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Dynamic and Capillary Shear Rheology of Natural

Fiber-Reinforced Composites

Nicolas Le Moigne,'? Martien van den Oever,? Tatiana Budtova’
" Mines ParisTech, CEMEF - Centre de Mise en Forme des Matériaux, CNRS UMR 7635, BP 207,
1 rue Claude Daunesse, 06904 Sophia Antipolis Cedex, France

2 Wageningen UR - Food and Biobased Research, PO Box 17, 6700 AA Wageningen, The Netherlands

An extended dynamic and capillary rheological study
of molten flax and sisal polypropylene (PP) composites
was performed. Fiber concentration varied from 20 to
50 wt% and shear rate from 0.1 rad s~ to 10,000 s~ .
Maleic anhydride-grafted-PP was used as compatibil-
izer; it strongly reduces PP and composite viscosity.
Composites are yield-stress shear-thinning fluids with
solid-like behavior being more pronounced at high
fiber content. Composites do not obey Cox-Merz rule,
which was explained by different macrostructures of
the molten composites in parallel plates and capillary
die geometries: random fiber orientation versus strong
alignment in the flow direction, respectively. Theories
describing the viscosity of suspensions of solid par-
ticles were applied to the composites studied and
rheological parameters and maximal packing fiber
volume fraction were calculated.

INTRODUCTION

The use of natural fibers as a reinforcing component of
polymer matrices is an alternative to classical glass fibers,
the former presenting several advantages. Natural fibers
are derived from natural and renewable resources, they
require less fossil energy during production, they are of
lower density, and their processing is much less abrasive.
This class of composites has recently been boosted mainly
due to the needs of transport and building industries.
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In the last few decades, a lot of attention was paid on
correlating composite formulation (type of fibers, their
properties, use or not of compatibilizer, etc.) and their
final mechanical properties [1-3]. The studies of compos-
ite rheology are scarce despite the importance of under-
standing and predicting the flow and viscoelastic proper-
ties of molten composites. The exception is wood poly-
mer composites (WPCs) that are produced on the
industrial scale; their rheological and mechanical proper-
ties are extensively investigated [4-8]. However, fiber as-
pect ratio in WPC is very low when compared with other
natural fibers, which limits the overall understanding of
the viscoelastic properties of natural fiber-reinforced com-
posites. Few studies have been focused on the rheology
of composites reinforced with technical natural fibers as
flax, hemp, or jute [9-13]. It was shown that these com-
posites demonstrate rheological behavior different from
glass fiber-reinforced materials. For example, Basu et al.
[9] reported that jute-reinforced isotactic polypropylene
(PP) composites present lower shear viscosity than the
same PP reinforced with glass fibers because of the better
adhesion between glass fiber and PP. However, the authors
did not analyze the jute and glass fiber size distribution in
the composites, which should also explain their different
rheological behaviors. More recently, several studies have
shown that the rupture mechanisms of natural fibers on
compounding are different from glass fibers [14]. For
example, flax breakage is initiated at defects localized
along the fibers (so called “kink bands”). In overall, rupture
is a result of accumulated fatigue damage due to repeated
compressions, bending and tractions during the compound-
ing process [14], leading to wide fiber size and shape distri-
butions with numerous little particles [15]. The necessity to
use a compatibilizer to compensate the lack of affinity
between the natural fibers and the matrix was also consid-
ered as having an important effect on composite rheological
behavior, producing a plasticizing effect [10].

It is known from classical suspensions and glass fiber
molten composites that the rheological response strongly
depends on particle/fiber concentration, orientation, shape,



and aspect ratio. Natural fiber-reinforced composites are
“difficult” materials for performing a rheological analysis:
natural fibers can exist in the form of elementary plant
cell fibers as well as in bundles, and each type of fiber
differs from another in terms of shape, polydispersity,
flexibility, and capability to form agglomerates. Compos-
ite viscoelastic response also depends on the measurement
method: elongational, capillary, or dynamic rheometry
should induce different structures in the molten compo-
sites as outlined by Mobuchon et al. [16] for short glass
fiber-reinforced PP composites.

The aim of this article is to perform an extended rheo-
logical characterization of flax-reinforced PP composites
of various concentrations; sisal-based composites are also
shown for comparison. Both dynamic and capillary shear
rheometry are used to cover a wide range of shear rates,
from 0.1 rad s~ ' to 10,000 s~'. This allows approaching
different polymer processing conditions from compression
molding to extrusion or injection. As far as some litera-
ture mentions the influence of compatibilizer on compos-
ite viscosity, we start our study with investigation of the
viscoelastic properties of the composite matrix, PP mixed
with maleic anhydride-grafted polypropylene (MAPP).
We show the large effect of MAPP on blend viscosity
and we use this result in the subsequent analysis of com-
posite theology. Then, we present oscillatory and capillary
results and demonstrate the difference of composite struc-
ture and rheological properties obtained in plate—plate and
capillary die geometry. Finally, we analyze separately os-
cillatory and capillary results and apply theories devel-
oped for suspensions of rigid particles with various aspect
ratios and volume fractions to the experimental data
obtained.

MATERIALS AND METHODS

Materials

Polymer matrix was PP homopolymer PP 575P from
SABIC™ for injection molding (pellets, melt flow rate =
10.5 g/10 min at 230°C and 2.16 kg ISO 1133). The
fiber/matrix compatibilizer was MAPP Epolene™ G-3015
(now called “Eastman™ G-3015") supplied by Eastman
Chemical Company (pellets, M,, = 24,800 g/mol, M,, =

TABLE 1.
(Ls. Dy, (L/D),) [15].

47,000 g/mol, 3.1 wt% MA). The proportion between
fiber and compatibilizer was 1 wt% of MAPP per 10 wt%
fibers, as suggested by Snijder and Bos [17] to be the
most efficient compatibilization between the natural fibers
and the matrix.

Two types of fibers were used: most of the work was
done with flax bast fibers from Holstein Flachs (Miels-
dorf, Germany). Sisal leaf fibers were used in some cases
for comparison with flax-based composites. Sisal was
from a sisal rope supplied by Carl Kohl GmbH & Co.
KG (Hamburg, Germany). Flax fiber was used as
received. Sisal fibers were cut using a Retsch SM1 cutting
mill with a 10 mm screen. The average fiber length was
15 = 5 mm before compounding. Fibers were stored in a
conditioning room at 19°C and 30% relative humidity. In
these conditions, the moisture content was 10.15 and
10.6% for flax and sisal, respectively. Before compound-
ing, fibers were dried for 1 h at 105°C. Composites with
fiber contents of 20, 30, 40, and 50 wt% of dry matter
were prepared. Table 1 presents composite characteristics
including median fiber length L, diameter D, and aspect
ratio L/D, weighted in number (indicated with subscript
“n”) and in surface (with subscript “s”), taken from Ref.
[15], where fiber size distributions in the same composites
were reported.

Composites Preparation

The composites were prepared as described in our pre-
vious study [15]. Briefly, a Haake Rheomix 3000p batch
kneader equipped with roller-rotors 3000 rotating at 100
rpm at a set temperature of 185°C was used. First, PP and
MAPP were introduced in the chamber and mixed for
2.5 min when a constant torque was reached. Then fibers
were added in small amounts during the next 8.5-9 min
under continuous blending. After the final portion of fibers
was added into the chamber, the blending was continued
for 2 min more. Ready composites were collected from the
chamber, cooled in the air at room temperature, and con-
verted into pellets using a granulator from KT Handling.

Pellets were dried 24 h at 105°C under vacuum before
the rheological experiments. For dynamic shear rheology,
dried pellets were converted into discs of 25 mm in diame-
ter and 2 mm in thickness using compression molding. The

Sample designation, composition, and median fiber length, diameter, and aspect ratio weighted in number (L,, D,, (L/D),) and in surface

MAPP (wt%) Fiber content L (um) D (um) L/D
Sample PP (wt%) In composite Calculated toward PP wt% Volume fraction L, L D, Dy (L/D), (L/D),
20% flax/PP 78 2 2.5 20 0.14 65 196 11.6 19 52 9.0
30% flax/PP 67 3 4.3 30 0.22 — — — — — —
40% flax/PP 56 4 6.7 40 0.303 76 167 12.3 19 5.5 8.3
50% flax/PP 46 5 10 50 0.395 — — — — — —
20% sisal/PP 78 2 2.5 20 0.140 — — — — — —
40% sisal/PP 56 4 6.7 40 0.303 46 650 16.8 123 2.8 54




following procedure was used: 10 min at 200°C under low
pressure, followed by applying 10 ton of pressure for 5 min
and subsequent cooling under 20 ton. The discs and pellets
were stored under vacuum to protect them from humidity.

Dynamic Rheology

The rheological properties of PP/MAPP binary blends
and natural fibers/PP/MAPP composites in dynamic oscilla-
tion mode were carried out using a strain controlled rheome-
ter ARES (TA Instrument) equipped with a parallel plate ge-
ometry. The upper and lower plates were 25 and 50 mm in
diameter, respectively. All experiments were carried out at
200°C under predried nitrogen flow to reduce thermal degra-
dation, if any. When placed between the two hot plates with
in-between distance of 2.3 mm, the discs were slightly swel-
ling in the molten state and a normal force was recorded.
The gap was progressively set to 2 mm and a delay of 2000
s was applied to the molten composites to reach the equilib-
rium (zero normal force) before starting frequency sweeps.

As discussed by Mobuchon et al. [16], the gap between
the two plates must be several times greater than the fiber
length to avoid wall effects. For example, Mobuchon et al.
[16] used gap-to-fiber length ratio of 3, whereas Bibbo et al.
[18] used a minimum ratio of 1. According to our study per-
formed on the statistical analysis of fiber size and aspect ra-
tio distribution in the same composites [15], the median
fiber lengths weighted in surface are 167 and 650 um for 40
wt% flax and 40 wt% sisal based composites, respectively
(see Table 1). Surface-weighted values are considered here
as they take into account long fibers contrary to number-
weighted values, as far as long fibers determine the required
gap. No fibers exceeding 600 um were obtained for flax
based composites [15]. Sisal fibers contain a certain fraction
of bundles exceeding 2000 um that is negligible in number,
0.06%, and represent 6.2% in surface [15]. The reason of
the presence of nondissociated and long sisal bundles is the
high content of lignin, contrary to flax. As far as most of
our study is performed on flax-based composites, a gap of 2
mm was considered to be sufficient to neglect wall effects.

Frequency sweep tests were performed from 100 to 0.1
rad s~ '. The linear viscoelastic domain was checked for
all composites and the minimum limit strain recorded for
the highest concentration was 0.1%. This strain value was
used for all experiments. The measurements were done
twice for each blend and composite and were well repro-
ducible. The thermal stability at 200°C under nitrogen
was higher than 2 h.

Capillary Rheology

Measurements of the shear viscosity of PP/MAPP bi-
nary blends and natural fibers/PP/MAPP composites were
carried out at 200°C with a Rosand capillary rheometer
RH7-2 (Malvern) with a 12 mm barrel. The capillary die
used has an aspect ratio of 16 (length 16 mm to diameter
of 1 mm) with 90° entrance angle. The compounded pel-

lets were filled in the barrel in four times applying a pres-
sure of 1 MPa between each filling. The total filling time
was around 9 min. Before measurements, the material
was heated in the barrel for 6 min while applying a pres-
sure of 1 MPa at time t = 0 and t = 3 min. The pressure
was measured for piston speeds varying from 400 to 2
mm/min corresponding to apparent shear rates y.a varying
from 7680 to 38 s~ .

The Bagley correction was applied to account for the
pressure drop occurring at the entrance and exit regions
of the capillary. A “zero length” capillary die was used
to correct the pressure data and determine the true shear
stress 7 occurring inside the capillary. The Rabinowitsch
analysis was also applied to the data to calculate the true
shear rate at the wall:

. o (3k+1
“/Va<4k> (D

where k is the flow index corresponding to the slope of
7 =f(y,) correlation. The shear viscosity 7 is defined as
the ratio of true shear stress to true shear rate, t/y.

Scanning Electron Microscopy Observations

The cross-sections of discs made for rotational rheome-
try experiments and of extrudates from capillary rheome-
try experiments were evaluated with a scanning electron
microscope Philips XLL30 ESEM LaB6. The observation
conditions were the following: pressure 0.2-0.3 mbar,
acceleration voltage 15 keV.

RESULTS AND DISCUSSION

Influence of MAPP on the Rheological Properties of
PP/MAPP Binary Blends

Incorporating  MAPP in composites is a classical
method of improving the adhesion between matrix and
fibers. It has proved its efficiency assuming that the quan-
tity of MAPP is well adjusted to fiber concentration [10,
17, 19]. The addition of MAPP leads to two phenomena:
on one hand, it reinforces fiber-matrix interactions [13],
and on the other hand, it decreases matrix viscosity if
present as free unbounded molecules. To understand and
predict rheological properties of such composite, the fol-
lowing questions should be answered: (i) Does MAPP sig-
nificantly influence matrix (MAPP/PP) viscosity? (ii) How
to predict MAPP/PP viscosity?

As it was reported by Twite-Kabamba et al. [10], for a
hemp-MAPP-PP composite, at low fiber concentrations
(i.e., <20 wt%), the presence of 2% MAPP counterbalan-
ces the viscosity increase due to incorporation of hemp
fibers. Composite viscosity becomes then comparable to
that of pure PP. The fact that at low fiber concentrations
composite viscosity can be the same or even lower than



that of pure PP without compatibilizer means that there is
a lot of free MAPP chains not grafted on fiber surface.
Besides, it was shown that in some conditions MAPP can
form droplets of a separate phase when mixed with PP
[20]. Natural fiber-reinforced PP composites compatibi-
lized with MAPP can be thus considered as a ternary sys-
tem composed of fibers with bound and unbound MAPP
randomly dispersed in a PP matrix.

Complex viscosity n#* from oscillation measurements
as a function of frequency w and shear viscosity # from
capillary measurements as a function of shear rate ).) for
pure PP, pure MAPP and their mixtures of various com-
positions are presented in Fig. 1. Both polymers and
their mixtures show a classical pseudoplastic behavior
and the Cox—Merz rule is obeyed, i.e., complex and
shear viscosity coincide. The same was reported for neat
PP; see for example Ref. [16]. It is also clear that the
addition of MAPP significantly decreases PP viscosity,
as expected considering the lower viscosity of MAPP.
Such decrease in PP/MAPP mixture viscosity has also
been reported by [21, 22]; however, in certain conditions
they found that Cox—Merz rule was not obeyed which
was attributed to a phase separation between PP and
MAPP.

To evaluate the influence of MAPP concentration on
blend viscosity, zero-shear rate viscosity was determined
for each blend using Carreau—Yasuda model:

n(@,7) = noll + (A(w,7))4" @)

where 7, is the zero-shear rate viscosity, A is a character-
istic time, a is the Yasuda parameter, and n is the flow
index describing the shear-thinning region. First, the flow
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FIG. 1. Complex and shear viscosity of PP, MAPP, and their blends
obtained from oscillation (filled symbols) and capillary (open symbols)
measurements. Solid lines are the corresponding Carreau—Yasuda
dependences calculated according to Eq. 2.

index n and the zero-shear rate viscosity were deter-
mined directly from the slope of each curve at high
shear rates and their Newtonian plateau at low shear
rates, respectively. These values were then used to calcu-
late the two adjustable constants a and A using Microsoft
Solver® in Excel® to obtain the best fit with the experi-
mental data. The results are presented in Table 2. For
pure MAPP it was not possible to apply Carreau—Yasuda
approach and zero-shear rate viscosity cannot be pre-
cisely calculated.

The dependence of zero-shear rate viscosity on mixture
composition for neat PP and 5, 10, and 50% MAPP/PP is
presented in Fig. 2. The range of approximate zero-shear
rate viscosities for neat MAPP is shown by a bar. Experi-
mentally determined zero-shear rate viscosity values are
compared with additive viscosity 7 .qq calculated accord-
ing to the logarithmic mixing rule:

log(1g ada) = M log(nymarp) + (1 — M)log(noee) (3)

where M is mass fraction of MAPP in the mixture and 7
mapp and 1o pp are zero-shear rate viscosities of neat
components. Because the zero-shear rate viscosity of
MAPP cannot be well determined, two additive dependen-
ces are shown in Fig. 2 corresponding to 79 mapp Upper
and lower limit values. Theoretically, in the first approxi-
mation, the mixing rule is obeyed if there are no special
interactions between mixture components. In our case it is
clear that the MAPP/PP blends do not obey the mixing
rule and zero-shear rate viscosity of MAPP/PP blends
cannot be calculated using Eg. 3 for any mixture compo-
sition. The viscosity decrease with the addition of MAPP
is strong, in particular for low MAPP concentrations at
which the compatibilizer is actually present in compo-
sites: for example, the viscosity of the blend containing
5% MAPP is almost three times lower than pure PP vis-
cosity, see inset of Fig. 2 and Table 2. In the following
analysis of the rheological results obtained for compo-
sites, matrix viscosity will be taken equal to the corre-
sponding MAPP/PP blend, as detailed in Table 2.

The viscosity of blends containing 2.5, 4.3, and 6.7
wt% MAPP (corresponding to 2, 3, and 4 wt% MAPP in
composites) were not measured experimentally. For these
blends, zero-shear rate viscosities (see inset of Fig. 2) and
flow indexes were interpolated from the values measured

TABLE 2. Carreau—Yasuda parameters for MAPP/PP blends.

Blend 1o (Pa s) 2 (s) n a

PP 3120 0.15 0.280 0.628
2.5% MAPP/PP 2010 0.12 0.309 0.671
4.3% MAPP/PP 1440 0.10 0.324 0.697
5% MAPP/PP 1324 0.08 0.346 0.806
6.7% MAPP/PP 925 0.07 0.344 0.737
10% MAPP/PP 490 0.03 0.363 0.854
50% MAPP/PP 102 0.03 0.64 0.777
MAPP 40-100 - - -
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FIG. 2. MAPP/PP zero-shear rate viscosity calculated from Carreau—

Yasuda model (Eg. 2) as a function of MAPP mass fraction, measured at
200°C. The dashed lines correspond to the logarithmic mixing law (Eg.
3) considering highest and lowest zero-shear rate viscosity determined
for the pure MAPP. Inset: zero-shear rate viscosity versus MAPP weight
fraction at low MAPP concentrations. Line is given to guide the eye.

for 0, 5, and 10 wt% MAPP. Complete viscosity-fre-
quency dependencies were built after applying time-tem-
perature superposition, 4 and a parameters were then cal-
culated using Microsoft Solver® in Excel®. These values
are presented in italic in Table 2. These interpolated val-
ues will be used as matrix viscosity for the corresponding
composites in the following.

Rheological Behavior of Flax-Reinforced PP Composites:
Cox—Merz Rule

The viscosity of composites obtained from dynamic
and capillary measurements as a function of frequency
and shear rate, respectively, is presented in Fig. 3. Con-
trary to PP and PP/MAPP blends, the viscosity of compo-
sites is far from obeying Cox—Merz rule. Data obtained
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FIG. 3. Cox—Merz plot for the viscosity of flax/PP composites
obtained from oscillation measurements (filled symbols), and capillary
measurements (open symbols). Lines for capillary data are given to
guide the eye.

with capillary rheometer are much lower than the ones
obtained with oscillation measurements. A similar but less
pronounced deviation of the Cox—Merz rule was observed
by Mobuchon et al. [16] for 30 wt% glass fiber-reinforced
PP. This behavior is explained by the very different com-
posite structures formed during oscillation and shear flow
in the capillary die: in plate—plate geometry, fibers are
randomly oriented [23] (Fig. 4a), and in the capillary they
are all aligned along the flow direction [24, 25] due to
high mechanical stresses (Fig. 4b). Figure 4b shows that
all fibers are oriented along the flow direction and are
perpendicular to the cross-section. In addition, in the cap-
illary a thin layer of polymer matrix is formed close to
the wall acting as a “lubricant” and thus again decreasing
viscosity [16, 26]. In plate—plate geometry, composites
behave as yield stress fluids at low frequencies due to
fiber—fiber interactions and show shear thinning at higher

FIG. 4. Scanning electron microscopic images of cross-sections of 40 wt% flax/PP composite disc made for
dynamic rheological experiments (a) and of 50 wt% flax/PP extrudate from capillary rheometer (b) where all
fibers are oriented along the flow direction (perpendicular to the cross-section).



frequencies; in capillary geometry, composites flow as
strongly shear thinning fluids. In the following, oscillation
and capillary results will be analyzed separately.

Analysis of Dynamic Rheological Results

The examples of elastic and viscous moduli G’ and G”
of 30 and 50 wt% flax-based composites as a function of
frequency are presented in Fig. 5 together with the moduli
of pure PP. There is a remarkable difference in the visco-
elastic response of composites when compared with neat
PP (and also with MAPP/PP blends that are similar to PP
but not shown not to overload the graph). PP shows a
classical behavior of molten polymers with G’ > G’
almost over the entire frequency range studied and with
power law exponents G’ ~ w"* and G” ~ @’ at low fre-
quencies being: x = 1.3 and y = 0.81 (for 10% MAPP/PP
x = 1.6 and y = 1). The deviation from the theoretical
exponents predicted by Maxwell approach describing
viscoelastic response of a fluid, x = 2 and y = 1, is most
probably related to polymer polydispersity. With the
increase in fiber concentration beyond a particular volume
fraction, composites behave like an elastic solid with
G' > G". For 20 wt% flax/PP (not shown in Fig. 5),
G” is very slightly higher than G’, and for 30 wt% flax/
PP G' = G” (Fig. 5).

The transition from fluid to solid-like behavior corre-
sponds to the transition from semidilute to concentrated
state which occurs when fiber volume fraction f is roughly
higher than (L/D)"". Let us estimate the “transition” vol-
ume fraction fiemidilute/conc O flax-based composites. After
processing, flax fibers are highly polydisperse [15] and
thus both aspect ratios weighted in number and in surface
should be considered. We know that for 20 wt% flax/PP
the number and surface weighted aspect ratios are 5.2 and
9, respectively (see Table 1) [15]; fiemidilute/conc 1S thus
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FIG. 5. Elastic and viscous moduli versus frequency for 30 wt% and

50 wt% flax/PP composites and neat polypropylene.

0.19 and 0.11, respectively. The calculated volume frac-
tion values of transition from semidilute to concentrated
state are very close to fiber volume fractions correspond-
ing to 20 and 30 wt% composites, 0.14 and 0.22, respec-
tively. This simple estimation confirms that indeed at fiber
concentrations above 20 wt%, flax fibers are forming a
percolated “network” with a dominating elastic response.

The exponent x in G’ ~ " at low frequencies reflects
the behavior of a system: x = 2 indicates a liquid like
and x = 0, i.e., G’ is frequency independent, indicates a
solid like. The dependence of x on fiber volume fraction
in the composites studied is shown in Fig. 6; 40 wt% si-
sal/PP and 10% MAPP/PP are also added for comparison.
x decreases with fiber volume fraction and becomes very
low for 50 wt% flax/PP (fiber volume fraction f = 0.395).
It may be hypothesized that fibers in 50 wt% flax/PP
composite are close to their maximal packing and suspen-
sion behavior becomes solid like. In the following, we
shall demonstrate that indeed the volume fraction f = 0.4
is close to the maximal packing of fibers with this aspect
ratio. The exponent x for 40 wt% sisal/PP is similar but
higher than the one of 40 wt% flax/PP. The reason is that
the aspect ratio of sisal fiber is lower than the one for flax
(see Table 1). The transition from the semidilute to con-
centrated regimes for sisal-based composites is thus at
higher volume fractions, giving a lower elastic response
at the same fiber concentration.

As demonstrated in “Influence of MAPP on the rheo-
logical properties of PP/MAPP binary blends” section,
MAPP strongly influences PP matrix viscosity which
should be taken into account when analyzing dynamic
viscosity experiments. To study the influence of fiber con-
centration on composite viscosity, it must be compared
with the one of the corresponding MAPP/PP blend (see
Table 1). Two examples of composite dynamic viscosity,
20 and 50 wt% flax/PP, are shown in Fig. 7. The viscosity

15 ‘\

10% MAPP/PP
b5 1 \ A flax
neat PP
0.9 - ® sisal
0.6 - “E. T
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' S
0 0.1 0.2 0.3 0.4 0.5

Fibre volume fraction f

FIG. 6. Power law exponent x in G’ ~ " as a function of fiber volume
fraction. Line is given to guide the eye.



of 20 wt% flax/PP composite is overlapping with that of
neat PP and the only difference is observed at low fre-
quencies due to composite yield stress. Figure 7 shows
that the presence of fibers does increase composite viscos-
ity if comparing not with neat PP but with its correspond-
ing MAPP/PP blend. Because for each fiber content dif-
ferent MAPP concentrations are used (see Table 1), the
influence of fiber concentration on composite viscosity
will be studied by defining a relative viscosity which is a
ratio between the viscosity of a composite and its corre-
sponding MAPP/PP blend. As far as composites and their
corresponding matrices have different viscoelastic
responses (composites are yield stress shear-thinning flu-
ids and MAPP/PP blends demonstrate shear thinning at
high frequencies with a Newtonian plateau at low ones),
only zero-shear rate relative viscosity #, will be used.

To calculate 7|, zero-shear rate viscosity of each com-
posite must be determined. MAPP/PP blends zero-shear
rate viscosities are listed in Table 2. For composites, we
used modified Carreau—Yasuda model that takes into
account yield stress [27]:

1% (@) = 2+ g[L+ ()" @

where o is the yield stress, #q is the zero-shear viscosity,
A is a characteristic time, a is Yasuda parameter, and n is
the flow index reflecting shear-thinning. Equation 4 was
successfully used for nanoclays-reinforced composites
[28, 29] and more recently for hemp/PP composites [10].
Flow index n was determined from the slope of each
n*(w) curve at high frequencies and yield stress from
stress-frequency  dependence  extrapolated to  zero
frequency. The model was thus reduced to three adjusta-
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FIG. 7. Dynamic viscosity of 20 and 50 wt% flax/PP composites and

their corresponding MAPP/PP matrices, 2.5% MAPP/PP (calculated) and
10% MAPP/PP (experimental; see Table 2). Solid line corresponds to
neat PP (experimental).

ble parameters. Microsoft Solver® in Excel® was used to
obtain the best fit with the experimental data (values
listed in Table 3 and fits shown in Fig. 8).

Figure 8 shows that composite viscosity increases with
increasing fiber concentration. The viscosity is greater for
flax than for sisal-based composites because flax fibers
have a higher aspect ratio (see Table 1). To quantitatively
analyze the influence of fiber volume fraction on compos-
ite viscosity and to check the applicability of theories
developed for suspensions in semidilute and concentrated
regime, we used the Krieger—Dougherty model [30]:

Mot = (1= f /fom) ™ )

where 17, is the relative viscosity as defined above, f;, is
maximal packing volume fraction which depends on parti-
cle aspect ratio and size polydispersity, and [#] is the
intrinsic viscosity. Zero-shear rate viscosities of PP/MAPP
blend and of the composites used for the calculation of rel-
ative viscosity are listed in Tables 2 and 3, respectively.
The dependence of relative viscosity on fiber volume frac-
tion is presented in Fig. 9 for flax and sisal based compo-
sites. The best fit for flax fibers (solid line in Fig. 9, R* =
0.97) corresponds to f,, = 0.54 and [n]f,, = 4.58. The
result for sisal-based composite is also shown; the relative
viscosity is slightly lower when compared with flax com-
posite because of sisal lower aspect ratio. [n]f,, = 4.58 is
similar to the values reported for wood-polymer compo-
sites: [17]fm was found equal to 4 by Marcovich et al. [31]
for wood flour/PP composites and to 4.2 by Dong et al.
[32] for nontreated wood fiber/polyethylene composites.

Maximal packing volume fraction f;,, is an important pa-
rameter characterizing the particle volume fraction at which
viscosity becomes infinite. f;,, depends on particle shape, as-
pect ratio, polydispersity and order in packing. The densest
possible packing for organized monodisperse spherical par-
ticles is 0.74 (cubic and hexagonal close packed). The
higher the particle aspect ratio, the lower is maximal pack-
ing volume fraction: for example, f;, decreases from 0.641
down to 0.343 for aspect ratios varying from 1 (randomly
packed monodisperse spheres) to 9.17 (prolate particles),
respectively [33]. Different f,, values are reported for
wood—polymer composites: 0.6 for sawdust/PP composites
with particles aspect ratios from 1.5 to 2 [6]; 0.6 for wood
fiber/polyethylene composites with an aspect ratio of 10
[32] and 0.4 for wood flour/PP composites [31].

TABLE 3. Fit values (Eq. 4) obtained for complex viscosity curves of
flax- and sisal-based composites.

Sample f ago (kPa) 159 (kPas) A(s) n a
20 wt% flax/PP  0.14 0.40 5.50 204 056 043
30 wt% flax/PP 0.219 1.6 18.96 7.73  0.51 0.63

40 wt% flax/PP 0.303 12.96 77.86 69 043 0.39
50 wt% flax/PP 0.395 68.01 175.06 2.7 034 044
20 wt% sisal/PP  0.14 0.39 5.5 10.16 0.62 0.45
40 wt% sisal/PP  0.303 3.03 44.59 3126 0.54 3.52
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FIG. 8. Complex viscosity-frequency dependences for flax and sisal-

based composites. Solid lines are the values calculated according to
Eq. 4 with fit parameters as in Table 3. Experimental error is smaller or
equal to symbol size.

It is interesting to check if various semi-empirical cor-
relations developed for suspensions to estimate f,, as a
function of aspect ratio can be used to predict f;, of our
composites:

fmn = 0.54 — 0.0125(L/D) (Kitano et al. [34])  (6)
fo = 70,321“/20)”‘02 (Mueller et al. [33]). (7)
The calculation of the exact f,,, value for the compo-

sites studied is rather delicate because of high fibers
polydispersity and variation of aspect ratio as a function
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FIG. 9. Relative viscosity as a function of fiber volume fraction for flax/PP
and sisal/PP composites. Solid line is the best fit to Eq. 5 for flax/PP
composites with f;,, = 0.54. The bars are for 20% error. Dashed lines
correspond to Eq. 5 prediction with f;;, = 0.45 and 0.65.

of fiber content (see Table 1). We calculated f,, values
from Egs. 6 and 7 using the maximal and minimal values
of aspect ratios weighted in surface and in number, (L/D);
= 9 and (L/D), = 5.2, respectively (Table 1) and com-
pared with the f;, obtained from Krieger—-Dougherty best
fit. According to Egq. 0, f;, for flax fibers should vary from
0.42 to 0.48 and according to Eq. 7 from 0.33 to 0.43.
The f,, values resulting from Eq. 7 are too low, as fiber
volume fraction in 50 wt% flax/PP composite is f =
0.395 and this composite does not behave as a pure solid
(see Figs. 5 and 6). The maximal volume fraction
obtained for flax-based composites from fitting Eq. 5, fi,
= 0.54 (corresponding to 64.2 wt%), is higher than the
one estimated with Eq. 6, f,, = 0.42-0.48. The difference
in f;,, predicted by Kitano et al. [34] and Mueller et al. [33]
and obtained as a best fit of Krieger—Dougherty model [30]
can be explained by the high polydispersity of natural fibers
size and shape [15] which increases the maximal packing
volume fraction. Considering all approximations used, Eq.
5 appears to describe best (R* = 0.97) the flax/PP compos-
ite viscosities. As predicted above in the analysis of the
elastic modulus data (Figs. 5 and 6), fibers in 50 wt% flax/
PP composite (f = 0.395) are close to the maximal packing
explaining its strong elastic response.

Table 3 shows that the higher is the fiber concentration
in composites, the higher is the yield stress. The yield
stress in natural fiber-reinforced composites had already
been reported in literature for composites being in the con-
centrated regime, see for example, hemp/PP composites in
Ref. [10]. As already mentioned above, composites studied
here are in semidilute and concentrated regime. Surpris-
ingly, several authors found that glass fiber-reinforced
composites with a similar volume fraction 0.13 (30 wt%)
are not yield stress fluids even for fibers with a higher as-
pect ratio, around 20 [16] or around 14 [35]. Natural fiber
specific properties such as an irregular surface, diameter
variation along one fiber, fibrillation, capability to bend,
etc. as well as high polydispersity in size and shape may
be at the origin of strong fiber—fiber interactions responsi-
ble for the high yield stresses observed.

It was shown by Mueller et al. [33] and Heymann
et al. [36] that for suspensions of solid particles it is pos-
sible to describe the yield stress versus particle volume
fraction dependence in a way similar to Krieger—-Dough-

erty model:
~[nlfm
wer((eg) o) e

where ¢* is a fitting parameter related to the size of the
particles [33, 36] and f;, and [7]f,, are the same as deter-
mined previously from fitting Eg. 5. The dependence of
the yield stress on fiber volume fraction for flax-based
composites is shown in Fig. 10; the points for 20% and
40% sisal/PP are also added for comparison. The conclu-
sions that can be made here are (i) yield stress is strongly
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FIG. 10. Yield stress as a function of fiber volume fraction for flax/PP
and sisal/PP composites. Solid line is the best fit to Eq. § for flax/PP
composites with f,, = 0.54, [5] fi, = 4.58, and ¢* = 164 Pa.

increasing with fiber volume fraction and can be
approximated by Heymann et al. [36] approach using a
modified Krieger—Dougherty model with ¢* = 164 Pa
and (ii) the lower is fiber aspect ratio, the lower is the
yield stress due to the less pronounced fiber interactions.
Flow index n in Eg. 3 decreases with the increase in
fiber volume fraction (Fig. 11). Here, only qualitative
analysis can be performed because MAPP content in the
matrix (MAPP/PP blend) differs from one flax concentra-
tion to another, and each matrix has a different shear thin-
ning degree. Flow index increases with decreasing fiber
aspect ratio (see flax vs. sisal in Fig. 11). Mueller et al.
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FIG. 11. Flow indexes n (Eq. 4) and m (Eq. 9) as a function of fiber

volume fraction in flax/PP (filled symbols) and sisal/PP (open symbols)
composites. Lines are given to guide the eye.

[33] suggest that the increased shear thinning in the
presence of particles may result from local viscous heat-
ing between neighboring particles leading in a decrease in
viscosity of the matrix, this effect being more pronounced
for higher particle concentrations and aspect ratios.

Analysis of Capillary Rheological Results

Capillary rheology is a very useful tool to evaluate vis-
cosity at high shear rates, comparable with the ones
occurring during extrusion and injection molding. It is
known and was already mentioned above that in the capil-
lary die all fibers are oriented along the flow direction
and that a layer of polymer is formed near the wall (see
similar examples for glass fiber-reinforced composites in
Refs. [24, 25, 35]. The macrostructure of molten compo-
sites in the capillary is thus very different when compared
with plate—plate geometry (Figs. 3 and 4). Because of the
fiber orientation, Cox—Merz rule is not obeyed (Fig. 3)
and the rheological parameters determined with Egq. 4
(Table 3) cannot be used for viscosity analysis of capil-
lary data. However, capillary viscosity data of MAPP/PP
blends do obey Cox—Merz rule (Fig. 1) and thus the con-
stants determined for this system with Eq. 2 (Table 2) can
be used here to characterize matrix capillary viscosity.

The capillary flow of 20, 40, and 50 wt% flax/PP com-
posite is shown in Fig. 12; neat PP and 10 wt% MAPP/
PP blend corresponding to the matrix of 50 wt% flax/PP
composite is also shown for comparison. Contrary to
dynamic viscosity obtained with oscillation measurements,
here the shapes of the curves of the composites and their
matrices are very similar and practically do not depend
on fiber content. The same trend had already been
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X 10%MAPP/PP
+neat PP
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FIG. 12. Viscosity as a function of shear rate obtained with capillary
rheometer for 20, 40, and 50 wt% flax/PP composites, neat PP and 10%
MAPP/PP blend. Lines are power law approximations according to
Eq. 9.



reported for glass fiber-reinforced composites at high
shear rates [35].

The viscosity of both MAPP/PP blends and of compo-
sites measured in a capillary rheometer can be described
by the well known power law model:

n(y) =Hy"! ©9)

where the constant H is consistency and m is flow index,
here at high shear rates. For MAPP/PP blends, H is calcu-
lated as a best fit using flow indexes already determined
for the whole viscosity curves in “Influence of MAPP on
the rheological properties of PP/MAPP binary blends”
section (in other words, for MAPP/PP blends m = n, see
Table 2). The parameters determined for the composites
and blends are listed in Table 4. m and H constants for
MAPP/PP blends that were not experimentally obtained
were calculated according to the following procedure.
First, the dependences of H and m for the experimentally
measured MAPP/PP blends (0, 5, 10, and 50 wt%) were
plotted against MAPP concentration. Then the values for
the matrices 2.5% MAPP/PP, 4.3% MAPP/PP, and 6.7%
MAPP/PP corresponding to 20, 30, and 40% flax based
composites, respectively, were interpolated. They are indi-
cated in italic in Table 4.

The dependence of flow index m on fiber volume frac-
tion in composites is shown in Fig. 11 together with
results obtained in oscillation mode. Two facts can be
noticed. First, the values of m (capillary) are twice lower
than the ones of n (dynamic). Second, the decrease in m
with fiber content increase is much less pronounced than
the decrease of n. The main reason for both observations
is a very strong shear thinning in the capillary, when
compared with oscillation experiments. Fiber orientation
in the two geometries used is very different: whereas in
the plate—plate geometry in oscillation mode fibers are
completely disorganized at low stresses, fibers in the cap-
illary die are all strongly oriented parallel to the die wall

TABLE 4. Fit parameters for composites and MAPP/PP blends
according to Egq. 9.

% MAPP in

MAPP/PP % MAPP in
Sample blend the composite m H
Neat PP - - 0.28 11,803
20% flax 2.5 2 0.29 10,071
30% flax 4.3 3 0.25 14,542
40% flax 6.7 4 0.23 19,854
50% flax 10 5 0.22 25,828
20% sisal 2.5 2 0.312 7754
40% sisal 6.7 4 0.255 14,988
2.5% MAPP/PP 2.5 - 0.309 8782
4.3% MAPP/PP 4.3 - 0.324 7362
5% MAPP/PP 5 - 0.346 6230
6.7% MAPP/PP 6.7 - 0.344 5819
10% MAPP/PP 10 - 0.363 4450
50% MAPP/PP 50 - 0.640 350

(compare Fig. 4a and b) due to high shear stresses. Shear
thinning in the capillary is much less sensitive to the
increase in fiber concentration because all fibers are
aligned in the flow direction and fiber-fiber interactions
are much less pronounced.

Relative consistency, H,, was used to analyze com-
posite viscosity versus fiber volume fraction dependence
using Krieger—-Dougherty model [30] as previously
described in “Analysis of dynamic rheological results”
section for dynamic data:

Hier = (1 = f/f) (10)

where Hrel = Hcomp/Hmatrix with Hcomp and Hmatrix being
composite and the corresponding MAPP/PP blend consis-
tency at high shear rates (Table 4). This approach was
successfully used for the analysis of dynamic rheological
properties of suspensions with particles of various shapes
from 0.1 to 10 and volume fractions from O to 0.6 [33].
The results are shown in Fig. 13 together with the fit cal-
culated according to Eq. /0. When compared with oscilla-
tory data (Fig. 9), the increase in relative consistency
(capillary data) with fiber volume fraction is much less
steep than the increase in relative viscosity (dynamic
data): when increasing f from 0.14 to 0.4, 5, increases
360 times whereas H,. only increases 4.5 times. The rea-
son is that at low shear rates (plate—plate geometry) fibers
are not aligned and the probability of their interactions is
very high. This is clearly seen in Fig. 4a. As a conse-
quence, dynamic viscosity and hence relative viscosity
strongly increase with fiber concentration due to increas-
ing fiber interactions. In the capillary die, fibers are
strongly aligned and for the volume fractions used the
distance between them should be higher or comparable

& Hrel
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FIG. 13. Relative consistency as a function of fiber volume fraction for
flax/PP and sisal/PP composites. Solid line is the best fit to Eq. 10 for
flax/PP composites with f, = 0.76. The bars are for 20% error. Dashed
lines correspond to Eg. 10 prediction with f,;, = 0.7 and 0.9.



with their diameter (Fig. 4b). The probability of fiber col-
lisions in aligned state is thus much lower than in
disordered state. At the wall, where the shear rates are the
highest, a layer of matrix is formed (Fig. 4b), thus further
decreasing the resistance to shear and hence the relative
consistency.

It is difficult to apply the Krieger—Dougherty approach
[30] developed for randomly oriented particles in suspen-
sion to capillary data due to high alignment of both fibers
and polymer matrix chains along the flow. It is obvious
that the maximal packing volume fraction cannot be the
same, the order of packing of the fibers being much
higher in the capillary when compared with the plate—
plate geometry. The best fit (R* = 0.951) was obtained
with a maximal packing volume fraction f;,, = 0.76 (82
wt%) and an exponent [n]f,, = 2. In addition with the
alignment of the fibers, this value of f;, is biased by the
polymer layer formed near the wall which decreases the
overall viscosity of the composites and thus artificially
increases the maximal packing volume fraction. Other
approaches including modeling of packing of fibers that
are oriented and polydisperse in size and shape, and more
experimental data are needed for performing an adequate
analysis of the results obtained with capillary rheometry.

CONCLUSIONS

Dynamic and capillary rheological behavior of flax-
and sisal-reinforced PP composites compatibilized with
MAPP were studied for fiber concentrations ranging from
20 to 50 wt% and shear rates from 0.1 rad s~ ! to 10,000
s~'. Both MAPP/PP blends and composites viscoelastic
behaviors were studied in detail. It was demonstrated that
the presence of MAPP in the PP matrix strongly decreases
composites viscosity and counterbalances the increase in
viscosity due to fibers. Although MAPP/PP blend viscos-
ity obeys Cox—Merz rule, a large difference in dynamic
and capillary viscosity of composites was recorded. The
reason is random versus aligned fiber orientation in plate—
plate and die geometries, respectively.

All composites studied behave as yield stress shear-
thinning fluids. Dynamic viscosity of composites was
modeled by a modified Carreau—Yasuda equation that
takes into account the yield stress. The transition from
semidilute to concentrated regime above 20 wt% for flax
composite is accompanied by the formation of a
“network” of fibers, which is reflected by the appearance
of a yield stress; for 30 wt% composite the elastic modu-
lus coincides with loss modulus over three frequency dec-
ades. Higher fiber concentrations lead to a dominant elas-
tic behavior and higher yield stresses.

Classical approaches developed for suspensions of
solid particles were applied for the analysis of zero-shear
rate relative viscosity as a function of fiber volume frac-
tion. The best fit with experimental data was obtained for
the maximal packing fraction f, = 0.54 using the
Krieger—Dougherty model. The difference between f,,, =

0.54 obtained and f,,, = 0.42-0.48 calculated with Kitano
et al. approach was explained by the high polydispersity
of flax fibers. Capillary results were also analyzed with
the same approaches; it was demonstrated that strong fiber
alignment in the flow direction and the formation of a
polymer layer close to the wall lead to a significant
increase in the maximal packing fraction, f,, = 0.76.
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ABBREVIATIONS

MAPP maleic anhydride-grafted polypropylene
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WPC wood polymer composites
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