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Abstract 
Two bundles of quasi-aligned elastic fibres were subjected to simple and plane strain 
compressions coupled with 3D in situ observations by using synchrotron X-Ray 
microtomography. First, at the bundle scale, due to the slight fibre misalignment allowed 
during simple compression, it is found that the consolidation is less marked and requires 
higher stress than during plane strain compression. For both loadings, the stress level and the 
external work undergo sharp hardening with fibre content. Second, using homemade 
procedures at the microscale, 3D images allow to follow each fiber centreline and so to 
identify relevant microstructural descriptors and deformation micromechanisms. Therewith, it 
is found that the elastic bending energy of fibres recorded during tests are much lower than 
the elastic energy associated with fibre-fibre contacts. 

 
 

1 Introduction 
Many fibrous reinforcements used in polymer composites are made up of continuous or 
discontinuous fibre bundles that undergo severe compression, shear and/or bending 
deformations during composite forming processes. Such meso-scale deformations induce 
complex micro-mechanisms at the fibre scale: important displacements and deformations such 
as, for instance, fibre orientation, stretching, bending, twisting, and creation/lost of fibre-fibre 
contacts [1-4]. These fibre scale mechanisms are complex and still not well understood. They 
greatly affect the rheological behaviour of the composites during processing; e.g. by 
modifying the permeability and the anisotropy of the fibrous reinforcements, and the final 
physical and mechanical properties of produced parts. 
To better understand them, by using 3D imaging of micromechanical tests performed with 
fibre bundles, this study provides original experimental data concerning the 3D evolution of 
the fibrous microstructure and the deformation micromechanisms.  
 
2 Materials and testing methods 
Two compressions, i.e. a simple compression and a plane strain compression (SC and PS) 
were achieved with a model saturated fibre bundles made up of fluorocarbon fibres (cut from 
a fishing wire, N ≈ 330 fibres of diameter D = 0.16 mm, length L ≈ 10 mm,  Young’s modulus 
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E = 2 GPa, Poisson’s coefficient ν = 0.3) impregnated with olive oil (viscosity µ = 70 mPa s). 
The fibre bundle compressions were carried out using an especially designed micro-
rheometrer mounted on the ID19 beam line of the European Synchrotron Radiation Facility 
(ESRF). 3D images (voxel size of 7.53 µm3) of the evolving fibrous microstructure were then 
obtained during the compression experiments by performing “Fast X-ray microtomography” 
(scanning times below 2 minutes) [5]. 
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      Figure 1. (a) Picture of the plane strain compression apparatus (width 6 mm). 

Reconstructed tomographic slices of the fibre bundle within the apparatus: (b) vertical and (c) 
horizontal cross sections. 

 
After denoising and standard thresholding operations, the evolving fibrous phase was 
obtained as shown in figure 3 (a-d). We could then: (i) measure the fibre volume fraction φ, 
(ii) identify the fibre centerlines [5]. Then using fibre centerlines, the following measures 
could be achieved [5]: 

• Determination of each fibre direction vector pi, expressed as the direction of the lower 
fibre inertia axis. From these vectors, the second order orientation tensor of fibres A 
[6] could be then be estimated. 

• A local Frenet frame was assigned along curvilinear abscissa s of each centreline. 
Thereafter, a local centreline curvature κ(s) was determined. 

• The total number of fibre-fibre contacts Nc together with fibre-fibre contact direction 
vectors qj were then measured. The second order orientation tensor of contacts B 

could be estimated. The average coordination number NNz c /2= , N being the 

number of fibre within the bundle, was also estimated. 
• The distance between two fibres in contact dj was also calculated. Thereby, the 

indentation αj of a contact j was estimated as: αj = D - dj. 
 
2 Results 
2.1 At the meso-scale 
At the meso-scale, i.e. the scale of the fibre bundle, the deformations in each direction can be 
calculated using 3D images: εεεε = ε11e1 ⊗ e1 + ε22e2 ⊗ e2 + ε33e3 ⊗ e3 with εii = ln(l i/l i0) (see Fig. 
1), together with its associated volume change εv and deviatoric strain εd defined in a similar 
manner as in [5]. It is shown that: 

• The bundles were subjected to a high consolidation (see Fig. 2 (a-b)). The fibre 
volume fraction φ increases from about 40% to 55% for SC and from 45 to 75% for 
PS (see Fig. 2 (a)). This was accompanied with a large increase of the mean Cauchy 
stress tensor Σ22 = F2/(l1l3) (F2 being the compression force). Figure 2 (a) shows that 
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Σ22 is higher during SC than during PS. It was found that Σ22 = k(φn – φ0
n) were n = 20 

for SC and 16 for PS. These high values are consistent with those reported in [2]. 
• SC exhibited a deviatoric deformation path εd ∝ -4εv while PS followed an œdometric 

deformation path where εd = - 2/3 εv (see Fig. 2 (c)). 
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      Figure 2. Mechanical response at the meso-scale. (a) Log-log graph of Σ22 vs fibre 

volume fraction φ (solid symbols represent peak stress and open symbols relaxed stress). (b) 
Deviatoric strain εd vs volumetric strain εv. (c) Evolution of fibre orientation during 

compression: A11 and A22 vs φ. 
 
2.2 At the micro-scale 
The skeletonisation of the fibre bundles, i.e. the identification of centerlines xi of each of their 
fibres i, provides relevant microstructural and micromechanical information [5]: 

• The orientation unit spheres [5,7,8] (where vectors pi are in blue) and the associated 
orientation tensor A plotted in Figs. 3 (a-d) and Fig. 2 (g) shows that during 
compression, (i) the fibres remain mainly orientated in the e3-direction, (ii) the 
misalignment with respect to the e2-direction (the compression direction) strongly 
decreased for SC and PS while the misalignment in the e1-direction increased for SC 
and was stable for PS. This could explain the higher stress required to deform fibre 
bundle in SC (see Fig. 2(a)). 
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      Figure 3. Microstructure at the micro-scale. Volume rendering of fibre bundles in the 
initial (a) and (c), and final states (b) and (d), for simple compression (a) and (b), and for 

plane strain compression (c) and (d). 
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• Fig. 4 (a) shows that the mean curvature κ  was finite in the initial (undeformed) state 
with a corresponding average radius of curvature 100/1 00 ≈= κR mm (induced by 
the winding of fibres onto a reel). As revealed from this figure the curvatures κ  
increased importantly during compression and reached an average corresponding 
radius of curvature 15/1 ≈= κR  mm. 
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      Figure 4. Microscopic parameters. (a) Mean curvature κ  vs φ. (b) Mean coordination 

number z  vs φ. (c) Mean length of contacts cl  vs φ. (d) Mean dimensionless indentation of 

contact D/α  vs φ. 
 
• The orientation unit spheres [5,7,8] (where contacts appear in red) and the associated 

orientation tensor B plotted in Figs. 3 (a-d) show that contacts are mainly orientated in 
the compression direction e2. It also appears that the contact misalignment is more 
pronounced in the e1-direction for SC (following the fibre misalignment). 
Fig. 4 (b) shows the log-log evolution of z  with respect to φ. z  strongly increases 
from about 2 to 11 in the considered microstructures. Fig. 4 (b) also shows that the 
slope of the SC curve is higher than that of the PS. This should partially explain the 
difference of power law exponent n highlighted in previous section (Fig. 2(a)). Fig. 4 
(c) shows that the mean contact length cl  increases during compression of fibre 

bundle. Fig. 4 (d) shows that the mean contact indentation α  also increases during 
compression. These two additional phenomena also contribute to the increase of the 
consolidation stress Σ22. 
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3 Discussion 
From the evolution of the microstructure descriptors shown in the previous section, it is 
possible to reveal the deformation micromechanisms involved during the compression and to 
quantify their relative importance. 

• The overall elastic bending energy Wbend is expressed as: 
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where Wb

i is the elastic bending energy of fibre i (current and initial curvatures κ and 
0κ ). I = πD4/64 is the quadratic moment of the circular cross section of fibres. 

• The overall elastic energy associated to contacts Wcont is estimated as: 
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is the elastic contact energy contact. The elastic contact energy per unit length )(sW j

c  was 

calculated as follows: 
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In order to estimate the contact force per unit length P , the Jonhson model for parallel 
cylinder in contact [9] was used: 

           (5) 
 

K is an elastic coefficient calculated using elastic properties of the fibre and the Jonhson 
model [9]. Fig. 5 shows the evolution of Wbend and Wcont with the fibre content φ. This figure 
first shows that the energy associated to fibre bending is one decade lower than the contact 
associated energy. Furthermore, Wcont is very close to the external work Wext required to 
deform the bundles. This also shows that for the considered meso-scale loadings, fibre-fibre 
contacts mainly govern the mechanical behaviour of the fibre bundles. 
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      Figure 5. Elastic deformation energies. (a) Simple compression and (b) plane strain 

compression tests. 

P̄ j(s) ≈ Kαj(s)20/17P̄ j(s) ≈ Kαj(s)20/17
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4 Conclusion 
Based on 3D images obtained by X-ray microtomography, we have proposed microstructural 
and micromechanical measurements of the deformation of fibre bundles achieved during two 
compression tests. These new experimental data allow a better understanding of their 
deformation micro-mechanisms. Thus, it was found that (i) the deformation path in 
compression (CS vs PS) greatly influences the mechanical response of the fibre bundle, (ii) 
the main deformation micro-mechanism involved in fibre bundle deformation is mainly 
governed by fibre-fibre contacts through the coordination number, the contact geometries and 
the fibre deformations in the contact zones. These aspects will be relevant to provide physics 
based models for the fibre bundle behaviours and to improve composite forming simulation. 
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