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Synopsis

The non-Newtonian rheology of concentrated fiber suspensions, such as short fiber reinforced

polymer composites during their processing, depends on both the microstructure of their fibrous

network and the deformation micromechanisms arising at fiber–fiber contacts. In this work,

these two aspects are investigated using model concentrated fiber suspensions made up of short

glass fiber bundles impregnated in a transparent polymer. For that purpose, multiresolution x-

ray microtomography was used to analyze the fibrous microstructures, showing that the studied

suspensions exhibit a planar fiber orientation with fairly straight fiber bundles, the connectivity

of which can be modeled by the geometrical statistical tube model. Besides, bundle–bundle

contact forces together with the interaction between the bundles and the suspending fluid

are analyzed by using pull-out experiments. These tests allow the influence of the pull-out

velocity, the confining stress and the volume fraction of fiber bundles on the pull-out force to be

quantified. Combined with the microstructure analysis, such results are then used to propose a

bundle–bundle contact model which can be implemented into multiscale rheological

models dedicated to concentrated fiber suspensions. VC 2012 The Society of Rheology.
[http://dx.doi.org/10.1122/1.3698185]
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I. INTRODUCTION

Due to their cost efficiency and their very interesting specific physical and mechanical

properties, polymer composites reinforced with short fiber bundles such as sheet molding

compounds (SMC), glass mat thermoplastics (GMT), and carbon mat thermoplastics

(CMT) are extensively used in many applications. These composites have a high volume

fraction / of slender fiber bundles (typically ranging from 0.05 to 0.2) with a more or

less planar random fiber orientation. Hence, each fiber bundle inside the composite has

multiple contact points with its neighbors. This highly affects the physical and mechani-

cal properties of these materials [Osswald and Tseng (1994); Thomasson and Vlug

(1996)]. This also drastically affects their rheology during their forming process, i.e.,

compression molding [Advani (1994); Berglund and Ericson (1995)]. Indeed, during

compression molding, such composite materials behave as non-Newtonian and highly

concentrated fiber suspensions. They exhibit a complex and not well understood rheology

which is significantly affected by bundle–bundle contacts during the suspension flow.

The modeling of the contact micromechanisms constitute one of the key points of multi-

scale rheological models dedicated to concentrated fiber suspensions [Ausias et al. (2006);

Djalili-Moghaddam and Toll (2005); Dumont et al. (2009); Fan et al. (1998); Férec et al.
(2009a); Joung et al. (2001, 2002); Le Corre et al. (2004, 2005); Petrich and Koch (1998);

Sandstrom and Tucker (1993); Servais et al. (1999a, 1999b); Sundararajakumar and Koch

(1997); Switzer and Klingenberg (2003); Toll and Månson (1994); Yamane et al. (1995)].

In those approaches, fiber suspensions are usually considered as incompressible, and sus-

pending fluids are very often assumed to be Newtonian, even if in most applications sus-

pending fluids exhibit non-Newtonian behaviors [Dumont et al. (2003); Ericsson et al.
(1997); Férec et al. (2009b); Gibson and Toll (1999); Le Corre et al. (2002); Orgéas et al.
(2008); Servais et al. (1999a, 1999b); Silva-Nieto and Fisher (1981)]. The overall suspen-

sion Cauchy stress rs is often expressed as the sum of various contributions

rs ¼ �pdþ rm þ rfm þ rff ; (1)

where the first pressure term �pd is associated with the suspension incompressibility, rm

is the extra stress within the suspending fluid, rfm is the fiber stress contribution that takes

into account the hydrodynamical interactions between the suspending fluid and the fibers

away from fiber–fiber contacts [for the two last stress contributions, see, for instance,

Batchelor (1970, 1971); Dinh and Armstrong (1984); Lipscomb et al. (1988); Mackaplow

and Shaqfeh (1996); Shaqfeh and Fredrickson (1990) in the case of Newtonian suspend-

ing fluids and Gibson and Toll (1999); Goddard (1976); Souloumiac and Vincent (1998)

for power-law fluids], and where the fiber stress rff takes into account the mechanical

interactions between contacting fibers. In concentrated systems, interactions between

contacting fibers are often modeled as Newtonian lubrication forces [Ausias et al. (2006);

Fan et al. (1998); Férec et al. (2009a); Joung et al. (2002); Sundararajakumar and Koch

(1997)]. Other multiscale models have tried to account for more realistic non-Newtonian

fiber–fiber interactions such as Coulombic friction and/or nonlinear hydrodynamic fric-

tion forces [Le Corre et al. (2004, 2005); Servais et al. (1999a, 1999b); Switzer and Klin-

genberg (2003)]. Nonetheless, in this case, because of the very high number of fiber–fiber

contacts per unit of volume nc, the contribution rfm is sometimes neglected with respect

to rff [Caba et al. (2007); Le Corre et al. (2004, 2005); Servais et al. (1999a, 1999b);

Toll and Månson (1994)]; such a strong assumption has, however, never been checked

experimentally. Anyway, whatever the type of suspending fluid and the type of fiber–-

fiber interaction, rff can usually be expressed in the following discrete form:
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rff ¼ 1

Vrev

X
Nrev

c

GiGj � fk; (2)

where Nrev
c ¼ ncVrev is the number of fiber–fiber contacts contained inside a representa-

tive elementary volume Vrev of the suspension, each contact k between two fibers i and j
of centers of mass Gi and Gj inducing a contact force fk exerted by the fiber j on the fiber

i. The discrete expression (2) of the extra stress tensor rff reveals the great role of the fi-

brous microstructure. It also emphasizes the role of contact micromechanisms on the

overall rheological behavior of concentrated fiber suspensions.

(1) The fibrous architecture together with the fiber geometry is of first importance. For

example, they directly determine the number of fiber–fiber contacts per unit volume

nc (and hence Nrev
c ), the relative positions GiGj not only of contacting fibers i and j

but also the contact surfaces Sk which play a great role on contact forces fk. So far,

some experiments were carried out to analyze the fibrous architectures and their

flow-induced evolution in dilute and semidilute systems [Folgar and Tucker (1984);

Petrich and Koch (1998); Petrich et al. (2000); Yasuda et al. (2002)]. Conversely,

very few experimental studies focused on the characterization of fibrous architec-

tures within the concentrated regime. This clearly hinders both the development and

the validation of the micromechanical assumptions of the multiscale rheological

models cited previously. For instance, by studying the compression flow of model

transparent concentrated fiber bundle suspensions (PMMAþ colored glass fiber bun-

dles), Dumont et al. (2007) could analyze the evolution of the bundle orientation,

bending, and flattening induced by the suspension flow. However, the results gained

in this work were limited because the microstructure characterization was restricted

to 2D micrographs. More recent studies tried to overcome such a drawback by using

x-ray microtomography, a technique that is now widely used in materials science

[Badel et al. (2008); Baruchel et al. (2006); Chalencon et al. (2010); Rolland du Ros-

coat et al. (2007)]. For example, by using the phase contrast imaging mode, Le et al.
(2008) confirmed and refined the results of Dumont et al. (2007) using an industrial

compression molded SMC. In particular, the planar orientation of the SMC bundle

network was fully characterized, and a significant flattening of bundle was observed

during compression molding: despite such bundle flattening should lead to an

increase of bundle–bundle contact zones (and hence of contact forces fk), this latter

is not taken into account in current multiscale models. Recently, Latil et al. (2011)

performed a compression test of a bundle of aligned fibers saturated by a Newtonian

fluid together with in situ 3D characterization of the fibrous network. Not only the

position, the orientation, the displacement, and the deformation of each fiber but also

the position and the evolution of each fiber–fiber contact were followed during com-

pression. More recently, using again x-ray microtomography, the average number of

fiber–fiber contacts per fiber, i.e., the average fiber coordination number �Z ¼ 2nc=nf

(nf being the number of fiber per unit of volume) predicted by the analytical tube

model [Doi and Edwards (1978); Le Corre et al. (2005); Ranganathan and Advani

(1991); Toll (1993); Vassal et al. (2008)] was recently found to be in a good agree-

ment with that measured in concentrated networks of rather straight copper fibers

with circular cross section and planar fiber orientation [Orgéas et al. (2012)]. It could

be very interesting to see whether such kinds of elementary microstructure

models based upon excluded volume framework [Balberg et al. (1984); Doi and

Edwards (1978); Komori and Itoh (1994); Komori and Makishima (1977); Pan

(1993); Ranganathan and Advani (1991); Toll (1993)] could be used to describe the
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coordination number in suspensions made up of disordered and entangled fiber bun-

dles. Indeed, even if this has never been checked experimentally, many multiscale

analytical models of concentrated fiber suspensions use a priori the tube model to

model the fiber connectivity and to compute the extra stress tensor rff from Eq. (2)

[Alkhagen and Toll (2007); Djalili-Moghaddam and Toll (2005); Férec et al.
(2009a); Servais et al. (1999a, 1999b); Toll (1998); Toll and Månson (1994)].

(2) In order to characterize contact micromechanics between contacting fibers (or fiber

bundles), several authors carried out interesting pull-out experiments, which consisted

of extracting a straight continuous fiber (or fiber bundle) initially embedded in the

fiber suspension. These studies were performed by using not only industrial GMT re-

inforced by fibers [Servais et al. (1999b)] or fiber bundles [Servais et al. (1999a)] but

also by using CMT [Caba et al. (2007)]. These studies are quite complete. For

instance, whatever the tested materials, it was observed that the measured pull-out

force exhibited a velocity independent yield force at very low pull-out velocities,

typically below 10�5 m s�1, i.e., below the expected relative velocities Dvk at

the contacts between contacting fibers during industrial compression molding

(10�5 m s�1 < jjDvkjj < 10�1m s�1). Above this pull-out velocity, the pull-out force

exhibited a noticeable viscous behavior, following power-law [Servais et al. (1999b)]

or Carreau-Yasuda [Caba et al. (2007); Servais et al. (1999a)] functions of the pull-

out velocity. In all cases, pull-out forces significantly increased with the fiber content

/, this increase was directly attributed to the increase of the coordination number �Z
with /. However, these studies did not investigate the influence of a confining stress

on contact micromechanisms, although such a confining stress cannot be considered

as negligible during compression molding: this point should be explored.

In order to extract contact forces from the pull-out experiments, the friction force the

suspending fluid exerts along the continuous bundle outside contacts zones was

neglected. As mentioned earlier, this assumption has never been validated experi-

mentally. Besides, contact forces in the former approaches were seen as the sum of

three contributions [Servais et al. (1999b); Toll and Månson (1994)]: (a) a normal

force due to the elastic deformation of the fibrous network [the approach proposed

by Servais et al. (1999b) and Toll and Månson (1994), the unique source of elastic

deformation is the bending of fiber or fiber bundles between contact points], (b) a

dry Coulombic friction force induced by the contacts between fibers, and (c) a lubri-

cation force due to shearing of the thin film of suspending fluid separating the fibers

in the vicinity of contact zones. Lastly, in order to estimate the number of contacts

along the continuous extracted fiber, and hence in order to estimate contact forces, it

was again assumed that the fibrous microstructures of the studied suspensions were

well described by the statistical tube model. Its relevance remains to be investigated.

Thus, the aim of this study is to complete the aforementioned studies [Caba et al.
(2007); Servais et al. (1999a, 1999b)] to better estimate both the microstructures and con-

tact micromechanisms in concentrated fiber bundle suspensions such as GMT, CMT, or

SMC. More precisely, the objective is to bring some answers to the following opened ques-

tions. What is the 3D architecture of such fiber suspensions? What is the fiber coordination

number? Can it be predicted by an analytical microstructure model such as the tube model?

What do contact surfaces look like? What is the nature of contact micromechanisms? Are

contact micromechanisms sensitive to the confining stress? Can the role of the suspending

fluid far from the contact zones be neglected? For that purpose, model fiber bundle suspen-

sions were processed with various fiber bundle contents and planar random fiber bundle

orientation (Sec. II). Their 3D fibrous microstructures were finely characterized by using
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x-ray microtomography and dedicated image analysis subroutines (Sec. III). Subsequently,

compression and pull-out experiments were carried out using these suspensions at various

confining stresses and pull-out velocities (Secs. IV and V). These different results are com-

bined to propose a bundle–bundle contact model (Sec. VI).

II. MATERIALS AND EXPERIMENTAL PROCEDURE

A. Materials

The used suspending fluid is a hydrocarbon gel (Versagel C, Perenco, USA). First, it

is transparent: this facilitated the quick observation and the control of the quality of the

processed suspensions. Second, at 120 �C, it behaves as a Newtonian fluid with a very

low viscosity of �1 Pa s; the impregnation and the saturation of the fibrous network dur-

ing the suspension processing were thus facilitated (see Subsection II B). Third, at room

temperature, it behaves as a solid gel, so that the processed suspensions could be easily

handled before the experiments, without damaging their microstructures. Lastly, at 50 �C,

its rheology is close to the rheology of matrices used in commercial GMT or SMC formu-

lations. This last point is illustrated in Fig. 1(a), where the steady state shear viscosity of

the gel l at 50 �C is plotted as a function of the shear rate _c [the data were obtained on a

standard cone-plate rheometer (Anton Paar MCR301), each point being obtained in

steady state conditions]. As shown by the continuous line plotted in the graph, data are

rather well fitted by a Carreau–Yasuda model, i.e.,

l ¼ l0 1þ _c
_cc

� �a� �n�1
a

; (3)

where the Newtonian viscosity l0, the power-law exponent n, the curvature factor a, and

the characteristic shear strain rate _cc equal to 27 000 Pa s, 0.4, 2, and 2.10�2 s�1, respec-

tively. It has to be emphasized that above shear strain rates of 10–100 s�1, no reliable

measurement of the shear viscosity was possible, since the polymer exhibited severe

strain localization and the rheometry experiments became heterogeneous.

The fiber bundles which were introduced inside the suspensions were identical to

those used in industrial SMC. They were made up of about 200 sized glass fibers having

FIG. 1. Materials—(a) Evolution of the steady state shear viscosity l of the suspending fluid with the shear

strain rate _c at 50 �C (dots represent the experimental data and the continuous line the Carreau fit). (b) 3D view

and cross section of a glass fiber bundle (x-ray microtomography, voxel size ¼ 0:7l m).
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a length of l¼ 13 mm and a diameter d ¼ 15 lm. They were processed and sized by

Owens Corning Vetrotex Reinforcements (Chambéry, France). As shown from the 3D

micrograph displayed in Fig. 1(b), the studied fiber bundles exhibit very flat cross sec-

tions, which can be approximated to elliptical cross sections of major axis

dmax=2 � 0:5 mm and minor axis dmin=2 � 0:1 mm.

B. Processing of fiber suspensions

The fiber bundle suspensions were processed by following a processing route close to

that used by Dumont et al. (2007) and Orgéas et al. (2012). Briefly, unsaturated preimpreg-

nated homogeneous fibrous networks, with controlled volume fraction / and controlled

planar orientation of bundles were first manufactured. Then, these bundle networks were

fully impregnated by the suspending fluid. This was achieved inside a heated rectangular

mold (surface S0 ¼ 165� 80 mm2) at 90 �C under a compression pressure of 500 Pa for

20 min. The thickness of the as-processed samples was h0 ¼ 6 mm. Samples were proc-

essed with five different bundle volume fractions /¼ 0.08, 0.1, 0.13, 0.18, and 0.25. Note

that in order to perform pull-out experiments (see Subsection II D), five straight continu-

ous, parallel to e1, fiber bundles were also inserted along the midplane of the suspensions

during their processing. Also, note that in order to characterize the rheology of the suspend-

ing fluid but also to check the validity of the pull-out tests, samples with the straight contin-

uous and parallel to e1 fiber bundles immersed in the suspending fluid alone were also

processed. Finally, in order to analyze the macroscale rheology of the processed suspen-

sions under (i) drained or dry testing conditions (consolidation tests without suspending

fluid or with the suspending fluid at high temperature) or (ii) homogeneous one-phase flows

encountered in typical industrial conditions (lubricated compression tests), fiber bundle

suspensions and dry fibrous mats were also prepared without any continuous bundle.

C. Imaging of fibrous microstructures

To perform 3D characterization of the fibrous microstructures of the processed suspen-

sions (see Sec. III), x-ray microtomography was used at various spatial resolutions. For that

purpose, two different microtomographs were used. For high spatial resolutions, i.e., for

voxel sizes of 0.7 and 3.2 lm, the microtomograph of the European Synchrotron Radiation

Facility (ESRF, ID19 beamline, Grenoble, France) was used. Scans of small samples cut

from the processed suspensions were achieved (overall scanning time �20 min), consisting

of 2700 x-ray 2D radiographs onto a charge coupled device (CCD) detector (2048� 2048

pixels) obtained from the incremental rotation of the imaged sample with respect to the syn-

chrotron x-ray source (overall rotation¼ 180�, beam energy¼ 34 keV). For medium spatial

resolutions, i.e., for voxel sizes of 15.6 lm, a standard laboratory microtomograph was used

(RX Solution apparatus located in 3SR Lab, Grenoble, France). Scans of very large samples

could then be achieved (1500 x-ray 2D radiographs onto a 1914� 1580 pixels CCD detec-

tor, overall rotation¼ 360�, scanning time �90 min, 100 kV, 140 mA). After suitable recon-

struction and image analysis procedures, 3D maps of the x-ray absorption coefficient within

each scanned specimen could be obtained [see Fig. 2(a)]. By using a standard thresholding

operation (implemented into the software IMAGEJ), it was then possible to obtain 3D binary

representations of the fiber bundles [see, for examples, Figs. 1(b) and 2(b)–2(f)].

D. Pull-out experiments

In order to analyze deformation micromechanisms within the processed suspensions, a

pull-out device slightly different from those that were previously used [Caba et al. (2007);

Servais et al. (1999a, 1999b)] was designed. The validity of the tests carried out with this
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device is discussed for the suspending fluid and the processed suspensions in Appendices

A and B, respectively. Figure 3 depicts the simplified scheme of this apparatus. Briefly, to

perform a pull-out experiment, a suspension sample was inserted inside the mold used to

process it. The mold is used to contain the suspension flow during the tests. Then, it was

heated at 50 �C. Furthermore, the upper rectangular plate of the mold was used to exert a

prescribed confining force Fn (or a confining normal stress rn ¼ Fn=S0) kept constant

FIG. 2. 3D micrographs obtained from a fiber bundle suspension with / ¼ 0:13. (a) 3D map of the x-ray

absorption coefficient (voxel size 15.6 lm); (b) 3D overview of the fibrous network after thresholding; (c) and

(g) 3D views showing the continuous fiber bundle (green) and the short fiber bundles (red) in contact with it;

(d)–(f): zooms on a bundle–bundle contact with a 3D view (d), an upper view (e) and a cross section along one

of the two fiber bundles (f) (voxel size 3.2 lm).
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during the test. A pull-out experiment consisted of extracting one of the five straight and

continuous fiber bundles at a constant pull-out velocity ve over a pull-out length Le. This

motion was precisely controlled, since the continuous bundle was fastened to the crosshead

of a tensile testing machine (MTS 4M). During such an experiment, the pull-out force Fe

was recorded using a load cell with a maximum capacity of 60 N. Thereafter, the pull-out

force per unit length fe the tested suspension exerted on the extracted continuous bundle,

together with the friction coefficient ke could be estimated as

fe ¼
Fe

Le
and ke ¼

fe

ve
: (4)

By following this procedure, various tests were achieved for confining stress rn and pull-

out velocities ve ranging, respectively, from 0 to 18 000 Pa and from 10�5 to 10�1 m s�1.

Such values correspond to those encountered when processing the considered industrial

composites.

E. Macroscale compressions

To analyze the rheology of the suspensions under drained or dry testing conditions or

homogeneous one-phase flow situations, consolidation and lubricated compression tests

were, respectively, carried out using a dedicated compression rheometer developed in pre-

vious studies [Dumont et al. (2003); Le Corre et al. (2002)]. This rheometer has large

dimensions (diameter of the parallel compression plates equal to 400 mm). Thus, it allows

the rheological properties of fiber suspensions to be properly characterized, by testing sam-

ples with dimensions much larger than the fiber (bundle) length, i.e., without edge effects

and with a good scale separation between the sample size and the suspension heterogene-

ity. This rheometer was mounted onto a MTS 4M mechanical testing machine equipped

with a 2 kN load cell. In the case of the consolidation tests (performed using cylindrical

samples having an initial diameter 160 mm and a height of 10 mm), the dry fibrous mat

and the suspensions were heated at 120 �C. In the case of lubricated compression tests

(dimensions of the tested samples 80 mm� 80 mm� 6 mm), the suspensions were heated

at 50 �C. In this case, to ensure a homogeneous compression flow, the external surfaces of

the samples were lubricated using silicone oil. In both cases, the test was carried out at a

constant compression strain rate of 0.1 s�1, whereas the current height h of the sample

together with the compression force F were simultaneously recorded.

FIG. 3. Scheme of the pull-out apparatus.
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III. CHARACTERIZATION OF FIBROUS MICROSTRUCTURES

Figure 2 gives a collection of 3D micrographs obtained at various locations inside the

processed fiber bundle suspensions (here, with a bundle content / ¼ 0:13) and various

spatial resolutions. Without any further quantitative image analysis, this figure triggers

the following comments:

• The 3D overview of the fibrous network in Fig. 2(b) shows that the bundles are well

dispersed inside the suspension. Bundles seem to be mainly aligned in the ðe1; e2Þ
plane. This micrograph also shows that the considered suspensions are concentrated so

that each bundle has contacts with its neighbors.
• The 3D micrographs displayed in Figs. 2(c) and 2(g) confirm the previous remarks. In

addition, these micrographs clearly shows that the continuous bundles which were

inserted in the suspension for the pull-out experiments remain straight and parallel to

e1 after the processing phase. These continuous bundles also touch many bundles

within the suspensions.
• The visual scrutinization of the volume shown in Fig. 2(b) shows that there are two

types of bundle–bundle contacts. A first minor set of contacts is observed between ad-

jacent bundles along their thinnest lateral faces. But the major parts of bundle–bundle

contacts look like that represented in the micrographs (d)–(f) in Fig. 2. In this case,

contact occurs on the largest lateral surfaces of the bundles. Hence, as the bundles are

very flat, the contact zone Sk between two contacting bundles of local bundle orienta-

tions pi and pj [characterized by a local relative angle a, see Fig. 2(e)] can be roughly

estimated by a rhomb surface

Sk �
d2

max

jjpi � pjjj �
d2

max

j sin aj : (5)

• As shown from the various micrographs displayed in Fig. 2, the major axes of the cross

section of the bundles mostly lie within the ðe1; e2Þ plane: this is a direct consequence

of the processing route of the bundle suspensions. In the following, we will assume rea-

sonably that all the major axes lay in ðe1; e2Þ.

To get more quantitative data on the fibrous microstructures (e.g., fiber bundle loca-

tion, tortuosity, orientation, bundle–bundle contact locations, and orientations), the addi-

tional image analysis operations were required and achieved using the softwares IMAGEJ

and MATLAB. These operations are briefly described below and summarized in Fig. 4.

They were performed using two scanned volumes: (i) the volume shown in Fig. 2(b), and

(ii) around the continuous fiber bundle displayed in Fig. 2(c).

A. Characterization of fiber bundles

To detect the centerlines of the bundles contained inside the scanned and segmented

volumes [i.e., to obtain Fig. 4(b) from Fig. 4(a)], standard 3D skeletonization algorithms

(available in commercial image analysis softwares) were first tested and found to be inap-

propriate. This is essentially due to the very slender geometry of the cross section of the

studied bundles. Consequently, the bundle centerlines were detected by using a manual

procedure similar to that adopted previously for SMC [Le et al. (2008)]. It was then pos-

sible to assess the tortuosity of each bundle, defined as the length of the bundle centerline

divided by the chord joining the two extremities of the same centerline. Doing so, the av-

erage value of the bundle tortuosity is found to be very close to 1 [1.005 in the example

given in Fig. 4(b)]. Thus, each fiber bundle i can be considered as straight enough so that
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a unique mean orientation vector pi, defined as the unit vector parallel to the minor inertia

axis of the considered bundle, can be assigned to it. It is then possible to gauge the bundle

orientation in the studied suspensions. This is illustrated in the example of Fig. 5(a), in

which two representations of the bundle orientation have been chosen. The first is the

richest: the spots plotted on the surface of the unit sphere represent the extremities of the

N orientation vectors pi (the number of bundles N equals 150 in the example given in

Fig. 4), their origin being located at the center of the sphere. The second, more compact,

is the second order bundle orientation tensors A [Advani and Tucker (1987)], defined

here in its discrete form as [Dumont et al. (2007); Latil et al. (2011); Le Corre et al.
(2005); Vassal et al. (2008)]

A ¼ 1

N

XN

i¼1

pi � pi: (6)

As evident from Fig. 5(a), the bundle orientation vectors pi nearly lie in the midplane

(e1; e2) of the processed planar bundle suspension. Furthermore, a slight preferred orien-

tation is detected in this plane along the e1-direction.

B. Characterization of bundle–bundle contacts

To get estimations of the coordination number �Z together with the orientation of

bundle–bundle contacts in the studied suspensions, a dedicated algorithm was developed.

FIG. 4. Method used to estimate fibrous microstructure descriptors. From the segmented volume (a), the bundle

centerlines are determined (b), then the bundle network is numerically generated (c) so that the bundle–bundle

contacts can be detected (d).
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Thus, from the centerlines of the bundle [see Fig. 4(b)], all the bundles contained in the

analyzed volumes were first regenerated numerically, by assuming that they exhibited el-

liptical cross section (with dimensions dmax and dmin); this is illustrated in the example

given in Fig. 4(c). Then, a contact algorithm was developed to detect the location of the

FIG. 5. Orientation of the bundles (a) and of the bundle–bundle contacts (c) in the volume (b).
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N bundle–bundle contacts (a contact was considered as relevant each time a couple of

regenerated bundles overlapped), together with the normal unit vector of each contact k,

qk [see Fig. 4(d)]. An example of results obtained by following this procedure is illus-

trated in Fig. 5(b). It was then possible to obtain estimations of the average coordination

numbers in the studied suspensions. For the example shown in Fig. 4(a), i.e., when

/ ¼ 0:13, �Z reaches 2:960:3. The scattering takes into account possible errors induced

during the determination of the bundle centerlines [Latil et al. (2011)]. This result proves

that the studied suspensions belong to the concentrated regime since �Z 6¼ 0. Similarly, it

is found that the number of bundle–bundle contacts per unit length, here noted z, along

the continuous bundle shown in Fig. 2(b) is 291 m�1. Next, as for the bundle orientation,

it is also possible to analyze the orientation of contacts, either by using a unit sphere rep-

resentation or the second order orientation contact tensor B [Férec et al. (2009a; Latil

et al. (2011)]

FIG. 6. Stress–strain (a) and stress-time (b) curves recorded during two lubricated simple compressions per-

formed using a suspension with / ¼ 0:13 at a constant compression strain rate of 0.1 s�1 and with two different

final compression strains.

FIG. 7. Evolution of the consolidation stress with respect to the fiber content at a consolidation strain rate of 0.1

s�1. The two sets of data have been obtained with a dry fibrous mat and with the bundle suspension heated at

120�. The continuous lines represent the fit given by expression (8).
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B ¼ 1

N
XN
k¼1

qk � qk: (7)

As shown in the example of Fig. 5(c), most of the normal vectors of bundle–bundle con-

tacts (i.e., those corresponding to the second type previously identified) are orientated

along the e3-direction.

IV. MACROSCALE EXPERIMENTS

A. Lubricated compression experiments

During these experiments, it was first observed that the suspension flow was homo-

geneous and could be considered as a one-phase plug flow (no fountain flow and no

bundle-suspending fluid separation were observed). Besides, measurements of the sample

dimensions before and after the tests showed that the flow was practically incompressible

(the volume variation being negligible compared with the deviatoric strain the suspensions

were subjected to). The graph reported in Fig. 6 shows typical stress–strain and stress-

time diagram recorded after two typical tests performed at a compression strain rate of

0.1 s�1 (the Cauchy compression stress is estimated by assuming the incompressibility of

the flow, and the compression strain is the usual Hencky strain). As shown in this figure, a

rather good reproducibility of compression curves is observed. Besides, stress–strain

curves plotted in graph (a) exhibit a first sharp increase followed by a strain hardening

with a lower tangential modulus. Lastly, stress-time curves displayed in graph (b) of this

figure show that relaxation curves performed at the end of the compression loading experi-

ments are nearly complete and do not exhibit noteworthy yield stress.

B. Consolidation experiments

For these tests, the packing of the fibrous media occurs without noticeable transverse

motion of fiber bundles: the suspending fluid initially saturating the fibrous mats was

FIG. 8. Typical evolution of the drag force fe with respect to the pull-out length Le recorded for the suspending

fluid (a) and for the suspension (b). In graph (a), the five experimental curves are obtained by extracting succes-

sively the five continuous bundles. In graph (b), they are obtained for different samples and different initial

conditions.
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expelled from them during the tests. The stress-fiber content diagram plotted in Fig. 7

gives the typical responses recorded during these tests. The two curves which are not

very different have been obtained with the dry fibrous mat and with the fiber bundle sus-

pension. As shown from the continuous line plotted in the graph, the two curves can be

fitted by a standard power-law type relation which is often proposed for the consolidation

of fibrous media [Toll (1998)]

r33 ¼ kð/m � /m
0 Þ; (8)

where the stiffness k is close to 60 Pa, the fiber content /0 reaches 0.077, and where the

power-law exponent m is equal to 6.55, i.e., a value similar to those usually observed for

such planar random fibrous media [Servais et al. (1999a); Toll (1998)]. Lastly, note that

the comparison of Figs. 6 and 7 proves that the consolidation stress recorded at / ¼ 0:13

is much lower than the compression stress observed during lubricated compression

experiments at the same fiber content.

V. MICROMECHANICAL EXPERIMENTS

A. Preliminary remarks

The two graphs plotted in Fig. 8 represent the typical evolution of the pull-out force fe

per unit length as a function of the extracted length Le for the matrix alone (a) and for a

suspension with /¼ 0.13 (b). In both cases, the confining stress rn was zero, and the

pull-out velocity ve was kept constant during the test. The five experimental curves plot-

ted in graph (a) have been obtained with one sample, by extracting successively the five

immersed continuous bundles. Obviously, a weak scattering of the results is observed.

Thus, in the following, only the averaged value of the five experimental curves will be

used, i.e., the blue continuous curve shown in this graph. Besides, the averaged curves

plotted in graph (b) have been obtained by using three different suspensions with the

same microstructure. Once again, the scattering of the results is rather weak. This implies

(i) that the processing route of the suspensions yielded to reproducible samples and

(ii) sample dimensions used to perform pull-out tests were large enough to contain

enough bundle–bundle contacts on the continuous bundles to be representative. Lastly,

the graph (b) also shows that after testing sample 3, it is possible to recover its initial

pull-out response by a “healing” treatment which consists of heating the sample at 90 �C
for 20 min and cooling it down to the testing temperature.

B. Results

The curves plotted in Figs. 8–10 summarize the behaviors which were observed during

the pull-out experiments achieved on the bundle suspensions:

• Figure 8(a) shows that the pull-out force fe per unit length for the suspending fluid rap-

idly increases in the beginning of the test (due to the viscoelasticity of the suspending

fluid) and reaches a steady state horizontal plateau fep that only depends on the pull-out

velocity ve. To illustrate this, the friction coefficient at the plateau kep is plotted in

Fig. 10(b) as a function of the pull-out velocity ve. The evolution of kep exhibits two

stages: first, at low pull-out velocities, the friction coefficient tends to be a constant

value, and second, at high pull-out velocities, the friction coefficient is a decreasing

function (in power-law) of ve, the exponent of which is equal to 0.4, i.e., that reported

during the cone-plate experiments (see Fig. 1 and Appendix A).
• For the suspensions, usually, after a rapid increase of the pull-out force per unit length
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fe, similar to that observed in Fig. 8(a) for the suspending fluid, a decrease of fe is

observed after a peak fep, see, for instance, Figs. 8(b), 9(a), and 9(b). Such a decrease is

more and more pronounced as the fiber content increases. It is related to the damage of

the matrix within bundle–bundle contact zones, where shear strains and shear strain

rates are very high (see remarks stated in Subsection II A for the suspending fluid rhe-

ology). Depending on the test conditions, such a decrease can be more or less pro-

nounced. Indeed, it can be hindered and can even disappear (i) as the confining

pressure rn is increased, as shown in Figs. 9(a) and 9(b) and/or (ii) as the pull-out ve-

locity ve is decreased, as evident in Fig. 9(c).
• Whatever the confining stress rn, fiber content /, extracted length Le, and pull-out ve-

locity ve, relaxation curves recorded at the end of tests exhibit no residual force. This is

FIG. 9. Evolution of the pull-out force fe in various testing conditions. (a): fe � Le curves showing the influence

of the confining stress rn. (b) Same tests but with fe � time graph. (c) and (d): fe � Le curves showing the influ-

ence of the pull-out velocity ve and the fiber content /, respectively.
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illustrated with the two curves plotted in Fig. 9(b), where fe falls rapidly down to zero

after the end of the pull-out tests, i.e., after 30 s.
• As shown in the graphs (a) and (b) of Fig. 9, the confining stress curbs the decrease of

the fe after fep. Furthermore, it also increases pull-out force levels. To illustrate this

more precisely, we have plotted in Fig. 10(a) the evolution of the friction coefficient

recorded at the peak force, i.e., kep ¼ fep=ve, with the confining stress rn. This graph

shows the nearly affine increase of kep with rn. For example, when / ¼ 0:13 and

ve ¼ 6:510�4 m s�1, the drag coefficient is subjected to an increase of approximately

35% when the confining stress goes from 0 to 18 000 Pa.
• Figure 9(c) also reveals the strong and major influence of the pull-out velocity ve on

the pull-out the force per unit length. This point is further emphasized in Fig. 10(b),

where the evolution of kep with ve has been plotted. As evident from this graph, kepðveÞ
nearly follows a power-law, i.e., kep ¼ k0vn�1

e . It is important to mention that the

FIG. 10. Evolution of the drag coefficient kep with the confining stress rn (a), the pull-out velocity ve (b) and

the fiber content / (c). Continuous lines are the predictions given by the proposed pull-out model.
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exponent n of this power-law is equal to 0.4, i.e., the value found for the suspending

fluid at high shear strain rates (see Fig. 1).
• As underlined in Fig. 9(d), the higher the fiber content /, the higher the pull-out force,

and the stiffer the pull-out response. This is more precisely illustrated in Fig. 10(c):

whatever the confining stress rn, the friction coefficient kep is an affine function

of the fiber content /. For instance, when rn ¼ 0 Pa and ve ¼ 6:510�4 m s�1, an

approximately 200% increase of kep is recorded as the fiber content / goes from 0 to

0.25. Lastly, please note that the friction coefficient kep of the matrix alone (/ ¼ 0) is

of the same order of magnitude than those recorded for the bundle suspensions.

VI. DISCUSSION

A. Comments on the fibrous microstructures

The 3D micrographs obtained from x-ray microtomography and their associated

image analysis subroutines bring very useful data on the fibrous architectures of the stud-

ied fiber bundle suspensions. These data can greatly contribute to build relevant represen-

tations of the stress tensors involved in Eq. (1). The following points illustrate this idea:

• By using the discrete representation of the suspension [e.g., Fig. 5(b)], it is possible to

obtain 3D data about the geometry, position, and orientation of fiber bundles. In our

case, fiber bundles can be approximated as straight cylinders. This observation is in ac-

cordance with most of the multiscale rheological models dedicated to suspensions

made up of rigid fibers. For fiber bundles, if this assumption may be questionable in

some severe flow conditions [Le et al. (2008); Odenberger et al. (2004)], it remains

valid and reasonable in most flow situations [Dumont et al. (2007); Le et al. (2008)].

Hence, it is then possible to get 3D discrete estimations, e.g., from Fig. 5(a), of the fiber

orientation distribution function w which is widely used in analytical rheological mod-

els for semidilute or concentrated fiber suspensions (see the references cited in the

Introduction). In the case of Newtonian suspending fluids and linear fiber–fiber interac-

tions, it is also possible to estimate the fourth order fiber orientation tensor A [Advani

and Tucker (1987)] usually involved in analytical expressions of rfm

A ¼ 1

N

XN

i¼1

pi � pi � pi � pi; (9)

together with the fourth order interaction tensors B introduced in some recent analyti-

cal forms of rff in the case of linear fiber–fiber interactions [Djalili-Moghaddam and

Toll (2005); Férec et al. (2009a, 2009b)]

B ¼ 1

N2

XN

i¼1

XN

j¼1

jjpi � pjjjpi � pi � pi � pi: (10)

• The present method also allows the locations and the number of bundle–bundle con-

tacts in the suspensions to be estimated, showing that they belong to the concentrated

regime, the average coordination number being far from zero. As mentioned in the

Introduction, it may be very useful to see whether the as-determined bundle connectiv-

ity can be approached by simple analytical expressions such as the very simple and

widely used tube model. Basically, the tube model assumes (i) that fibers are straight,

homogeneously distributed in space, and (ii) that fibers can overlap (soft core assump-

tion). It proposes an estimation of the average coordination number �Z in the case of

fibers with identical circular cross section of diameter d and identical length l, from the

knowledge of the fiber content / and orientation
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�Z ¼ 4/
2

p
l

d
U1 þ U2 þ 1

� �
: (11)

Similarly, the number of fibers per unit length z intersecting a straight and continuous

fiber of the same diameter, orientated along the e1-direction and immersed within the

same suspension is estimated as

z ¼ 4/
l

2

p
l

d
/1 þ 1

� �
: (12)

In the above two expressions, the functions U1;U1 and /1 only depend on the fiber ori-

entation. They can be estimated by the following discrete forms:

U1 ¼ 1
N2

PN
i¼1

PN
k¼1

jjpi � pkjj;

U2 ¼ 1
N2

PN
i¼1

PN
k¼1

jpi � pkj;

/1 ¼ 1
N

PN
i¼1

jjpi � e1jj:

8>>>>>>><
>>>>>>>:

(13)

By using the x-ray microtomography, we have recently obtained some experimental

results to assess the relevance of this model for concentrated fibrous media made up of

rather straight fibers with circular cross section. When the fibrous media exhibited pla-

nar fiber orientation with fibers randomly or slightly aligned in the suspension mid-

plane, the tube model seems to provide a good prediction [Orgéas et al. (2012)]. When

the fibers are aligned, the tube model may be inappropriate [Latil et al. (2011)]. In the

particular case of fiber bundles exhibiting elliptical cross sections and planar orienta-

tions, it is possible to revisit and recast the above expressions, which remain valid by

simply replacing d by dmax. Thus, Eqs. (11) and (12) show that the predicted coordina-

tion numbers �Z and z are linear functions of the fiber bundle content / and that �Z is an

affine function of the fiber bundle aspect ratio l=dmax. From the knowledge of the micro-

structure descriptors obtained in Sec. III (geometry, content, and orientation of fiber bun-

dles), the predicted values of �Z and z are found to be equal to 3.0 and 285 m�1,

respectively. These predictions are fairly close to the experimental values of 2.9 and 291

m�1 directly found from the 3D micrographs shown in Fig. 2. Even if this result has to be

further validated with other similar fibrous microstructures, it tends to prove that the tube

model is able to capture correctly the coordination numbers of the studied fiber bundle

suspensions. The consequences of this result are twofold. First, it gives strength and rele-

vance to the rheological models developed using similar microstructure assumptions to

propose representations for the stress contribution rff [Djalili-Moghaddam and Toll

(2005); Férec et al. (2009a); Le Corre et al. (2005); Servais et al. (1999a, 1999b); Toll

and Månson (1994)]. Second, the pull-out experiments detailed in Sec. V can be analyzed

without strong a priori assumptions on the coordination number z (see Subsection VI B).

• As shown in Fig. 5, the orientation of the fiber bundles is essentially planar, the major

axes of the cross section of the bundles lying in the principal orientation plane ðe1; e2Þ.
This particular orientation induces fiber bundle contacts (i) mainly orientated along the

e3-direction and (ii) with rhomb-shaped contact surfaces that can be estimated from the

simple knowledge of the relative orientation of contacting bundles, as emphasized in

Fig. 4. The first point is in accordance with models dedicated to planar fiber
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suspensions [Dumont et al. (2009); Le Corre et al. (2004, 2005); Servais et al. (1999a,

1999b); Toll (1998); Toll and Månson (1994)]. The second point is in accordance with

the assumptions stated in the micromechanical model proposed by Le Corre et al. (2005)

in order to estimate the tangential components of contact forces fk involved in Eq. (2).

B. Comments on the pull-out experiments

The trends emphasized in Figs. 9 and 10 can also be commented as follows:

• In previous studies dedicated to the experimental analysis of contact mechanisms

within concentrated fiber or fiber bundle suspensions [Caba et al. (2007); Servais et al.
(1999a, 1999b)], a yield pull-out force was observed both during constant pull-out ve-

locity experiments (at low velocities) and relaxation tests. Such a yield pull-out force

was sometimes dominant [Servais et al. (1999b)] or of the same order of magnitude

than the viscous part of the pull-out force. It was related to dry Coulombic forces

between contacting fibers or fiber bundles. According to the authors, the resulting dry

contact forces induce a macroscopic yield stress when the suspension is deformed: this

was confirmed by the macroscopic rheological measurements they performed. The

results obtained in this work do not follow this trend. Indeed, the typical relaxation

curves plotted in Fig. 9(b) and the evolution of the pull-out friction coefficient kep

shown in Fig. 10(b) prove that the flow micromechanisms arising along the extracted

continuous bundle induce no noticeable yield pull-out force, at least for the tested con-

ditions which are close to those encountered in industrial conditions; relaxation curves

are complete and the function kepðveÞ is a power-law with an exponent equal to �0.6,

i.e., the value found for the suspending fluid alone at high shear strain rates [see

Fig. 1(a)] or high pull-out velocities [see Figs. 12(a) and 10(b)]. Hence, by reasonably

assuming the following decomposition of the pull-out force per unit length fe

fe ¼ f m
e þ f f

e ; (14)

the interaction forces per unit length f m
e and f f

e the matrix and the contacting bundles,

respectively, exert on the extracted continuous bundle are proved to be mostly of

visco-elastic type for the studied fiber bundle suspensions. If this seems obvious for the

contribution f m
e , then this implies that the contact contribution f f

e may be mainly related

to nonlinear hydrodynamic lubrication forces induced by the deformation of the sus-

pending fluid entrapped within contact zones. This idea is in agreement with some of

the micromechanical assumptions stated in multiscale models [Le Corre et al. (2004,

2005); Servais et al. (1999a, 1999b); Toll and Månson (1994)]. As a direct conse-

quence, the studied suspensions should exhibit a macroscopic rheology with dominant

fluidlike behavior [Le Corre et al. (2004)]. As shown in Fig. 6, this trend is confirmed;

stress relaxation curves performed after the constant strain rate loading do not show

any significant yield stress [notice that this fluidlike rheology was already observed

with some GMT or SMC in Ducloux et al. (1992); Dumont et al. (2003, 2007); Gibson

and Toll (1999); Le Corre et al. (2002)].
• In order to study the influence of the fiber content / on the pull force, Servais et al.

(1999a, 1999b) and Caba et al. (2007) packed the fibrous media of their suspensions

under dry or drained conditions. The induced packing stresses increased both contact

surfaces and normal contact forces. The increase of the normal contact forces was

related to the out-of-plane bending of fiber bundles during the packing [Toll (1998);

Toll and Månson (1994)]. Such normal contact forces induced in turn tangential dry

Coulombic forces observed during their pull-out experiments. The present experiments
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were carried out using different testing conditions. They complete the aforementioned

studies. Indeed, in our case, once the studied suspensions are packed during their initial

processing phase (Sec. II), they are not packed any longer. Instead, during the pull-out

experiments, they are subjected to an additional macroscopic confining stress rn under

undrained testing conditions and at nearly constant volume (by assuming the incom-

pressibility of the suspensions). Thus, at the bundle scale, the deformation of the bundle

network is expected to be negligible, even in the presence of rn which essentially acts as a

confining pressure p. However, as underlined in Fig. 10(a), a non-negligible increase of kep

with rn is observed. Hence, the origin of this trend may be due to other pressure-induced

micromechanisms occurring within bundle–bundle contact zones, such as the diminishing

of the thickness of the entrapped suspending fluid or the enlarging of the bundle width in

contact zones, the last mechanism was already observed during lubricated compression

[Dumont et al. (2007)] or compression molding [Le et al. (2008)]. Unfortunately, at the

moment, it is not possible to observe such microstructure changes using microtomography;

scanning large samples subjected to a confining stress, at a sufficient spatial resolution to

observe such deformation micromechanisms, are currently not available.
• Microtomography measurements have shown that the tube model can reasonably pre-

dict coordination numbers z and �Z in the studied fiber bundle suspensions. In particular,

at constant bundle orientation, the tube model predicts a linear increase of the coordi-

nation number z of the extracted continuous bundle with respect to the fiber content /,

as underlined from Eq. (12). Thus, this implies that, in the concentrated regime, the

contribution f f
e probably increases more or less linearly with the fiber content too.

From both this result and the tendencies shown in Fig. 10(c), this also implies that f m
e is

either constant or an affine function of /, at least for the tested conditions shown in

this graph. In Figs. 10(a) and 10(b), note that the friction coefficient of the matrix alone

is of the same order of magnitude than those obtained for the suspensions. Thus, this

also proves that f m
e should not be neglected compared to f f

e . This is not in agreement

with the micromechanical assumptions stated in some of the pull-out or suspension

models of the literature [Caba et al. (2007); Le Corre et al. (2005); Servais et al.
(1999a, 1999b); Toll and Månson (1994)].

C. A pull-out model

From the experimental results and the previous discussion, a pull-out model is now

proposed to estimate the contributions f m
e and f f

e . This model is built upon two main

hypotheses. First, as revealed in Subsection VI A, the geometrical statistical tube model

is supposed to be relevant to describe the bundle structure. Second, as underlined in Sub-

section VI B, no significant yield force is observed so that it is assumed that the pull-out

force is induced by fluidlike interaction forces. Within this framework and for the sake of

simplicity, the model focuses only on peak forces by assuming purely viscous flow mech-

anisms at the bundle scale.

1. Estimation of f m
e

To estimate the force per unit length f m
e , the numerical procedure used to check the va-

lidity of the pull-out test in the case of the suspending fluid (see Appendix A and Fig. 12)

was adapted to the case of the concentrated bundle suspensions, by taking advantage of

the 3D micrographs shown in Fig. 2. More precisely:

• Within zones that were located between bundle–bundle contacts [see Fig. 11(a)], orthog-

onal slices to the continuous bundle were extracted from the 3D micrographs [three per

zone, see the examples shown in Fig. 11(a)]. On each slice, the boundary value problem
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(A1) was solved (i) by idealizing the sections of fiber bundles as ellipses [see Fig. 11(c)]

and (ii) by updating the surface C of problem (A1) to impose a zero velocity field on the

external surfaces of the bundles surrounding the extracted continuous bundle.
• Within zones that were located above or below bundle–bundle contacts [see Fig.

11(b)], the same procedure was followed. However, in these cases only the half spaces

above or below contacts were considered, and a symmetry boundary condition was

added on the surface Cs [see Fig. 11(d)].

FIG. 11. Method used to estimate f m
e for /¼ 0.13. (a) and (b) Along the continuous bundle, orthogonal slices

were extracted from 3D micrographs. (c) and (d) Slice idealization used to run the FEM calculations. In the case

where slices are located in a bundle–bundle contact zone (d), only the half space was modeled and a symmetry

condition was set on Cs. Color maps given in (c) and (d) represent the norm of the velocity field ranging linearly

from zero (blue) to ve (red). (e) Evolution of the computed drag coefficient km
e with ve (marks) and fits of

Eq. (15) used to capture numerical results (continuous lines).
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• Then, for each zone, the three calculations were averaged and used to compute the fric-

tion force per zone, the sum of these friction forces being finally normalized by the

total length of the scanned sample in order to get an estimation of the friction force per

unit length f m
e .

Such an estimation is not as precise as a full 3D calculation that would have been

heavy and difficult to perform, in particular, due to discontinuities in contact zones and to

the very high degrees of freedom it would have required to run such nonlinear calcula-

tions with reasonable accuracy. Nonetheless, it should capture the main trends of the

nearly unidirectional flow surrounding the continuous bundle during its extraction. At the

same time, it is expected to give more accurate results than analytical forms which could

have been developed based on micromechanical cell approaches usually dedicated to

semidilute suspensions [Batchelor (1971); Goddard (1976); Souloumiac and Vincent

(1998)]. Note that these approaches are not appropriate for the considered concentrated

suspensions, since they were developed for semidilute systems and/or for power-law sus-

pending fluids.

The results deduced from the numerical analysis are displayed in Fig. 11(e). This fig-

ure shows that the resulting friction coefficient km
e exhibits a Carreau-like response with a

Newtonian plateau (i) higher than that recorded for the suspending fluid alone and (ii)

occurring at pull-out velocities lower than those obtained for the suspending fluid. These

two trends are associated with two competitive phenomena: (i) the presence of neighbor-

ing bundles that restrain the flow of the suspending fluid and increase local shear strain

rates, (ii) the diminishing of the contact surfaces between the suspending fluid and the

continuous bundle due to the presence of bundle–bundle contacts. At high pull-out veloc-

ities, km
e ð/ ¼ 0:13Þ is surprisingly slightly below but nearly identical to km

e ð/ ¼ 0Þ: the

first mentioned phenomenon is diminished because of the high shear thinning of the sus-

pending fluid that restrains sheared zones in the vicinity of the continuous extracted bun-

dle [Souloumiac and Vincent (1998)]. Thus, from the numerical results obtained in the

cases where / ¼ 0 (see Appendix A) and / ¼ 0:13, the following phenomenological an-

alytical equation of f m
e is then proposed:

FIG. 12. Evolution of the drag coefficient kep with ve for the suspending fluid (a). The continuous line shown in

this graph is the best fit obtained by an inverse modeling that used a direct FE calculation: a zoom of the corre-

sponding P2-P1 mesh around the cross section of the extracted bundle is shown in (b).
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f m
e ¼ km

e ve ¼ km
e0ð1þ b/Þ 1þ ð1þ b/Þ

�2
n�1

ve

vc0

� �2
 !n�1

2

ve: (15)

The last expression involves only three constitutive parameters: km
e0 and vc0, set, respec-

tively, to 75 000 Pa s and 2.2� 10�5 m s�1 from pull-out experiments carried out with

the suspending fluid alone, and b, found to be equal to 8. Keeping in mind that an a priori
evolution was chosen in Eq. (15) for fiber contents / comprised between 0 and 0.13 (this

has to be validated in future work), Fig. 11(e) shows that such a phenomenological model

gives a correct fit of numerical results.

2. Estimation of f f
e

As proposed by Servais et al. (1999a) and Le Corre et al. (2005), the very complex

shear occurring inside a given contact zone during the relative motion of two contacting

bundles is supposed to be equivalent to the simple shear of an equivalent thickness e of

the suspending fluid at an equivalent shear rate _c ¼ ve=e. For simplicity, it is then further

assumed that (i) the thicknesses of contact zones rather close to their mean value �e and

(ii) the shear viscosity of the suspending fluid obeys to a Carreau’s law [see Fig. 1 and

Eq. (3)]. Thus, the contact force contribution f f
e can be expressed as

f f
e ¼ z�f f : (16)

The averaged contact force �f f involved in the last equation is written as

�f f ¼ �Sl0 1þ p

p0

� �
1þ 1

_cc

ve

�e

� �2
 !n�1

2
ve

�e
; (17)

where �S represents the averaged contact surface and depends on the relative orientations

of contacting bundles with respect to the continuous bundle. From the geometry of con-

tact zones [see Figs. 2(d)–2(f) and Eq. (5)], �S can be estimated by the following equation:

�S ¼ d2
max/

0
1; where /01 ¼

1

N

XN

i¼1

1

jjpi � e1jj
; (18)

the function /01 (here written in a discrete form) being estimated from the knowledge of

the bundle orientation (here captured from the microtomography images). Compared to

the hydrodynamic forces proposed by Servais et al. (1999a), the proposed Eqs. (16)–(18)

account for (i) the dependence of contact surfaces on the bundle orientation and (ii) the

influence of the confining pressure p. It requires only two constitutive parameters to be

estimated, i.e., the equivalent sheared thickness �e and the pressure p0. These parameters

were determined from the experimental data plotted in Fig. 10 and set to 1.5� 10�5 m

and 45 000 Pa, respectively.

3. Comparison with the pull-out experiments

As shown in Fig. 10, the simple pull-out model described by Eqs. (14)–(18) gives a

rather good fit of the experimental data. Even if this should be confirmed and
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strengthened by other experimental data, all the experimental trends seem to be correctly

captured by the model: effects of the pull-out velocity, confining stress, fiber content,

interaction between the suspending fluid and the continuous bundle [see the dotted line in

graph of Fig. 10(c)].

D. Coming back to rff

It is now possible to write more precisely the expression of the stress contribution rff

given in Eq. (2) and involved in the definition of the suspension stress rs [Eq. (1)].

• The results obtained in Subsection VI A tend to validate the use of elementary soft core

approaches to model the microstructures of the considered fiber bundle suspensions.

Thus, the number of bundle–bundle contacts Nrev
c contained inside a representative ele-

mentary volume Vrev of the suspension, together with the vectors GiGj involved in Eq.

(2), can be estimated from numerical procedures involving these types of soft core

assumptions [Dumont et al. (2009); Le Corre et al. (2005); Vassal et al. (2008)], or using

directly the analytical tube model and assuming the spatial homogeneity of the suspension

at the microscale [Alkhagen and Toll (2007); Djalili-Moghaddam and Toll (2005); Férec

et al. (2009a) Servais et al. (1999a); Toll and Månson (1994); Vassal et al. (2008)].
• Thanks to the previous observations, a suitable expression of the tangential components

fk
t of fk can be proposed. Indeed, these forces can be directly deduced from the aver-

aged contact force �f f defined in Eq. (17), by replacing the averaged contact surface �S
and the pull-out velocity ve by proper expressions, i.e., by the considered contact sur-

face Sk Eq. (5) and the relative tangential velocity Dvk
t ¼ vi

t � v
j
t between contacting

bundles i and j, respectively:

fk
t ¼ l0

d2
max

jjpi � pjjj
1þ p

p0

� �
1þ 1

_cc

jjDvk
t jj

e

� �2
 !n�1

2
Dvk

t

e
: (19)

In this equation, the relative orientation between contacting bundles i and j and needed

to calculate jjpi � pjjj can be estimated numerically or by the use of the tube model (see

the first previous point). Similarly, approximations of the relative tangential velocity Dvk

can be established from particle level simulations [Ausias et al. (2006); Dumont et al.
(2009); Fan et al. (1998); Joung et al. (2001); Le Corre et al. (2005); Sundararajakumar

and Koch (1997); Switzer and Klingenberg (2003)] or by using analytical assumptions

concerning the kinematics of fiber bundles [Alkhagen and Toll (2007); Djalili-Moghad-

dam and Toll (2005); Férec et al. (2009a); Servais et al. (1999a); Toll and Månson

(1994)].

• To fully specify the stress contribution rff , the normal components f k
n qk of fk have to be

established too. These forces are directly connected to the deformation of the fibrous net-

work occurring either during the suspension processing (mainly occurring by packing

mechanisms that induce the consolidation of the fibrous networks) or during the suspen-

sion flow (mainly occurring by elongational and shear flows under confined stress states

at more of less constant fiber content). Various micromechanisms can induce these

forces: bending, torsion, longitudinal, and transverse tension/compression of bundles.

Some theories have been established to estimate them analytically under simplifying

assumptions [Alkhagen and Toll (2007); Toll (1998); Toll and Månson (1994); van Wyk

(1946)]. The validity of these theories in the case of fibrous networks made up of fiber

bundles is not straightforward [Servais et al. (1999a)]. Some work is still needed to better
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estimate such mechanisms analytically. But it remains possible to estimate the effect of

f k
n qk on the overall suspension stress rs by analyzing the consolidation and the lubricated

compression experiments performed in Sec. IV. Indeed, during the consolidation experi-

ments, the pressure term �pd and the contributions rm and rfm are negligible so that

rs � rff . By assuming for simplicity a planar bundle orientation normal to the packing

direction e3, by noting GiGj ¼ xk
l el, the macroscopic packing stress rs

33 reads

rs
33 � rff

33 ¼ nc
1

Nrev

X
Nrev

xk
3f k

n : (20)

As shown in Fig. 7, for /¼ 0.13, the stress rff
33 never exceeds 200 Pa and gives an esti-

mate of the order of magnitude of the contribution of contact forces f k
n qk to the overall

behavior of the studied suspension. This low value is related, in particular, to the weak

bending rigidity of fiber bundles when they are bent along their smallest thickness dmin.

At the same time, during the lubricated compression of the suspension, i.e., when the

flow of the suspension exhibits a homogeneous and nearly incompressible one-phase

flow, the suspension stress rs
33 is expressed as

rs
33 ¼ nc

1

Nrev

X
Nrev

xk
3f k

n � nc
1

Nrev

X
Nrev

xk
1f k

t1 þ rm
33 � rm

11 þ rfm
33 � rfm

11: (21)

As for the consolidation tests, the first term of the last equation is induced by the bending

of bundles, and its magnitude can be considered to be close to that recorded during the con-

solidation tests when / ¼ 0:13, i.e., �200 Pa. Please note that it is also possible to get an

estimation of the second term of Eq. (21), (i) from the 3D micrograph analyzed in Sec. III

(Fig. 4), (ii) by assuming that the motion of fiber bundles is an affine function of the veloc-

ity gradient, and (iii) from the contact law (19) stated previously. Indeed, point (i) provides

the bundles’ position, orientation, connectivity, and contact surfaces. Together with point

(i), point (ii) allows the relative velocities between bundles at their contact points to be

roughly estimated. Both points are finally useful to achieve point (iii). Doing so, it is found

that the second stress contribution is ranging within approximately 2000 and 4000 Pa

(depending on the confining pressure estimated from Fig. 6). Of course, this result should

be taken cautiously and should be confirmed using other similar 3D micrographs. Nonethe-

less, the three following comments can be made about this result:

• It shows that the second term of Eq. (21) (i) is much higher than the first and (ii) con-

tributes significantly to the overall macroscopic stress levels recorded in Fig. 6. Hence,

during the typical incompressible flow situations encountered when molding by com-

pression the considered composites, the effect of the normal component of contact

forces f k
n qk on the overall behavior of the suspension may be negligible compared with

the role played by the tangential components fk
t of fk, at least for the tested experimen-

tal conditions. This point is in agreement with the assumptions stated in the multiscale

model established by Le Corre et al. (2005) for SMC. This result may also explain why

dry Coulombic forces were negligible compared with viscous forces in the case of the

pull-out experiments.
• This result also shows that the stress contribution rff induced by bundle–bundle con-

tacts cannot be neglected during the lubricated compression experiments displayed in

Fig. 6, where the moderate bundle content (/¼ 0.13) induces a restricted number of

bundle–bundle contacts per unit of volume nc. It is clear that for higher fiber contents
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and/or slenderer fiber bundles, the role of rff may increase rapidly. Indeed, according

to the tube model Eq. (11) and to the definition of nc � 2 �Z/=ðpdmaxdminlÞ, the stress

contribution rff defined in Eq. (2) is expected to be a quadratic and a linear function of

/ and l=dmax, respectively.
• At the same time, it is important to notice that this result also proves that the other

stress contributions, i.e., rfm and rm, should not be neglected to estimate the overall

suspension stress. Unfortunately, it was not possible to estimate them using analytical

models proposed in the literature (see the corresponding references given in the Intro-

duction). Indeed, these models were developed considering assumptions that are not

fulfilled in the studied suspensions. These latter are neither dilute nor semidilute. The

suspending fluid is neither Newtonian nor a power-law fluid.

VII. CONCLUSION

The first aim of this study was to analyze the fibrous microstructures of concentrated

planar fiber suspensions very close to the polymer composites reinforced with fiber bun-

dles such as SMC, GMT, or CMT. For that purpose, an original analysis of 3D micro-

graphs obtained from x-ray microtomography at various spatial resolutions was carried

out. Despite the difficulties encountered to use automatic image analysis subroutines, the

obtained results emphasize that x-ray microtomography is a powerful tool to analyze the

microstructures of such materials and to discuss some of the microstructure assumptions

stated in the multiscale models of the literature:

• The fine description of the bundle architecture proved that fiber bundles were rather

straight, mainly orientated in the principal plane of the studied planar suspensions.
• It was also possible to detect bundle–bundle contacts, to analyze the geometry of con-

tact surfaces, mainly looking like planar rhombs, and to estimate the coordination num-

ber of the considered suspensions, i.e., the number of bundle–bundle contacts per

bundle. It seems that the statistical soft core tube model appears as a simple but accu-

rate enough microstructure model for the studied fiber bundle suspensions. Analyzing

the fibrous architecture and the fiber coordination number of other scanned volumes

would be a way to strengthen this.
• X-ray microtomography was also successfully used to validate the test conditions of

the pull-out experiments (see Appendix B), i.e., by showing that the continuous

extracted bundle was straight and that its motion did not greatly affect its surrounding

fibrous architecture. This is another interesting use of such a technique. Work in pro-

gress is now focusing on in situ observations during pull-out experiments, e.g., in order

to detect possible geometrical changes in contact zones, or on standard microrheometry

experiments, as already done for suspensions of aligned fibers [Latil et al. (2011)].
• From the two last points, it was finally possible (i) to analyze the pull-out experiments

and (ii) to estimate the fiber stress contribution, both without any a priori assumptions

concerning the fibrous microstructures.

The second objective of this study was to analyze the deformation micromechanisms

of the considered suspensions. For this reason, pull-out experiments were carried out by

using a specially designed apparatus, the validity of which was checked for the suspend-

ing fluid and for the suspensions (by using the microtomography, see above):

• Whatever the investigated test conditions, the recorded extraction forces exhibit no no-

ticeable yield force and reflect a fluidlike behavior. Such a phenomenological micro-

mechanical behavior is also in agreement with observations made at the macroscale

during lubricated compression tests. It suggests that flow mechanisms in bundle–
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bundle contacts are mainly ruled by lubrication forces induced by the shearing of the

suspending fluid entrapped in contact zones.
• The influences of the pull-out velocity ve, confining stress rn, and bundle content / on

the pull-out force fe were also investigated. fe evolves as a power-law of ve, with a

power-law exponent identical to that measured by the suspending fluid at high shear

rates. fe is an affine function of the confining stress. Such a trend that cannot be

neglected is related to pressure-induced modifications of contact zones. To be con-

firmed, this point would deserve in situ observations of contact zones (see above).

Lastly, fe is an affine function of /, the influence of / on fe being significant and

directly connected to the coordination number along the extracted fiber bundle.
• It was also shown that the extraction force induced by hydrodynamic interactions

between the suspending fluid and the extracted bundle away from contact zones was of

the same order of magnitude than that induced by bundle–bundle contacts. A phenome-

nological expression was proposed to describe it, built on results of simplified numeri-

cal calculations of the fluid flow problem in zones far from contacts.
• The two last points were used to propose a pull-out model. From the knowledge of the fi-

brous microstructure and the rheology of the suspending fluid, this model requires few

additional constitutive parameters and gives a correct fit of the acquired experimental data.
• From this model, it was possible to propose a micromechanical model to predict the

contribution of bundle–bundle contacts to the overall behavior of concentrated fibrous

suspensions.
• In parallel, these microscale results were used to discuss some of the assumptions

stated in multiscale models dedicated to concentrated fiber suspensions. In future stud-

ies, they could also be used to improve their micromechanics. For example, to date, no

rheological model for concentrated fiber suspensions takes into account the role of the

confining fluid pressure on the fiber stress tensor contribution rff . In addition, no model

proposes a suitable form for the stress contributions rm and rfm that would be relevant

in the concentrated regime and for non-Newtonian fluid.
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APPENDIX A: VALIDITY OF THE PULL-OUT TEST FOR THE SUSPENDING
FLUID

• To see whether the trend shown in Fig. 10(b) is purely due to the rheology of the sus-

pending fluid [that behaves as a Carreau fluid, see Fig. 1(a)] and not induced by any ar-

tifact of the pull-out device, the pull-out test was numerically simulated and an inverse

method was carried out to determine the constitutive parameters of the Carreau–

Yasuda model (3) giving the best fit of the data of Fig. 10(b). For that purpose, the

direct 2D fluid flow problem was solved inside the suspending fluid flow domain Xm

by using the finite element code COMSOL [Orgéas et al. (2007)] to solve a mixed

velocity-pressure formulation of the problem and P2-P1 finite elements [see a zoom of

the mesh around the cross section of the bundle in Fig. 12(b)]
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r � ð2lð _cÞDÞ ¼ rp in Xm

v ¼ vee1 on Ce

v ¼ 0 on C

8>>><
>>>:

: (A1)

In the above boundary value problem, up to an arbitrary pressure, the unknowns are the

3D velocity field v and the pressure field p, both being functions of only the two space

variables x2 and x3. Furthermore, D and _c are the strain rate tensor and the generalized

shear rate, respectively. Besides, the viscosity lð _cÞ follows the Carreau–Yasuda law (3).

Lastly, to run the simulation, the extraction velocity ve was prescribed on the external

surface Ce of the extracted bundle, whereas the velocity was set to zero on the lateral

surfaces C of the pull-out device. The optimization of the inverse method was carried out

by using MATLAB and by following the Nelder–Mead algorithm used for multidimensional

unconstrained nonlinear minimization. l0, a, and _cc were the three constitutive parame-

ters to be determined: by using theoretical results of homogenization [Auriault et al.
(2002); Idris et al. (2004); Orgéas et al. (2006, 2007)], n was directly set to the value

found in rheometry experiments. As shown from the continuous line plotted in Fig. 12(a),

the results of the inverse method show a very good fit of the experimental results.

Furthermore, this fit is reached for constitutive parameters very close to those mea-

sured by the cone-plate rheometer (Sec. II A), i.e., l0 ¼ 27 030 Pa s, a¼ 2.02, and
_cc ¼ 2:03� 10�2 s�1, thus validating the pull-out tests for the suspending fluid.

APPENDIX B: VALIDITY OF THE PULL-OUT TEST FOR THE SUSPENSIONS

To analyze properly deformation micromechanisms from the curves shown in Figs.

8(b) and 9, it was important to check whether the extraction of the continuous bundles

did not disturb significantly their surrounding fibrous microstructure during the pull-out

experiments. Up to now, this is an a priori assumption which has never been validated

[Caba et al. (2007); Servais et al. (1999a, 1999b)]. By combining pull-out tests and x-ray

microtomography, it was possible to answer questions concerning this crucial point. To

do so, three scans were carried out using a sample subjected to an interrupted pull-out

test, utilizing testing conditions similar to those given in Fig. 8(b). The first scan was

achieved in the initial state. It corresponds to the micrograph (c) in Fig. 2. The second

scan was done at the peak force observed in Fig. 8(b) and the last scan at the end of the

experiments, i.e., at Le¼ 20 mm. By using these scans, it was possible, as shown in Fig.

2(c), (i) to measure the angles ai between the continuous bundle and its contacting visible

short bundles i, together with the distance dij between adjacent visible short bundles i and

j in contact with the extracted bundle, and (ii) to estimate the mean length and the angle

ratios hdij=d0
iji and hai=a0

i i; d0
ij and a0

i being measured in the initial state. At the peak

force, these ratios, respectively, equal to 0.9 and 1, whereas they equal 0.87 and 1.07 at

the end of the test. These ratios prove that very weak variations of the tested microstruc-

tures were induced during the very large displacement the continuous bundle was sub-

jected to during a pull-out test.
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Férec, J., G. Ausias, M. C. Heuzey, and P. J. Carreau, “Modeling fiber interactions in semiconcentrated fiber

suspension,” J. Rheol. 53, 49–72 (2009a).
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