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Stress-induced alignment of fibres

in a particulate matrix

Abstract In this article, experimen-
tal evidence for the influence that
steric interaction and orientational
coupling have on the orientation of
cellulose fibre dispersed in a partic-
ulate matrix is given. The filler
coeflicient of the fibre suspension is
used as a probe to follow the average
fibre orientation. It is shown that the
fibres do not order into a nematic
phase after numerous shear stress
steps. From the evolution of the
filler coefficient as a function of the
time the stress was applied, a rate

constant for reorientation was de-
termined. Even in the dilute regime,
its value depends on the fibre volume
fraction. Results obtained with
various fibre and particle sizes have
been scaled onto a master curve,
where it is shown that the rate of
reorientation increases with the
fibre—particle size ratio.
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Introduction

Due to their strong reinforcing property and their wide
occurrence in everyday life, fibre suspensions have been
intensively studied [1-14]. The nonlinear effects induced
by the filler’s shape anisotropy are of special importance
with regard to the mechanical properties of these
suspensions. The rheology of fibre suspensions depends
strongly on the average fibre orientation within the
embedding matrix [8-13]. For instance, it has been
shown that as the oscillatory shear amplitude applied to
a fibre-reinforced plastic increased, the complex viscosity
gradually decreased due to gradual alignment of the
fibre in the flow direction [11]. Another aspect that fibre
suspensions present is that such systems are known to
show normal stress differences under shear conditions [4,
14]. The generation of normal stress differences that lead
to a display of normal forces arises from the fact that
under flow conditions the microstructure of the material
becomes anisotropic. When fibres are dispersed in a
particulate matrix, steric correlations between fibres and
particles arise and contribute to the impact the shear

field has on the average fibre orientation. Edwards and
Mounfield [15] studied the packing of systems composed
of spherical and elongated grains. They showed that
even at maximum close packing a suspension of fibres
dispersed in spheres would not order nematically. The
reason the two constituents of the granular system do not
phase-segregate is related to the orientational couplings,
not only between rods, but also between rods and
spheres. The purpose of the present study was to provide
experimental evidence concerning the influence that
steric interaction and orientational coupling have on
the average orientation of a fibre when dispersed in a
particulate matrix.

We investigated the rheological behaviour of disper-
sions of cellulose fibres embedded in a particulate matrix
made from agar microgels [16-20]. Microgel dispersions,
also termed fluid gels, display a dominant elastic
component with a slight frequency dependence [19,
20]. Using successive steady shear stress steps, the
influence of very low shear rate on fluid gels was
studied. It has been shown that under the external
constraint the gel particles rearrange to increase the
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packing density of the system [21]. In the present study,
the orientation of the fibres was monitored using the
same stress-controlled procedure. As the suspending
matrix exhibits a yield stress, rotary Brownian diffusion
of the fibres cannot occur and the filler coefficient of the
fibre suspension was used as a probe to follow the
average fibre orientation. The influence of the fibre
volume fraction and the fibre—gel particle size ratio on
their rearrangement under the external constraint was
investigated.

Materials and methods

Agar fluid gels

The preparation of fluid gels is described in previous work [19,
21]. Agar fluid gels were made up as 3% polymer weight using
commercial agar (agar Luxara-1253 from Arthur Branwell &
Co.). All samples were prepared using Millipore bidistilled water.
The fluid gels were prepared in a stirred vessel using various
shaft speeds. Particle size analysis was carried out on agar fluid
gels using a Mastersizer-X from Malvern. In order to get
representative particle size distributions, the obscuration levels
were in the range 15-20%. The refractive index of a 3% agar gel
was estimated to be 1.3367. The values of the mean particle
diameter obtained over the volume distribution, D[4, 3], as a
function of the shaft speed in the stirred vessel are reported in
Table 1.

Microcrystalline cellulose and calibrated glass beads

Microcrystalline cellulose (MCC) is a purified, partially depoly-
merised a-cellulose extracted from speciality grades of wood pulp.
Two grades of MCC were used in this work: GP-1256 and GP-1251
provided by FMC-Avicell. GP-1256 and GP-1251 have a bulk
density of 0.28 and 0.25 g/cm?, respectively. The density of the fibre
was estimated by volumetry to be 1.55 g/em®. Micrographs of
diluted dispersions of Avicel GP-1256 and GP-1251 in water are
shown in Fig. 1. The crystalline particles have a rodlike shape of
average length 50 and 150 um, respectively. The other filler
particles used in this study were calibrated glass beads obtained
from BDH Chemicals. The approximate diameter of these beads
was 400 um; their density was 2.3 g/em®.

Preparation of the fibre dispersions

Agar fluid gels (3% w/w) containing various amounts of filler
particle were prepared. The volume fraction of fibres was

Table 1 Values of the average gel particle diameter over the
volume distribution, D[4, 3], as a function of the processing shaft
speed for 3% agar fluid gel

Shaft speed (rpm) D[4, 3] (pm)
200 8.95

400 4.90
600 3.30

1000 2.00

1200 1.85

1400 1.55

Fig. 1 Micrographs of diluted microcrystalline cellulose dispersions in
water. A Avicell GP-1256, B Avicell GP-1251

determined from the density of the fibre based on the fact that
no swelling of the fibres occurred in an aqueous environment.

The reduced packing fraction, ¢*, was used as a normalised
concentration to describe the packing of the filler in the system
[22]. The reduced packing fraction is defined as ¢* = ¢/dm,
where ¢ and ¢, are the filler volume fraction and the filler
maximum packing fraction, respectively. The maximum packing
fraction of the cellulose fibres was estimated from the ratio of
the fibre bulk density and the fibre density. The value of the
maximum packing fraction of Avicell GP-1256 and 1251 was
0.18 and 0.16, respectively. The maximum packing fraction of
the glass beads was assumed to be equal to the volume fraction
of a random close packing of spheres (¢, = 0.64). Another
parameter to characterise fibre dispersions is the number density,
p, defined as

p=4d/nd’L (1)

where ¢, L, and d are the fibre volume fraction, the fibre length,
and the diameter, respectively. In this work, the rheological
behaviour of the suspensions was studied with the condition
p < 1/L2d satisfied for both grades of fibres, indicating that actual
contact between rods is rare [1, 2].

Rheological characterisation

A Carrimed CSL500 rheometer fitted with a large-gap double-
concentric-cylinder geometry [23] was used to investigate the
viscoelastic behaviour of the samples. Prior to further rheolog-
ical characterisation, the extent of the linear viscoelastic region
of the samples was determined. The frequency spectra were
recorded at a fixed strain of 0.2%, a value for which the fluid
gels were within the linear viscoelastic region. To avoid wall
slips, the metal walls of the Couette cylinder were roughened
with sandpaper. The samples were covered with mineral oil to
prevent water evaporation. All the measurements were made at
10 °C.
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Results
Viscoelastic properties of the filled systems

The volume fraction of fibre (Avicell GP-1256) added
to the fluid matrix ranged from 0.6 to 8.3%,
corresponding to a reduced packing fraction, ¢*,
between 0.03 and 0.46. To quantify the effect of the
fibres on the rheological properties of the fluid gel, a
filler coefficient, F, was used. It is defined as the ratio
between the storage modulus of the filled system and
the storage modulus of the matrix at an oscillatory
frequency of 1 Hz. The evolution of the filler coeffi-
cient as a function of the volume fraction of the fibre
is depicted in Fig. 2. A number of theoretical models
[5, 24, 25] have been tested for predicting the elastic
moduli of the fluid agar gels filled with MCC fibres.
None of these models could adequately explain the
data obtained. This is probably because the models
assume that the fibres are infinitely larger than the
entities forming the suspending medium, which is not
the case in the system under study.

The evolution of the suspension viscosity as a
function of the shear stress can be seen in Fig. 3. The
suspensions showed a strong shear thinning behaviour,
illustrated by the decrease in the viscosity as a
function of the shear stress. No flow of the suspension
was recorded unless the suspensions were acted upon
by an apparent yield stress. The reinforcement of the
system induced by the fibres is seen by the increase in
the yield stress as a function of the fibre volume
fraction.
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Fig. 2 Evolution of the filler coefficient as a function of the fibre
reduced packing fraction, ¢*. Data obtained with fibre GP-1256

Influence of stress-controlled conditioning
on the viscoelastic behaviour of agar fluid gels filled
with fibres and spheres

A steady stress was applied for 15 min on the fibre
dispersion, then the stress was released and the sample
was allowed to relax for 15 min. For all the experiments,
the applied stress was 3 Pa, a value for which bulk flow
of the suspension does not occur (Fig. 3). The filled
matrix showed an increase in the shear modulus as a
function of the number of conditioning steps; however
this increase was less significant than for the fluid matrix

alone (Fig. 4). Consequently, the filler coefficient
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Fig. 3 Evolution of the viscosity as a function of the shear stress for
fluid gels containing microcrystalline cellulose: Avicell GP-1256
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Fig. 4 Evolution of the filler coefficient of agar fluid gels containing
fibres (GP-1256, ¢* = 0.22) as a function of the time a stress of 3 Pa
was applied. Inset: evolution of the storage modulus for a 3% agar
fluid gel and for a fluid gel filled with fibres (GP-1256, ¢* = 0.22)
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decayed as a function of the time the stress was applied.
Successive conditioning steps were applied to a fluid gel
filled with micrometric glass beads (Fig. 5). The filler
coefficient was constant over successive shear stress
steps; therefore, the anisotropic shape of the MCC
particles was responsible for the decrease in the filler
coefficient.

Influence of the fibre reduced volume fraction, ¢*

The conditioning treatment was applied to fluid gels
containing various amounts of MCC. For all the volume
fractions studied, the filler coefficient decayed with the
time the stress was applied. These curves were fitted with
a simple exponential law defined as

F(n) = Fyexp(—kt) + Fx[1 —exp(—kt)] , (2)

where Fy and F,, are the initial value (# = 0) and the
asymptotic value (¢ — oo) of the filler coefficient. The
rate constant, k, indicates the efficiency of the reorien-
tation process induced by the external constraint. The
best fit of Eq. (2) to the experimental data according to
the least-squares criterion gives an estimation of Fy, F.,
and k. The values obtained for various reduced volume
fractions of fibres are reported in Table 2. The evolution
of k as a function of the fibre volume fraction is depicted
in Fig. 6.

Influence of the fibre—gel particles size ratio, 0

Using different gel particle sizes and fibre grades, it was
possible to use the size ratio, 0, defined as the ratio of the
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Fig. 5 Evolution of the filler coefficient of agar fluid gels containing
fibres (GP-1256) and micrometric glass beads at various reduced
packing fractions. The shear stress applied was 3 Pa

Table 2 Initial values, Fy, asymptotic values, F,,, and decay rate
constant, k, obtained from the decay of the filler coefficient as a
function of the conditioning time for various fibre reduced packing
fractions, ¢*. Data obtained with fibre GP-1256. The shear stress

applied was 3 Pa

Fibre volume o* Fy Fy kx10% (s
fraction

0.006 0.03 2.7 1.6 0.92 £+ 0.04
0.019 0.10 6.5 4.1 0.88 £ 0.05
0.028 0.15 10.6 6.2 0.80 £+ 0.02
0.040 0.22 13.6 8.6 0.70 £ 0.04
0.055 0.30 23.3 13.0 0.75 £ 0.01
0.083 0.46 42.7 24.1 0.72 £ 0.01

average fibre length to the gel particle diameter. The
effect induced by shear stress steps on fibre dispersions
(GP-1256 and GP-1251, ¢* = 0.17) in various fluid gels
whose average gel particle diameter ranged from 9 to
1 um (Table 1) was investigated. The dispersions dis-
played a filler coefficient that decayed as a function of
the conditioning time. Every curve was analysed to
estimate k and to monitor its evolution as a function of 6
(Table 3). To take into account the fact that at the same
volume fraction, fibres of different size have different
number densities, the decay rate constant had to be
normalised by the number density, p. Hence, the data
can be scaled onto a master curve, where the evolution
of the normalised decay rate constant, k/p, as a function
of 0 is shown (Fig. 7).

Discussion

Under a steady shear stress, the storage modulus of a
fluid gel increases (Fig. 4, inset). This has been explained
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Fig. 6 Evolution of the decay rate constant, k, as a function of the
fibre reduced packing fraction (GP-1256)
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Table 3 Values of the normalised rate constant for reorientation,
k/p, obtained from the decay of the filler coefficient as a function of
the time the stress (3 Pa) was applied for various fibre—gel particle
size ratios, 0. The number density, p, and the size ratio were cal-

culated for an average fibre length of 50 and 150 um for the fibres
GP-1256 and GP-1251, respectively. The number density of the two
fibres (GP-1256, GP-1251) corresponding to a reduced packing
fraction, ¢* = 0.17, is 7974 and 295 mm >, respectively

0 (GP-1256) kx 10° (s k/p x 10% 0 (GP-1251) kx10° (s7h klp x 107
5.6 0.09 + 0.04 1.1 £ 0.6 22.6 0.011 + 0.005 0.38 £ 0.2
10.2 0.52 £ 0.05 6.5 £ 0.6 40.1 0.53 £ 0.10 18.0 £ 34
15.1 0.41 £+ 0.20 5.1 £22 60.0 0.25 + 0.11 8.66 + 3.3
27.0 1.61 £ 0.12 20.1 £ 1.1 99.5 1.08 + 0.11 37.0 £ 3.8
322 1.20 + 0.48 150 £ 5.5 106.4 0.64 + 0.21 21.6 £ 7.1
107 T T the storage modulus, k£ would have been proportional to
- the fibre volume fraction. It is shown in Fig. 6 that this is
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Fig. 7 Evolution of the normalised rate constant for reorientation,
k/p, as a function of the fibre—gel particle size ratio, 6. The number
density, p, and the size ratio were calculated for an average fibre
length of 50 and 150 um for the fibres GP-1256 and GP-1251,
respectively

by a rearrangement of the particle packing leading to
compaction of the system [21]. For fluid gels filled with
fibres, the increase in the shear modulus was less
significant (Fig. 4). Consequently, the filler coefficient
decayed as a function of the time the stress was applied.
The fluid gel filled with spheres showed a constant filler
coefficient over successive steps; this suggests that the
anisotropy of the filler particles is responsible for the
decrease in the filler coefficient. On the other hand,
shear-induced particle migration processes within the
measuring cell can be discarded since the corresponding
shear rates applied during the creep experiments were
very low: (107° < 9 < 10~* s™!). Moreover, an increase
in the gel particle packing induced by the fibre can be
ruled out as an explanation of the decay of the filler
coefficient. The stress-induced compaction of the fluid
gel was found to be inversely proportional to the initial
reduced packing fraction of the particle [21]. If an
increase in the gel particle packing induced by the fibres
had been responsible for the less significant increase in

not the case: the decay rate decreases with an increase in
fibre volume fraction.

It is most probable that the decay of the filler
coefficient as a function of the conditioning time is due
to changes in the average orientation of the fibres.
When an external constraint is applied, the fibres
minimise the surface they offer to the shear stress and
they tend to have their main axis aligned to the shear
field [11-13]. The stress applied was lower than the
apparent yield stress of the dispersion; therefore, the
change in the fibre orientation cannot be due to the
bulk flow of the gel particles, but rather to small
adjustments of the particle orientation within the
matrix. As the embedding matrix exhibits a yield stress
the fibres are trapped and any change in their average
orientation is not subsequently randomised by thermal
agitation. An interesting feature is that the value of the
filler coefficient after numerous conditioning steps is
still higher than the value obtained for a suspension
filled with hard spheres at the same reduced volume
fraction (Fig. 5). This suggests that the fibres do not
reach a state of full alignment, in which they would be
parallel to the external constraint. Even after being
subjected to long conditioning a certain level of
disorder remains in the suspension. The reason the
fibres cannot fully align is due to the presence of gel
particles that fit into the spaces between the fibres. The
alignment of the fibres with respect to the shear field is
also hampered by fibre—fibre steric interaction, which is
indicated by the decrease in the rate constant for
reorientation with the fibre reduced volume fraction
(Fig. 6). Steric interactions appear at a low fibre
number density (p < 1/L*d), which suggests that
orientational couplings between fibres are mediated
via the matrix of gel particles rather than transmitted
from fibre to fibre via direct contact. Additional
evidence for the effect of fibre—gel particle steric
interaction on the orientational properties of the fibre
comes from the fact that the normalised rate constant
for reorientation, k/p, increases with the 6 (Fig. 7).
When the fibres are of similar size as the gel particles,
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i.e. 0 ~ 1, the fibres orientational properties are negli-
gible as any change in orientation of the fibre is
hampered by the gel particles’ steric exclusion. In
contrast, for large fibres, i.e. 0 > 1, the gel particles’
steric interactions with the fibres are less important,
which allows the fibres to align further in the shear
field. These results support the statistical mechanical
analysis Edwards and Mounfield [15] carried out on the
packing of systems composed of spherical and elon-
gated grain.

Conclusions

It is shown that the average orientation of fibres
dispersed in a viscoelastic particulate matrix can be
monitored by means of successive steps of steady stress.
The fibres never reach a state of full alignment because a
nematic ordering of the fibres is hampered by fibre—fibre
and fibre—gel particle steric interactions. The results
show that the fibre’s orientational properties depend on
the fibre—gel particle size ratio.

Part B Polym Phys 27:2605-2619
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