron microscopy (SEM) was used to

investigate the morphology of the nanocomposite

films using a LEO S440 SEM instrument. The

samples were frozen under liquid nitrogen, fractured,

mounted, coated with graphite and observed using an

accelerating voltage of 10 kV.

Transmission electron microscopy (TEM) obser-

vations were made with a Philips CM200 electron

microscope. A droplet of a dilute suspension of re-

dispersed extruded nanocomposite films with 6 wt%

of cellulose whiskers was deposited and dried on a

carbon coated grid with one droplet (*6 ll) of

uranyl acetate solution (2 wt%) to carry out the

negative coloration which emphasizes cellulose. The

accelerating voltage was 80 kV.

A ZEISS polarizing optical microscope was used

to observe and follow the growth of the PEO

spherulites. The microscope was connected to a

LINKAM 20 to control the temperature. Samples

were melted at 100 �C for few minutes and then

cooled to the crystallization temperature. Average

radius values of spherulites were measured assuming

a circular shape.

Differential scanning calorimetry

Differential scanning calorimetry tests were per-

formed using a TA Instrument DSC, DSC2920 CE.

Standard modes were performed. Samples of 10 mg

were sealed in aluminum pans and placed in the DSC

cell in glove box. Each sample was heated from -100

to 100 �C at a temperature ramp of 10 �C min-1 and

kept at this temperature for 5 min to insure the

thermal equilibrium. Then, it was cooled down to

0 �C at a temperature ramp of 10 �C min-1. The

melting temperature, Tm, and the crystallization

temperature, Tc, were taken at the onset of the

melting and crystallization peaks, respectively.

Thermogravimetric analysis

Thermogravimetric analysis measurements were car-

ried out with a Netzsch STA409 thermal analyzer.

Around 10 mg of the sample were heated from room

temperature up to 550 �C at 10 �C min-1 under

either air or nitrogen flow. The results allow follow-

ing the weight loss as a function of the temperature.

The degradation temperature was associated with the

beginning of the weight loss.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) measurements

were carried out with a spectrometer DMA Q800

from TA Instrument working in the tensile mode. The

strain amplitude was fixed at 0.05%, well below the

limit of the linear viscoelastic regime. The samples

were thin rectangular strips with dimensions of about

20 9 7 9 0.2 mm3 for cast/evaporated films and

20 9 7 9 0.4 mm3 for extruded films. Measurement

of the storage tensile modulus, E0, was performed in

isochronal condition (1 Hz), and the temperature was
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varied between -100 and 150 �C using a temperature

ramp of 2 �C min-1.

Rheometry measurements

Rheometrical data were collected with a rotating

ARG2 rheometer from TA Instrument operating

under controlled strain conditions. It was equipped

with an oven and the analysis was carried out up to

180 �C under nitrogen flow. The storage shear

modulus G0 and the loss shear modulus G00 of the

samples were measured in the linear viscoelastic

regime using a parallel plates geometry of 25 mm in

diameter, with a gap of 500 lm. The dynamic

viscosity was calculated from G0 and G00 moduli.

Creep measurements for cast/evaporated and

extruded nanocomposites were performed on the

sample at 90 �C and at the same stress, corresponding

to a torque of 5 lNm.

Results and discussions

Cast/evaporated films

Morphology

The PEO films reinforced with ramie whiskers were

characterized by scanning electron microscopy (SEM).

Figure 1 shows the cryofractured surface for the cast/

evaporated unfilled PEO matrix and nanocomposite

film filled with 6 wt% ramie whiskers. The surface of

the cast/evaporated PEO matrix (Fig. 1a) appears

homogeneous without voids. The cryofractured

surface of the cast/evaporated nanocomposite film is

more chaotic than the matrix and shows a homoge-

neous dispersion of white dots (Fig. 1b). The cross

sections of these dots do not correspond to the one of

isolated whiskers, since their dimensions are far higher

than those of the whiskers. Indeed, it was shown that

the white dots result from electrical charge effects that

increase the apparent cross section of whiskers (Anglés

and Dufresne 2000).

Thermal characterization

The melting process was studied during the first

heating scan. For unfilled specimens, measurements

were performed for PEO powder and for the neat

cast/evaporated PEO matrix. No significant differ-

ence was reported between both unfilled materials as

can be seen in Table 1.

Melting temperature The melting temperature, Tm,

remains roughly constant for low whisker content, up

to 6 wt% (Table 1). At high filler content, i.e. 20 and

30 wt%, a weak decrease in Tm is observed. This

behavior is in good agreement with that reported by

(Azizi Samir et al. 2004a) for tunicin whiskers and

(Guo and Liang 1999) for wheat straw cellulose

whiskers. The decrease of the melting temperature

may be associated to the decrease of the spherulite

size. Indeed, a large decrease of the spherulite size

was observed with the incorporation of tunicate

whiskers in PEO matrix (Azizi Samir et al. 2005b).

Degree of crystallinity The degree of crystallinity

of the PEO matrix, vm, was calculated using the ratio

Fig. 1 Scanning electron micrographs of the cryofractured surface for the cast/evaporated a PEO film and b PEO film reinforced

with 6 wt% of ramie whiskers
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between the melting enthalpy determined by DSC

and the one corresponding to 100% crystalline PEO.

It was calculated per gram of PEO to take into

account the presence of the filler. The effect of the

whiskers content on the degree of crystallinity of

PEO is weak and it is only observed for highly filled

specimens for which a slight decrease of the degree

of crystallinity is observed upon ramie whiskers

addition.

Degradation behavior

The thermal stability of ramie whiskers reinforced

PEO nanocomposites was characterized using ther-

mogravimetric analysis. In these experiments, the

weight loss of cast/evaporated nanocomposite films

was plotted in Fig. 2 as a function of temperature

under air flow with a temperature ramp of

10 �C min-1.

PEO matrix and whiskers degradations

The onset degradation temperature, i.e. the temper-

ature associated with the beginning of the weight

loss, was found to be 205 �C for the unfilled PEO

matrix (Table 1). The PEO degradation under oxygen

atmosphere induces the formation of a large number

of volatile products involving several mechanisms

(Costa et al. 1992).

The thermo-oxidative degradation of pure ramie

whiskers was also investigated and the degradation

temperature was found to be 270 �C (Table 1;

Fig. 2). The degradation of ramie whiskers occurs

following two steps. The first one at low temperature

may correspond to the cellulose depolymerization

induced by the glucosidic bond scission which

involves hemicellulose formation, and the second

step, at about 400 �C, is most probably associated

with the thermal degradation of the a-cellulose, by

similarity with the degradation process reported for

sisal fibers (Alvarez et al. 2004).

Composite degradation under air flow

The weight loss observed for filled PEO films starts at

lower temperature compared to neat PEO, from 194

to 185 �C for the composites and at 205 �C for neat

Table 1 Thermal characteristics of cast/evaporated PEO-

based nanocomposites reinforced with ramie whiskers obtained

from DSC and ATG curves: crystallization temperature (Tc),

melting temperature (Tm), degree of crystallinity expressed as a

function of the matrix weight measured during the melting

(vm), degradation temperature (Tonset), activation energies

Samples Tc (�C) Tm (�C) vm
a Tonset (10 �C min-1)Air Tonset (10 �C min-1)He Ea (kJ mol-1)

Ramie W. – – – 270 265 –

PEO powder 51 57 0.82 – 350 380

PEO 51 56 0.81 205 – –

PEO ? 3 wt% WR 50 56 0.82 194 352 205

PEO ? 6 wt% WR 50 57 0.80 191 357 210

PEO ? 10 wt% WR 47 56 0.80 188 345 190

PEO ? 20 wt% WR 46 53 0.76 187 320 170

PEO ? 30 wt% WR 45 53 0.75 185 310 180

a vm ¼ DHm�PEO

DH0
m

where DHm
0 = 210 J g-1 is the heat of melting for 100% crystalline PEO

Fig. 2 Weight loss of unfilled PEO matrix (open circle), ramie

whiskers (filled square) and related nanocomposite films

reinforced with 3 (filled triangle), 6 (inverted triangle), 10

(diamond), 20 (open triangle) and 30 wt% (right-pointing
triangle) of ramie whiskers versus temperature. Measurements

were performed under continuous flow of dry air
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PEO (Table 1; Fig. 2). A significant decrease of the

onset degradation temperature of the filled matrix is

observed even at low whisker content. It is roughly

25–30 �C lower than the onset degradation temper-

ature of the neat polymer. Furthermore, the weight

loss kinetic is notably enhanced in the presence of

ramie whiskers (Fig. 2). Indeed, the quasi-total

degradation of the filled samples is observed at

300 �C, whereas it is achieved at 400 �C in the case

of neat PEO.

These results indicate a large effect of the presence

of whiskers on the PEO thermal stability even if the

whisker degradation occurs at high temperature.

(Chauvin et al. 2006) have shown that PEO is very

sensitive to acid medium and a strong decrease of its

molecular weight was observed. Furthermore, a net

decrease of the thermal stability of oligoether sulfate

(Chauvin et al. 2005) was observed in the presence of

a small amount of water, indicating the sensibility of

PEO degradation to the presence of both water and

sulfate acidic function. Thus, the sulfate ester groups

present at the whisker surface and resulting from the

acid hydrolysis treatment with sulfuric acid can have

a strong influence on the filled PEO degradation.

At low acid concentration, the sulfate ester groups

induce a significant decrease of the cellulose thermal

stability under air flow (Roman and Winter 2004;

Kim et al. 2001; Julien et al. 1993; Parks 1971; Tang

and Neill 1964). During the first degradation step

starting at 150 �C, the desulfation and dehydration of

the cellulose occur (Guo and Liang 1999). The latter

effect increases the water content in the medium and

catalyzes the degradation reaction of cellulose (Sche-

irs et al. 2001).

Effect of acidic surface density

In order to evaluate the influence of sulfate acid

groups, present at the whisker surface, on the thermal

degradation of PEO based composites, the surface

density of sulfate groups of the ramie whiskers was

determined by titration using NaOH solution. It was

equal to 0.022 e/nm2 ± 0.001, taking 380 m2g-1 as

the specific surface area of the ramie whiskers. This

value is low but appears to be sufficient to induce a

decrease of the thermal stability of the cellulosic

nanoparticles (Roman and Winter 2004) without a

significant weight loss. This degradation induces the

formation of sulfate acid and water in the medium,

which may enhance the PEO degradation by hydro-

lysis. Indeed, the ether oxygen could provide

hydroxyl groups using acid catalysis, and then the

dehydratation of the PEO occurs (Grassie and

Mendoza 1985). The degradation of PEO is enhanced

by its oxidation induced by the presence of O2.

The activation energy, Ea, of this degradation

process can be determined using the Broido’s method

(Broido 1969) as follows:

ln ln
1

y

� �
¼ �Ea

R

1

T
þ C ð1Þ

where y is the fraction of degraded product at time t,

R, T and C are the gas constant, the temperature and a

temperature independent term, respectively. Ea/R is

given by the slope of the plot of ln (ln 1/y) as a

function of 1/T. The activation energy obtained for

filled PEO is much lower than that obtained for neat

PEO (Table 1). This result suggests that the degra-

dation reaction is initiated by the whiskers degrada-

tion. The PEO degradation is then catalyzed by the

sulfuric acid and water present in the medium.

In order to reduce the influence of sulfate acid

groups brought by the cellulose whiskers on the

thermal degradation of filled PEO, the whisker

suspension was neutralized by NaOH solution. A

nanocomposite film reinforced with 6 wt% of ramie

whiskers was prepared using these neutralized whis-

kers. TGA results are reported in Fig. 3. The onset

degradation temperature is similar for nanocomposite

Fig. 3 Weight loss of the unfilled PEO matrix (filled triangle),

and related composites reinforced with 6 wt% of untreated

ramie whiskers (filled square) and neutralized ramie whiskers

(open circle) versus temperature. Measurements were per-

formed under continuous dry air flow
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films reinforced with neutralized or untreated whis-

kers (Fig. 3). However, the degradation kinetic

observed with neutralized whiskers based composite

is lower than that obtained with untreated whiskers

based composite.

The degradation activation energy of the nano-

composite film reinforced with 6 wt% neutralized

whiskers is about 217 kJ mol-1 which is notably

higher than the value obtained for the nanocomposite

film reinforced with untreated whiskers (190 kJ/

mol-1) but lower than the value obtained for neat

PEO (380 kJ/mol-1). The influence of acidic func-

tions at the surface of the whiskers towards the

degradation of the PEO matrix is clearly evidenced;

however the addition of neutral whiskers has also a

negative impact on the PEO matrix thermal stability.

During the whiskers neutralization, the acid function

is transformed in a sodium salt. It has been reported

that alkaline salts have an influence on the degrada-

tion of PEO (Costa et al. 1992). The strong interac-

tion between the cation and the ether oxygen involves

the weakening of the C–O bond and favors its

scission under air flow. In filled PEO, such interac-

tions may occur in addition to hydrogen bonding

between cellulose OH groups and PEO. These

interactions may explain the decrease in thermal

stability observed in comparison to the neat PEO.

Composite degradation under helium flow

The study of the thermal degradation of ramie

whiskers reinforced PEO films was carried out under

inert atmosphere, i.e. helium, to avoid any oxidizing

character of the medium. Results are reported in

Table 1. The onset degradation temperature of PEO

films, initially at about 205 �C in the presence of air

is shifted to 350 �C under helium, showing the

dominating effect of oxygen in the PEO degradation

mechanism (Cameron et al. 1989), whereas no shift

of the degradation temperature was reported for

ramie whiskers.

Compared to the neat PEO, the presence of a low

amount of cellulose whiskers does not modify the

thermal stability of composites. For filled films, the

degradation process under helium occurs in two

distinct steps, starting by the cellulose and followed

by that of PEO (this two steps process is clearly

observed for the PEO ? 30 wt% WR). The same

degradation behavior, involving a two steps process,

was reported for a poly(propylene) matrix filled with

sisal microfibrils (Panaitescu et al. 2008).

Mechanical behavior

The temperature dependence of the storage tensile

modulus E0 for the unfilled cast/evaporated PEO

matrix and related composites is shown in Fig. 4. In

order to minimize the effect of the sample dimension

uncertainty on the accuracy of the measurement, the

glassy modulus, E0 at -100 �C, was normalized at

8.5 GPa for all the samples. It corresponds to the

observed average value regardless the composition of

the film. The unfilled PEO displays a typical behavior

of semi-crystalline polymer.
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Fig. 4 Normalized storage tensile modulus E0 for cast/

evaporated unfilled PEO (filled square) and nanocomposite

films reinforced with 3 (open circle), 6 (filled triangle), 10

(inverted triangle), 20 (diamond) and 30 wt% (left-pointing
triangle) of ramie whiskers as a function of temperature
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The relaxation associated with the glass transition

of the amorphous domains of PEO occurs at about

-55 �C. The modulus drop corresponding to this

relaxation is weak because of the high degree of

crystallinity of PEO. Above -55 �C, E0 decreases

continuously because of the progressive softening of

PEO. When reaching the melting point of the

polymeric matrix around 70 �C, the modulus drops

irreversibly for the neat PEO.

When adding ramie whiskers, the rubbery modu-

lus, observed below the PEO melting temperature,

slightly increases due to the reinforcing effect of

whiskers. Indeed, due to the high crystallinity content

of PEO, the rubbery modulus of PEO is very high and

was weakly modified by whiskers addition. The main

effect is the thermal stabilization of the storage

modulus above the melting point of PEO, Tm, up to

temperatures higher than 100 �C.

As stressed in Table 2, the value of this high

temperature modulus increases as the whiskers content

in the nanocomposite film increases. This phenomenon

may be ascribed to the formation of a rigid percolating

cellulose whiskers network within the polymeric

matrix through strong whiskers/whiskers hydrogen

bonds interaction (Takayanagi et al. 1964). The

modulus of this continuous network can be well

predicted from the adaptation of the percolation

concept to the classical series–parallel model. In this

model and at sufficiently high temperature, i.e. when

the storage modulus of the matrix is much lower than

that of the percolating network, the following equation

was derived (Dufresne et al. 1997) for the predicted

elastic modulus, E0pre, of the composite:

E0pre ¼ WE0R

With:

W ¼ 0 for tR [ tRc

ð2Þ

With:

W ¼ tR

tR � tRc

1� tRc

� �b

for tR [ tRc ð3Þ

where W and E0R are the volume fraction and the elastic

modulus of the rigid percolating network, respectively;

tR, tRc and b correspond to the volume fraction of filler,

critical volume fraction of filler at the percolation

threshold and the corresponding critical exponent,

respectively. For a 3D network, b = 0.4 (De Gennes

1979) and tRc = 2.5 vol% was determined from the

aspect ratio of ramie whiskers, L/d = 28.

The tensile modulus of dry ramie whiskers films,

E0R, was experimentally determined and a value of

about 0.35 GPa was found. This value results from

the average of two experiments that were relatively

reproducible despite the extreme brittleness of the

films. This brittleness is no more observed in

the PEO/whiskers composite. The low value of the

tensile modulus obtained for ramie whiskers, could

be associated with the low aspect ratio of ramie

whiskers. Indeed, Bras et al. (Bras et al. 2010) shown

a correlation between the tensile modulus and the

aspect ratio for a large number of whisker sources.

For the predicted modulus, the densities of ramie

whiskers and PEO were taken as 1.5 and 1.2 g cm-3,

respectively. The predicted storage modulus values,

E0pre, are reported in Table 2. They were not deter-

mined for the nanocomposite film reinforced with

3 wt% of ramie whiskers, because this filler content is

slightly lower than the theoretical percolation thresh-

old value. However, experimentally, a stabilization of

the storage tensile modulus was observed with 3 wt%

(tRc = 2.41 vol%) whiskers PEO composite, thus

very close to the theoretical percolation threshold.

This difference may be associated with the model

developed, which neglects the effect of whiskers

reinforcement below the percolation threshold.

Regardless the composition of the sample, experi-

mental modulus values, E0exp, display a similar evolu-

tion to the predicted one even if experimental values

were normalized at low temperature. It is a good

indication that the stiffness of the sample and the

temperature stabilization of the composite modulus

most probably result from the formation of an H-bonded

cellulose whiskers network as proposed in the model.

Even if the H-bonded strength decreases with

increasing temperature, the large number of H-bonds

Table 2 High temperature (T = 80 �C) tensile modulus:

comparison between experimental (E0exp) and predicted (E0pre)

data for ramie whiskers reinforced PEO nanocomposite films

Sample 3 wt% 6 wt% 10 wt% 20 wt% 30 wt%

E0exp (MPa) 8 12 20 40 60

E0pre (MPa) – 4 9 20 34
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involved in whiskers/whiskers interaction induces the

stabilization of the composite storage modulus (Fa-

vier et al. 1997).

A previous study has shown that for composites

based on a PEO matrix and tunicin whiskers, the

experimental high temperature modulus values were

about 18, 45, and 235 MPa for composites filled with

3, 6, and 10 wt% whiskers, respectively (Azizi Samir

et al. 2005b). Compared to ramie whiskers-based

nanocomposites, the higher modulus values obtained

for tunicin whiskers-based nanocomposites are mainly

ascribed to both the higher aspect ratio of tunicin

whiskers, of about 70 (only 30 for ramie whiskers) and

the higher elastic modulus of the tunicin network.

Impact of film processing

Extrusion is an industrial method allowing to man-

ufacture a large range of products in short times. We

investigated the effect of this industrial process on the

properties of ramie whiskers reinforced PEO nano-

composite films. The whiskers content was fixed at

6 wt%, i.e. 4.86 vol%. Indeed, this amount is higher

than the percolation threshold (2.5 vol%) and corre-

sponds to the optimum balance between a low

whiskers content and a strong reinforcing effect.

The processing may have a direct impact on both

the thermal and mechanical properties of the com-

posite films because the extrusion process induces

mechanical and temperature stresses and some pos-

sible orientation of the fibers.

In order to determine the optimized extrusion

conditions, the isothermal stability of PEO was

investigated by TGA and rheological measurement

under inert atmosphere. Neat PEO and PEO rein-

forced with 6 wt% ramie whiskers samples were

maintained at 180 �C for 8 h, and the weight loss

observed was only equal to 2% of the initial sample

weight and was associated to water evaporation. This

result is in accordance with data obtained upon

heating in Table 1 and Fig. 2, which show that the

onset degradation temperature of PEO was well

above 180 �C. The Fig. 5 shows the evolution of both

G0 and G00 moduli versus time at 180 �C and 1 Hz for

the matrix obtained by melting PEO powder. The

moduli are constant indicating the stability of PEO at

180 �C in inert atmosphere. The extrusion process

was thus performed in a twin screw, under nitrogen

flow in order to avoid the oxidation of PEO at

180 �C. This temperature seems to be a good

compromise between low viscosity and thermal

stability. The extrusion speed was maintained at a

low value, i.e. 25 rpm, to limit the PEO chains and

whiskers break.

Morphology of extruded films

The morphology of the extruded nanocomposite film

reinforced with 6 wt% of ramie whiskers was char-

acterized by SEM. Figure 6 shows the cryofractured

surface of this material.

The morphology of the extruded nanocomposite

film is similar but less chaotic than its cast/evaporated

counterpart (Fig. 1b). The extruded film didn’t

Fig. 5 Storage (G0, filled square) and loss (G00, open circle)

moduli versus time at 180 �C for neat PEO, frequency 1 Hz,

deformation amplitude 0.5%

Fig. 6 Scanning electron micrographs of cryofractured surface

of the extruded nanocomposite film reinforced with 6 wt%

ramie whiskers
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display voids but large domains of white dots

indicating that the whiskers are not well dispersed

in the PEO matrix. The dots observed are much larger

than those obtained for the cast/evaporated film,

shown in Fig. 1b. The freeze-dried sample, before

extrusion, does not exhibit such morphology. Conse-

quently the whisker aggregates may have been

induced by the extrusion process.

In order to evaluate the influence of the extrusion

process on the whiskers degradation, the whiskers

length and diameter after extrusion were determined

through TEM observations. Ramie whiskers were

extracted from the extruded composite material by

dissolving the composite in water. After dissolution

of the PEO matrix, the cellulose whiskers were

observed by TEM and compared to that directly

obtained from the aqueous suspension (Fig. 7a, b).

Uranyl acetate at a concentration of 2 wt% was used

in order to emphasize the cellulose whiskers and

create contrast.

As stressed in Fig. 7c, the effect of the extrusion

process on the length of ramie whiskers is twofold:

the extrusion greatly decreases the length of the main

population, characterized by the peak position in the

distribution, by a factor of about two, passing from

about 200 to 120 nm. The second effect is the

significant narrowing of the length distribution,

showing that ramie whiskers are more monodisperse

in length after extrusion. Such modifications in the

length distribution can be properly attributed to a

more efficient degradation of longer whiskers.

For this extruded composite, the cross section and

length of whiskers were averaged over 300 measure-

ments and they were found to be 5 ± 1 and

122 ± 45 nm, respectively, giving an aspect ratio

around 24 ± 17. These values were compared to the

initial average values of 7 ± 1, 200 ± 78 and

28 ± 12 nm, respectively. These results show that

the extrusion process do not induce a significant

change of the aspect ratio of the rod-like cellulosic

nanoparticles. Indeed, even if individual variations of

the cross section and length were reported, the impact

on both is mostly equivalent.

Rheometry

The rheometrical characterization of PEO-based com-

posites was performed through viscoelastic and creep

measurements. For viscoelastic measurements, the

linear regime was previously determined for each

sample through a strain sweep test. At 90 �C, i.e. above

the melting temperature, the critical strain, cc, marking
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the upper limit of the linear regime was about 0.5% for

the cast/evaporated and extruded unfilled matrix while

it decreased to 0.08% for the nanocomposites. The

decrease of cc generally observed for encumbered

systems, is due to the presence of ramie whiskers for

nanocomposites.

Figure 8a, b show the evolution of both G0 and G00

moduli as a function of the angular frequency for the

neat PEO films and nanocomposites filled with

6 wt% of ramie whiskers, obtained by casting/evap-

oration and extrusion, respectively. The complex

viscosity for all materials is presented in Fig. 8c.

Matrix behavior

Let’s first examine the viscoelastic response of the

matrix, processed by either casting/evaporation or

extrusion.

In the case of cast/evaporated PEO films, the

viscoelastic behavior is typical of melt polymers with

the onset of a terminal zone at low frequency and the

beginning of a rubbery plateau at high frequency,

separated by a G0–G00 cross over at intermediate

frequency. It has to be stressed that the frequency

dependences of both moduli in the terminal zone, i.e.

G0 � x0.8 and G00 � x0.4, are quite lower than those

expected for dense molecular systems with exponents

of 2 and 1, respectively. Such lower frequency

dependence of viscoelastic moduli in the terminal

zone has been observed for PEO solutions and has

been attributed to the presence of aggregates (Bossard

et al. 2010). In the bulk, it could be the rheological

signature of the presence of crystallites or spherulites

in the amorphous phase.

The extruded PEO film (Fig. 8b) exhibits a visco-

elastic behavior similar to the one of the cast/

evaporated film with some quantitative differences:

(1) the levels of both moduli, and consequently the

complex viscosity, are lower for the extruded polymer

than for the cast/evaporated one and (2) the terminal

zone is shifted towards very low frequencies not

explored and the G0–G00 cross-over is shifted towards

higher frequencies. For the latter effect, it points out

that the average relaxation time dynamics k of PEO

molecules, corresponding roughly to the inverse of the

frequency of G0–G00 crossover, is speeded up after

extrusion, passing from 2 to 0.2 s.

A decrease in the viscosity, associated with a speed

up of the molecular dynamics and the broadening of

the frequency region between the terminal zone and

the G0–G00 cross-over after extrusion could be ascribed

to a chain scission effect with a broadening in the

polydispersity index of the polymer. Indeed, a similar

effect has been observed for stirred PEO water

solutions, and attributed mainly to the elongational

flow induced by the dispersion procedure (Bossard
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et al. 2010). Under extrusion that induces intense

elongational flow, polymer chain scission is highly

expected. To confirm this hypothesis, the average

molecular weight of the extruded polymer was com-

pared to the one obtained for the polymer processed by

casting/evaporation using viscosity measurements.

For this purpose, both films were dissolved and diluted

at several concentrations in distilled water. The

intrinsic viscosity [g] was determined as the extrap-

olation to zero concentration of the reduced viscosity

gred. defined in Eq. 4

gred: ¼
gs � gw

Cgw

ð4Þ

with C, the solution concentration, gs the zero-shear

viscosity of polymer solutions and gw = 0.97 mPas

the Newtonian viscosity of water at 21 �C. Alterna-

tively, [g] can be obtained by fitting the so-called

inherent viscosity, ginh = (ln grel)/c with the Kraemer

equation

ln grel

c
¼ g½ � � kK g½ �2c ð5Þ

where grel is the relative viscosity, grel = g0/gw and

kK the Kraemer coefficient. The intrinsic viscosity is

directly related to the molecular weight M by the

Houwink-Mark-Sakurada equation (HMS),

g½ � ¼ KMa ð6Þ

where K and a are constants (Flory 1953). For PEO,

HMS constants at 25 �C are equal to K =

6.103 9 10-3 cm3 g-1 and a = 0.83 (Khan 2006).

The intrinsic viscosity of PEO solutions obtained

from the cast/evaporated film is about [g]cast–evap =

900 ± 150 cm-3 g-1 while the one measured for the

extruded film is [g]cast–evap = 520 ± 80 cm-3 g-1,

corresponding to an average molecular weight

Mcast–evap = (1.69 ± 0.2) 9 106 g/mol and Mextr. =

(8.7 ± 1.6) 9 105 g/mol, respectively. It thus

appears that the decrease of the viscosity is effec-

tively due to the significant mechanical degradation

of PEO molecules after extrusion through chain

scission.

Composite behavior

Let us consider and compare now the viscoelastic

behavior of the two nanocomposites obtained either

by casting/evaporation or extrusion. It can be seen in

Fig. 8a, b that both materials exhibit viscoelastic

moduli and a complex viscosity higher than that of

their respective matrices, confirming the mechanical

strengthen induced by the whiskers via whiskers/

whiskers and whiskers/PEO interactions.

A similar behavior was reported by (Alvarez et al.

2004), with a saturation effect at higher fibers

content. Indeed, strong interactions exist between

PEO chains and cellulose. This effect is exacerbated

because of the large cellulosic surface inherent to any

nanoparticle. The PEO molecular dynamic is there-

fore locally restricted in the interfacial regions. This

result is consistent with the pulse field NMR studies

reported by (Azizi Samir et al. 2004b) for tunicin

whiskers/PEO nanocomposites. These authors

showed that the long relaxation time of PEO chains

strongly decreased even with a low amount of

whiskers owing to whiskers/PEO chains interactions.

However, some significant differences can be

noticed between cast/evaporated and extruded nano-

composites. Viscoelastic moduli for the cast/evapo-

rated nanocomposite in Fig. 8a are nearly frequency

independent with G0[ G00, except at very low

frequency. This solid-like behavior would suggest

the presence of a physical network, probably com-

posed of ramie whiskers.

For the extruded nanocomposite, the viscoelastic

moduli are frequency dependent and slightly lower

than those of the cast/evaporated nanocomposite.

After extrusion, the viscoelastic behavior is fre-

quency depended thus suggesting the absence of a

network, contrarily to what was observed for the cast/

evaporated nanocomposite.

Consequently, it can be supposed that the extru-

sion prevents the formation of a network. In order to

verify this hypothesis, creep measurements obtained

for cast/evaporated and extruded nanocomposites

submitted to the same stress have been compared in

Fig. 9. The strain of the cast/evaporated nanocom-

posite reaches a plateau value beyond 1,500 s,

corresponding to the mechanical response of a solid

with a delayed elasticity while the one of the extruded

nanocomposite gradually increases with time, which

is characteristic of a fluid.

These results confirm the formation of a network

for the cast/evaporated nanocomposite. In the case of

the extruded nanocomposite, the whole set of rheo-

logical data suggests that whiskers do not form a

network in the extruded film. However, the formation
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of a weak network through low density H-bonds

cannot be excluded.

Let us compare now the average relaxation time k
corresponding to the inverse of the frequency at the

G0–G00 cross over.

In the case of PEO films, k is divided by a factor of

about 10 after extrusion. This speed up in the

molecular dynamic has been attributed to PEO chain

scission. For nanocomposites, the average relaxation

time is divided by a factor of about 36, passing from

180 to 5 s.

As a consequence, differences in the relaxation

dynamics of nanocomposites cannot be explained

only by the modification of the matrix after extrusion

but could be also due to the combined mechanical

degradation and aggregation of whiskers, as stressed

in Fig. 6 by SEM investigation and in Fig. 7a, b by

TEM measurements. Indeed, break up of cellulose

whiskers (Pathi and Jayaraman 2006) or natural fibers

(Bengtsson et al. 2007) upon extrusion were already

reported. (Alvarez et al. 2004) have shown that

rheological properties of composite material are very

sensitive to the diameter and aspect ratio of the fibers.

Any process inducing a decrease of the fiber cross

section and aspect ratio results in lower viscosity

values.

Consequently, from a microstructural point of

view, the general decrease of the rheological prop-

erties of the extruded nanocomposites compared to

cast/evaporated ones may likely result from the

contribution of four combined effects:

– The decrease of the rheological properties of the

matrix through PEO chain scission induced by

extrusion.

– The mechanical degradation of ramie whiskers

during extrusion that reduces the ability of

cellulosic fibers to connect each other.

– The whiskers aggregation induced by the extru-

sion process, which decreases the amount of

whiskers available for the formation of the

percolating network, as reported from SEM

observation.

– And also the expected orientation effect of the

extrusion process that prevents the formation of

the percolation network.

Thermal characterization

Non-isothermal investigation

The thermal behavior of extruded samples was

characterized using DSC. Results are reported in

Table 3. The extruded PEO matrices obtained using

either the PEO powder or pellets of freeze-dried PEO

solution present similar thermal properties. Com-

pared to the cast/evaporated neat sample (Table 3),

the extruded neat samples display similar crystalli-

zation temperatures of about 51 �C, while both their

melting temperatures and degrees of crystallinity

decrease. A low value of the melting point is

generally associated with a low value of lamellar

thickness or/and a high value of the end interfacial

free energy. These two parameters strongly depend

on the crystallization process, i.e. melt crystallization

or polymer precipitation in solution.
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Fig. 9 Creep measurements (s = 5 lNm) for extruded (open
circle) and cast/evaporated (filled square) composite reinforced

with 6 wt% of ramie whiskers at 90 �C under inert atmosphere

Table 3 Thermal characteristics of extruded PEO-based

nanocomposites reinforced with ramie whiskers obtained from

DSC curves: crystallization temperature (Tc), glass transition

temperature (Tg), and degree of crystallinity expressed as a

function of the matrix weight measured during the melting (vm)

Samples Tg (�C) Tc (�C) Tm (�C) vm
a

Extruded PEO powder -55 52 49 0.76

Extruded freeze-dried PEO -55 49 50 0.75

Extruded PEO ? 6 wt% WR -53 51 41 0.7

a vm ¼ DHm�PEO

DH0
m

where DHm
0 = 210 J g-1 is the heat of melting

for 100% crystalline PEO
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The significant differences in Tm and vm may be

ascribed to (1) the processing technique itself, the

spherulites size depending on the crystallization

conditions, i.e. from the polymer melt or by polymer

precipitation in solution, (2) the polymer chain

scission during extrusion which may involve some

polymer ramification and (3) the polymer orientation.

Because of the lower degree of crystallinity, the glass

transition can be observed at about -55 �C for

extruded PEO matrices.

For the extruded samples, the Tm value signifi-

cantly decreases, with a difference of 8 �C between

filled and unfilled samples. This effect is much higher

than the one observed for the cast/evaporated films

for which no decrease of the melting point was

observed with the incorporation of 6 wt% whiskers.

The crystallization temperature was found to remain

roughly constant.

Isothermal crystallization

In order to try to elucidate the crystallization process,

isothermal crystallization kinetics were investigated.

The growth rate of the PEO spherulites was deter-

mined for cast/evaporated and extruded matrix films

using polarized optical microscopy. The sample was

first melt at 100 �C for few minutes and cooled down

to 50 or 55 �C. The linear growth rate is very

sensitive to the imposed crystallization temperature.

Indeed, due to the large difference in the behavior of

the materials studied, two crystallization tempera-

tures were investigated in order to crystallize the

material in appropriate time.

For both matrices, cast/evaporated and extruded

ones, the evolution of the PEO spherulites radius was

monitored at 50 �C and results are reported in Fig. 10.

The spherulites radii increase linearly with time for the

two samples, which is generally observed for isother-

mal polymer crystallization. The kinetic of the radius

growth is similar. However, a large difference exists,

associated with the number of spherulites formed at a

time t. The germ density, as observed during the optical

investigation, for the extruded sample is high, thus the

coalescence of spherulites occurs quickly and avoids

the measurement of their radii beyond 50 s. As the

germ density of the cast/evaporated matrix is much

lower than for extruded one, the total crystallization is

obtained after 300 s with a low density of large

spherulites. The final spherulites radius sizes were

estimated around 850 and 260 nm for the cast/evap-

orated and extruded matrices, respectively.

The linear growth rate of spherulites for extruded

PEO and nanocomposites has been studied at 55 �C.

The increase of the crystallization temperature

involves the presence of an induction time, necessary

to obtain the first spherulites germ. The extruded

composite sample exhibits the same linear growth

rate of spherulites than the extruded PEO matrix.

However, the setup fails to access the spherulites

cross section for extruded PEO because it stops

rapidly, after 180 s, due to the coalescence of the

spherulites, as observed at 50 �C. The two composite

samples exhibit the same kinetic, with the coales-

cence of the spherulites obtained after 300 s. For both

extruded and cast/evaporated composites, the final

spherulites radius was estimated around 330 nm.

Therefore, it appears that the elaboration process

has an effect on the isothermal crystallization for the

neat samples by a modification of the germ density.

The extrusion process induces PEO degradation with

a significant molecular weight decrease. This degra-

dation may induce some defects, i.e. chain ramifica-

tion which may increase the germ density as observed

during optical measurements.

The incorporation of whiskers seems to vanish the

influence of the processing technique on the linear

growth rate of spherulites and their final radius. This

may be related to the large influence of the presence

0 50 100 150 200 250 300 350

200

400

600

800

A
ve

ra
ge

 r
ad

iu
s 

(n
m

)

Time (s)

50°C

55°C

Fig. 10 Time dependence of the spherulites radius of extruded

PEO matrix (filled circle) and cast/evaporated PEO matrix

(open square) at 50 �C and extruded PEO matrix (inverted
triangle) and extruded composite with 6 wt% of ramie

whiskers (open triangle) and cast/evaporated PEO composite

with 6 wt% of ramie whiskers (diamond) at 55 �C

970 Cellulose (2011) 18:957–973

123



of the whiskers on the crystallization process. The

incorporation of 6 wt% of whiskers has no effect on

the linear growth rate, and thus doesn’t modify the

polymer chain mobility involved in the crystallization

process. For cast/evaporated samples, the incorpora-

tion of 6 wt% whiskers involves an increase of the

nucleation density.

Thermal degradation

The thermal degradation of the unfilled PEO and

composite films was investigated under air. Compos-

ites and unfilled extruded films present a lower thermal

stability than the cast/evaporated ones. Composites

and unfilled extruded films have an onset degradation

temperature of about 191 and 178 �C, respectively,

compared to 205 and 191 �C for unfilled and compos-

ite cast/evaporated samples. The degradation process

of PEO in the presence of oxygen is very complex

(Costa et al. 1992). The lower degradation temperature

of extruded films may be explained by the fact that

during extrusion a significant mechanical degradation

of PEO molecules through chain scission occurs. It

may involve the formation of weaker links or end

groups which are more sensitive to oxidative thermal

degradation. Under helium, no effect of the processing

technique was observed on thermal degradation and

this invariance may be associated to the less aggressive

atmosphere for PEO degradation.

Mechanical behavior

Dynamic mechanical measurements were performed

for the extruded samples and compared to those

obtained for the cast/evaporated films in Fig. 11.

Here again, the storage tensile modulus E0 at

-100 �C was normalized at 8 GPa to minimize the

influence of the error made for the determination of

the sample dimensions. In accordance with its lower

degree of crystallinity, as revealed by DSC measure-

ments, the extruded PEO exhibits a higher modulus

drop at Tg compared to the cast/evaporated matrix

(Fig. 11a). Then, after the glass transition, the

modulus continuously decreases because of the

progressive melting of crystalline domains of PEO

up to the melting point. The storage tensile modulus

decrease near 65 �C is similar for the two matrices.

Dynamic mechanical measurements were per-

formed for extruded nanocomposite films reinforced

with 6 wt% of ramie whiskers (Fig. 11b) for samples

cut in the extrusion direction and in the cross-

sectional one. (Kvien and Oksman 2007) have shown

that using a strong magnetic field, which induces a

cellulose whiskers orientation, the nanocomposite

film modulus in the cross-sectional direction is higher

than that in the extrusion one. For extruded PEO

nanocomposites, the curves obtained for the sample

cut in the two directions are overlapped indicating

that no orientation of the whiskers occurs during

extrusion. Thus one hypothesis developed in regard

to rheological measurements to explain the decrease

in rheological properties is suppressed by mechanical

investigation.

The experimental modulus of the extruded com-

posite was found around E0exp = 2 MPa, compared to

12 MPa for the cast/evaporated nanocomposite film

reinforced with 6 wt% of ramie whiskers. The high

temperature storage modulus of the filled extruded
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membrane is therefore notably lower than the one of

the filled cast/evaporated membrane.

Even if the whisker aspect ratio was slightly

reduced as discussed previously, 24 instead of 28, the

amount of whiskers in the extruded membrane, i.e.

6 wt% (4.86 vol%), is theoretically sufficient to

obtain a percolating network because the critical

volume fraction of the filler at the percolation

threshold calculated using an aspect ratio of 24 is

tRc = 2.9 vol%. Nevertheless, the presence of whis-

ker aggregates in the filled extruded membrane,

observed by MEB investigation, decreases notably

the amount of whiskers available to form a network.

Moreover, in cast/evaporated films, the kinetic of the

film formation and the viscosity of the medium, at

least at the beginning of the process are low. These

two parameters give time to the formation of a

whiskers network in cast/evaporated membranes.

On the contrary, during the extrusion process, a

high viscosity value for the matrix, a fast process

kinetic and mechanical stress could restrict the

number of H-bonds formed during whiskers network

formation. Thus a weak network or in the limit case

no network may be formed.

At high temperature, instead of the E0exp plateau,

obtained in the case of cast/evaporated films charac-

terized by DMA measurement (Fig. 11), a straight

line with a slope of about -0.03 MPa �C-1 for

extruded composites is observed. This behavior may

be associated with the absence of network or the

presence of a weak network.

As mentioned previously, the invariance of E0exp

with temperature for cast/evaporated composites was

attributed to a high density of H-bonds. Thus the

decrease of E0exp versus temperature for extruded

sample is in agreement with a low density H-bonded

network. Indeed, as the H-bonded strength decreases

with temperature, a low density H-bonded network

may have the same behavior.

Conclusions

Nanocomposite films based on PEO polymer as the

matrix and cellulose whiskers extracted from ramie

plant as the reinforcing phase were obtained by

casting/evaporation and extrusion processes. Micro-

scopic observations show some whiskers aggrega-

tions and a small decrease of the whiskers aspect

ratio for extruded sample, but for both processes

employed, films display homogeneous surfaces.

The rheological behavior for cast/evaporated films

shows that viscoelastic and creep measurements have

a solid-like behavior, according to mechanical mea-

surement exhibiting a spectacular reinforcement after

melting temperature. These high mechanical perfor-

mances for the casting/evaporation process are

ascribed to the formation of a rigid cellulosic

network.

For the extruded composites, the rheological

behavior through the viscoelastic and creep measure-

ments shows a liquid-like behavior. This stresses a

weak reinforcement behavior obtained for extruded

composites. This weak mechanical reinforcement

after the PEO melting temperature leads us to

conclude that the extrusion process prevents the

formation of a strong whiskers network for the

whiskers content used, contrary to evaporated films.

One possibility to improve this reinforcement, taking

into account the aggregation and the decrease of the

aspect ratio of whiskers during the extrusion process,

is to increase the filler content. Even if the extrusion

process requires a higher whisker content to obtain

the same result compared to the casting/evaporation

process, it is worth noting that the former is much less

time consuming.
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