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ABSTRACT: X-Ray microtomography and image analysis tootsused to investigate the
microstructure and the micromechanical behaviouraasaturated fibre bundle during a
simple compression test. In order to achiéwvesitu observations of the microstructure
evolution, the fast X-ray microtomography techniqwas performed at the ESRF. A
methodology is then proposed to quantify from 3Dag®s relevant microstructural
descriptors which characterise the evolution offiti®us medium during its deformation.
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INTRODUCTION

In recent years, the use of fibre-reinforced polymm@mposites in structural or functional
applications has been increasing in industries siscautomotive or aerospace. Most of the
fibrous reinforcements of these materials are mgaef continuous or discontinuous fibre
bundles, so that they exhibit multiple scales: acnmscopic scale (the part scale), a
mesoscopic scale (the fibre bundles scale) andceostiopic scale (the fibre scale). During
the processing of composite materials, fibore bundiee usually subjected to very high
deformations such as the shearing of dry wovenilésxtluring their stamping in RTM
process (Resin Transfer Moulding) [3], the bendamgyl compression of wet short fibre
bundle during the compression of GMT's or SMC'$][4These mesoscale deformations
induce very important and complex relative movermaftfibres at the microscopic level.
Such deformation mechanisms drastically affectrti@®logical behaviour of the composites
during their processing by modifying the perme#&piiind the anisotropy of the fibrous
networks [2-5,7]. They also affect the final physiand mechanical properties of produced
parts. Unfortunately, micro-deformation mechanisans often complex and still not very
well understood. For example, if deformations medras at the bundle scale have already
been studied experimentally for various fibrousni@icements and various processing
routes [2,4], much less is known on micro-defororatimechanisms within a fibre bundle
during a given mechanical loading. This curbs tleeetbpment of relevant constitutive
bundle mesoscopic models [2]. Within this contextjs study provides original
experimental data concerning the evolution of ti@ofis microstructure during the
deformation of a saturated fibre bundle.
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MATERIALSAND EXPERIMENTAL METHOD

A model fibre bundle was man-made. It consistiNGf 69 rather aligned fibres (diameter
150um, length 12mm) which were extracted from a fluarbon continuous fishing wire.
The bundle was saturated with olive oil, which befsaas a Newtonian fluid at room
temperature (shear viscosity = 70mPa s) and wkidolid at temperatures below 5°C. This
characteristic allows the fixing of the fibrous mustructure of the bundle and facilitates its
handling before mechanical testing performed atrrdemperaturei.e. when the oil is a
fluid. Simple compression test was achieved witpacific compression micro-rheometer
with a maximum axial load of 500N (see fig. 1 (@))a low strain ratd,e.~ 5 10° s*. The
compression forc&, and the current height of the samplevere recorded during the test
(see fig. 1(b)).
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Fig. 1 — (a) Compression of the model fibre bun(b¢ Evolution of the compression force
F, as a function of the sample height during the etonstructed slice of the specimen in
a plane parallel toe(,&,) in the initial (c) and final (d) states.

In order to characterise the 3D evolution of therdi bundle microstructure during the
compression test, the micro-rheometer was placed onicrotromograph at the ESRF
(European Synchrotron Radiation Facility, ID19 b&ae) in Grenoble. 3D images of the
fibre bundle microstructure with a voxel size ob dm were performed by X-ray micro-
tomography at five different levels of deformatidm.order to limit possible microstructure
evolution during the scan, the Fast Tomography rtiegle was employed, allowing an
acquisition time below 1 min [6]. The obtained 3Daiges allow to estimated and follow the
volume occupied by fibreg; =1, x |, x I3 during the test (see fig. 1(c-d)).

Fig. 2 — (a) Total scanned volume, (b) bundle vaumder consideration.



The 10" International Conference on Flow Processes in @sitg Materials (FPCM10)
Monte Verita, Ascona, CH — July 11-15, 2010

The volume height, is given by the distance between the two compragsiates (fig. 1(c-
d)). The widthl; was chosen in order to contain all the fibres {ggel(c-d) and fig. 2(b)). A
similar hypothesis was done to estimate the lehgttue to the fibre length heterogeneity
(induced by the elaboration protocol), we haveteahly truncated (about 1mm) the ends of
some of the longest fibres which are not involwedhie mechanical response of the bundle,
as shown in figure 2(b).

For each level of deformation, the volunae= I; x I, X I3 was determined, and thus the

bundle stress (i) and the fibrous microstructurgcdptors (ii) and (iii) were estimated:

(i) The Cauchy stress componeant: of the fibrous medium was estimated assuming that
the test was drained (very slow strain rate, ndgégfluid pressure).gxs =~ 0z =
Fal(11l3).

(i) The volume fraction of fibore® was classically estimated after suitable filterangg
thresholding operations which were performed wiih 3D images of the volumé.

(i) In order to analyse more closely the fibrous aesiire within the bundle (fibres and
fibre-fibre contacts, see below). A method was e for the identification and the
individualisation of fibres. Hence, for each lews#| deformation, the volum&; was
divided into 10 slices along tlegdirection. On each slice, the centre of the crestian
of each fibre was identified. Then for a given épthe positions of its ten centres were
adjusted by a polynomial function (of a sufficiel@gree to minimize the errors) which
characterises the fibre centreline. Thus, for ddwie, the local orientation (calculated
from the tangent vector of the considered fibres)tortuosity (here represented by the
ratio of fibre length on the length of the chordnjog the ends of the fibre) were
evaluated. Fibre-fibre contacts were finally idBatl measuring the distance between
the centrelines of neighbouring fibres.

RESULTS

* Fig. 1 (b) presents the evolution of compressiaredd-, as a function of the sample
height I,. From a qualitative point of view, this figure st® that the bundle was
subjected to a pronounced consolidation which wasrapanied with both liquid phase
migration and an increase of the compression force.
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Fig. 3 — Evolution of the stregs as a function of volume fraction of fibrds together
with de various scanned volumésobserved at various deformation stages.
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* The volumeV; corresponding to the five levels of compressiom @ported in Fig. 3
together with the evolution of the streggx as a function of the volume fraction of
fibores®. This graph shows that the consolidation of thelioma can be approximated by
a phenomenological law often use in fibrous medj@in g,, = a(®" - ;) , where the

values ofa andn are respectively equal to 1.1°10IPa and 14.25. These values are
consistent with those of the literature [8].

* Whatever the compression deformation, the averageaosity of each fibre is very close
to 1 (about 2 18). This allows considering that each filires almost straight. A fibre
orientation unit vectop; can thus be defined as the average of local tangeaors of
the fibrei.
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Fig. 4 — Pole figures (along) and associated fibre orientation tensyén the initial (a)
and final (b) states.

* The fibre orientation vectons; have been plotted in the pole figures shown inrggs
for the initial and final states respectively. [eaich state, the corresponding value of the

second order fibre orientation tensoks :1/NziN:lpi Op, [1] was also computed

from fibre orientation vectorg;. This figure shows that fibres in the initial stedre
mostly aligned alonge;, and that the disorientation is more pronouncedha plane
(e1,63) that in €,,63). These tendencies are accentuated by the conpress

* The observed increase of the volume fraction afebis accompanied with non-linear
increase of the fibre-fibre contact numi&r(see fig. 5 (b)). Pole figures (a) and (c) and
second order contact orientation tensérs (Fig. 5) show that contacts are mostly
oriented along; direction and that the compression increasedehigency.
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Fig. 5 — Evolution of the number fibre-fibre corttal; as a function of volume fraction of
fibores® (b). Pole figures (along) and associated contact orientation tenggns the
initial (a) and final (b) states.
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CONCLUSIONS

The method developed in this work allowed a reddyiv fine description of
micromechanisms involved during compression of adehdibre bundle. Some local
descriptors related to fibres and their contactgehlaeen estimated. Others may still be
evaluated, such as bending of fibres (work in pgeg). Monitoring these descriptors during
the bundle deformation will allow measuring thedamatic fields associated with the motion
and the deformation of fibres and their contacterkwin progress). Taken together, these
results should provide relevant data for theoreticanumerical models (discrete elements)
describing the micromechanics of fibre bundles le tprocessing of polymer matrix
composites.
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