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Abstract 
The physical and mechanical properties of short fibre-reinforced polymer composites depend on the 
geometry, content, distribution and orientation of fibres which drastically evolve during composite 
forming. Short fibre composites can be seen as non-Newtonian fibre suspensions. Within the mould 
cavities these suspensions are subject to confined flow conditions. Unfortunately, the flow-induced 
microstructures of these suspensions cannot be well predicted by current rheological models which 
limits the development of short fibre composites. Hence, in this study, lubricated compression. 3D 
real-time and in situ observations of the compression of non-Newtonian dilute fibre suspensions were 
conducted using fast X-ray microtomography. These experiments enabled fast and in situ 3D imaging 
of the translation and rotation of fibres in the suspending fluid. In addition these experiments were 
simulated using a multi-domain Finite Element code. Often, the Jeffery’s equations agree well with the 
experimental and numerical data except for fibres closed to the compression platens for which 
important deviations were observed with faster simulated and experimental fibre rotations. A simple 
dumbbell approach was also proposed to account both for the non-Newtonian rheology of the 
suspending fluid and confinement effects. Despite its simplicity, this model allows a good description 
of both simulation and experimental results. 
 

1. Introduction 
 
Short fibre reinforced polymer composites are increasingly used for the fabrication of semi-structural 
and structural parts for the automotive, aeronautic and electrical fields because of their interesting 
specific physical and mechanical properties and their cost-efficient forming. These materials have 

fibre volume fractions   that range from 0.005 to 0.5 and fibre aspect ratios  = l/d from 5 to 1000 (d 
and l being the typical fibre diameter and length, respectively). 
 
The strong coupling phenomena between the rheology and the microstructure (fibre volume fraction, 
fibre orientation) of these suspensions drastically alter the end-use properties of short-fibre composites 
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[1-3]. During forming, these materials behave as highly concentrated fibre suspensions and exhibit 
complex rheology. These suspensions are subject to confined flow conditions within the mould 
cavities with typical thickness h of the same order of magnitude as the size of the fibre length l, i.e, 
with a confinement parameter C* = h/l = O(1) [4-6]. These flow situations lead to interactions between 
fibres and solid boundaries that alter the fibre kinematics. The aforementioned effects should be 
considered to simulate the processing of short fibre-reinforced polymer composites. But they are still 
not very well-understood because it is difficult to properly observe the flow mechanisms at the fibre 
scale. 
 
Fibre kinematics under various flow have been widely studied. Jeffery’s theory [7] assumes that the 
translation of an ellipsoidal particle immersed in an incompressible Newtonian fluid at low Reynolds 
number in an infinite domain is an affine function of the macroscale velocity gradient. In the case of a 

cylindrical fibre, the evolution of the unit tangent vector p = sin  cos  e1 + sin  sin  e 2 + cos  e3, 
characterising the fibre orientation, can be predicted from the its rate Dp/dt, the macroscale vorticity 

tensor   and the strain rate tensor D: 

Dp/dt=p+(Dp-(pDp)p) with  = 1-(16.35 ln )/(42) (1) 

 
where  is a shape factor expressed by Brenner for cylindrical fibres [8]. The relevance of Jeffery’s 
model was experimentally confirmed by several authors [9-12], mostly under shear flow. Jeffery’s 

model has largely been validated and used for dilute Newtonian fibre suspensions, i.e., when    1/2 
[13-15]. 
 
Jeffery’s model was enriched to account long range hydrodynamic fibre interactions [16-20] in semi-

dilute and Newtonian fibre suspensions (1/2     1/). The motions of the centres of mass of 
fibres are still affine functions of the macroscale velocity gradients. However, the fibre rotations are 
restrained thanks to a diffusion-like term that depends on the Fibre Orientation Distribution Function 
(FODF). In the concentrated regime, Jeffery-based models fail due to short range interactions between 
fibres which play a central role on the rheology of these suspensions [16, 21-23].  
 

The aforementioned theories were established for a good scale separation with C* 1. For confined 

flow conditions (C* = h/l = (1)), departures from Jeffery’s trajectories and orbits were reported for 
fibres because they interacted with mould walls in Newtonian [24-27] and non-Newtonian suspending 
fluids [28]. Few models account for the effects of confinement. Using a dumbbell representation for 
the fibres, modifications of the Jeffery’s equations [29-31] were recently proposed by considering 
physical contacts between rods and walls through the introduction of a contact force ensuring wall 
impenetrability. Confinement effects have rarely been studied in the case of non-Newtonian 
suspending fluids [28], and never for elongational flows. 
 
Thus, in this study, we used real time and in situ synchrotron X-ray microtomography to measure the 
3D fibre kinematics in dilute suspensions with a shear thinning fluid during confined and lubricated 
compression tests [32]. Besides, these experiments were modelled using both direct fibre scale 
numerical simulation and analytical predictions based an extension of the Jeffery’s model and 
dumbbell approach to account both for the non-Newtonian rheology of the suspending fluid and 
confinement effects. 
 

2. Materials and Methods 
 
Original compression rheometry experiments were conducted to better understand the flow-induced 
phenomena in confined short-fibre suspensions. For that, we combined fast 3D X-ray 
microtomography (Swiss Light Source, Tomcat beamline, Villigen, Switzerland) and a specially 
designed compression rheometer to analyse flow-induced microstructures of suspensions with varying 
fibre concentrations. These suspensions consisted of elastic polymeric slender fibres (PFVD) 
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suspended in a non-Newtonian fluid (paraffin gel) (Figure 1). These fibre suspensions were subjected 
to lubricated simple compression loading at 50°C and constant velocities. The suspension flow was 
considered as confined due to poor scale separation, i.e., C* = l/h = O(1).  Thanks to very short 
scanning times, 3D images of the evolving fibrous microstructures at high spatial resolution were 
recorded in real-time. From these original rheometry experiments, dedicated image analysis 
procedures were used to detect and follow the position, orientation and deformation of fibres as well as 
the number, position and orientation of fibre-fibre contacts [32] (Figure 2). 
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Figure 1. (a) Evolution of the shear viscosity of the hydrocarbon gel as a function of the shear rate at 
the testing temperature. (b) SEM micrograph showing the cut extremities of PVDF fibres. (c) Upper 

view of a fibre suspension sample with eight fibres. (d) Global view of the compression micro-
rheometer mounted on the rotation stage of the TOMCAT beamline at the Paul Scherrer Institute 

(Villigen, Switzerland). 
 
 
These experiments were also simulated using a dedicated finite element library, enabling an accurate 
description of fibre kinematics in complex suspending fluids thanks to high performance computation, 
levelsets and adaptive anisotropic meshing. The velocity and the pressure fields were computed by 
solving the Stokes equation in a cubic domain Ω composed of subdomains Ωj made of N fibres i, the 
suspending fluid f, the air a and the compression platens p (Figure 3). All subdomains were embedded 
in a unique Eulerian mesh using the immersed volume method [33]. Levelsets were used to get 
implicit representation of the interfaces between the subdomains, and to define the overall viscosity μ 
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as a space dependent function [33, 34]. Each levelset αj was associated with a subdomain Ωj. In each 
subdomain Ωj, the levelsets allowed its value μj to be associated to the overall viscosity μ, using 
smooth Heaviside functions. 
 
In addition, an extended dumbbell approach (not detailed here) was proposed for the case of dilute 
fibre suspensions with generalised Newtonian fluids, and a proper description of contact conditions in 
confined situations. 
 
 

 
 

Figure 2. 3D segmented images obtained at various compression strains |ε33| showing the motion of 
the fibres of the tested sample during compression. The orange arrows point to the extremity of fibres 
that are very close to the compression platens. The orbits of these fibres deviate from the predictions 

of Jeffery's model. 
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Figure 3. (a) Multi-domain approach used with the immersed domain method to simulate the 
lubricated compression experiments. (b) Heaviside function associated to the fluid domain. 
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3. Results 
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Figure 4. (a,b) Example of the compression results of a sample of dilute fibre suspension containing 8 

fibres. Evolutions of the measured (marks), analytically (lines, Jeffery’s model) and numerically 
(dashed lines) predicted evolutions for the angles θi (a) and φi (b) with the compression strain |ε33|. 

Black and orange arrows denote fibres that are close (less than half one fibre diameter) and enter in 
contact with platen(s) during compression. (c,d) Evolutions of the angles θi (a,c) and the deviations 

Δxi
exp=|xGi

exp-xGi
J|/h0 and Δxi

num of the fibre centre of mass (with respect to the Jeffery’s predictions, h0 
being the initial thickness of the sample) (b,d) for one fibre (green triangles) in contact with the 

compression platens. The orange arrows (experimental: filled, numerical: dotted) denote the first 
contact of the considered fibre with the upper platen, and the red arrows the second with the lower 

platen. 
 
 
Figures 4a,b show the evolution of the orientation θi and φi of the 8 fibres of a sample of dilute non-
Newtonian fibre suspension during lubricated compression. The angles θi increased during 
compression while the angles φi were more or less constant except for some fibres indicated by balcak 
and orange arrows. For these fibres, the angles φi slightly varied and the angles θi increased more 
rapidly at given compression strains. Apart for the simulated angles φi for the fibres shown by the 
arrows, it is interesting to note that the aforementioned experimental trends were rather well-captured 
by the numerical simulation. The predictions of Jeffery’s model were also satisfactory, except for the 
fibres shown by the arrows. For these fibres, the predicted angles θi were noticeably lower than the 
experimental and simulated angles. It was shown that these deviations were related neither to fibre-
fibre contacts nor long range hydrodynamic interactions between fibres. Thus, the contact of these 
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fibres with the compression platens that were experimentally observed and simulated were probably at 
the origin of these deviations. When contacts with the platens occurred, both the numerical fibre 
orientation and deviation from the affine assumption deviated from Jeffery’s prediction. This is shown 
in Figures 4c,d where the filled orange arrows denote the occurrence of the contacts between one the 
fibre with green symbols and one compression platen. Figures 4c,d show that the first contact occurred 
at |ε33| ~ 0.15. It is interesting to note that these events which induced deviations from Jeffery’s 
predictions were rather well predicted by the numerical simulation, as shown by the dotted orange 
arrows which denote the numerical contacts. Note also that the extended dumbbell approach which 
could rather well predict the occurrence of contacts for the considered fibre. 
 
 

4. Conclusion 
 
The microstructure of short fibre composites is mainly governed by the flow phenomena that occur on 
these materials that can be seen as non-Newtonian fibre suspensions during forming. Within this 
context, fast and in situ 3D imaging of the translation and rotation of fibres in non-Newtonian dilute 
fibre suspensions were conducted using original X-ray microtomography experiments. The fibre 
motions were compared with the predictions of Jeffery's model. Despite the use of a non-Newtonian 
suspending fluid and confined flow conditions, i.e., with a gap between compression platens of the 
same order of magnitude than the fibre length, predictions of Jeffery's model were satisfactory if the 
fibres were sufficiently far from the compression platens (approximately at a distance of once to twice 
their diameter). Otherwise, the experimental average orientation rates were higher than Jeffery's 
prediction. These experiments were simulated using a multi-domain finite element code and compared 
with the predictions of Jeffery’s model. For fibres closed to compression platens, important deviations 
from Jeffery’s predictions were observed with faster simulated and experimental fibre rotation. 
Adopting the dumbbell approach, an extension of the Jeffery’s model was proposed to account both 
for the non-Newtonian rheology of the suspending fluid and confinement effects. This model allowed 
a good description of simulation and experimental results. 
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