ECCM15 - 15™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012

MICROSTRUCTURESAND DEFORMATION MICROMECHANISMS
IN DEFORMED BUNDLE OF FIBRES

P. Lati, L. Orgéa¥, C. Geindrealy S. Rolland du RoscdatP.J.J. DumonAt S. Le Corré

'CNRS / Université de Grenoble, Laboratoire SolsdestStructures-Risques (3SR), BP53, 38041
Grenoble cedex 9, France

’CNRS / Institut Polytechnique de Grenoble, Labdratde Génie des procédés Papetiers (LGP2),
BP65, 38402 Saint-Martin d’Héres cedex, France

*CNRS / Polytech’Nantes, Laboratoire de Thermodiugétide Nantes (LTN), BP50609, 44306 Nantes
cedex 3, France

*laurent.orgeas@3sr-grenoble.fr

Keywords:. fibre bundle, X-Ray microtomography, In situ comgsion, Micromechanics

Abstract

Two bundles of quasi-aligned elastic fibres werdjetted to simple and plane strain

compressions coupled with 3D in situ observationg using synchrotron X-Ray

microtomography. First, at the bundle scale, duehe slight fibre misalignment allowed

during simple compression, it is found that the sadidlation is less marked and requires
higher stress than during plane strain compresskor. both loadings, the stress level and the
external work undergo sharp hardening with fibrentamt. Second, using homemade
procedures at the microscale, 3D images allow ttodo each fiber centreline and so to

identify relevant microstructural descriptors anefdrmation micromechanisms. Therewith, it
is found that the elastic bending energy of filbasorded during tests are much lower than
the elastic energy associated with fibre-fibre emix.

1 Introduction

Many fibrous reinforcements used in polymer comigssiare made up of continuous or
discontinuous fibre bundles that undergo severe pcession, shear and/or bending
deformations during composite forming processesxhSmeso-scale deformations induce
complex micro-mechanisms at the fibre scale: ingrartlisplacements and deformations such
as, for instance, fibre orientation, stretchingydiag, twisting, and creation/lost of fibre-fibre
contacts [1-4]. These fibre scale mechanisms amgtx and still not well understood. They
greatly affect the rheological behaviour of the posites during processing.g. by
modifying the permeability and the anisotropy oé tlibrous reinforcements, and the final
physical and mechanical properties of producedspart

To better understand them, by using 3D imaging @romechanical tests performed with
fibre bundles, this study provides original expesital data concerning the 3D evolution of
the fibrous microstructure and the deformation pnoechanisms.

2 Materials and testing methods

Two compressiong,e. a simple compression and a plane strain compre¢S6 and PS)
were achieved with a model saturated fibre bunaiade up of fluorocarbon fibres (cut from
a fishing wire N = 330 fibres of diametdd = 0.16 mm, length & 10 mm, Young’s modulus
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E = 2 GPa, Poisson’s coefficient= 0.3) impregnated with olive oil (viscosity= 70 mPa s).
The fibre bundle compressions were carried out gusam especially designed micro-
rheometrer mounted on the ID19 beam line of theofemn Synchrotron Radiation Facility
(ESRF). 3D images (voxel size of 7j5nT) of the evolving fibrous microstructure were then
obtained during the compression experiments byopaihg “Fast X-ray microtomography”
(scanning times below 2 minutes) [5].

Figure 1. (a) Picture of the plane strain compression appsi@vidth 6 mm).
Reconstructed tomographic slices of the fibre bandthin the apparatus: (b) vertical and (c)
horizontal cross sections.

After denoising and standard thresholding operatiotme evolving fibrous phase was
obtained as shown in figure 3 (a-d). We could tH@nmeasure the fibre volume fractign
(i) identify the fibre centerlines [5]. Then usirfdpre centerlines, the following measures
could be achieved [5]: _
« Determination of each fibre direction vecty expressed as the direction of the lower
fibre inertia axis. From these vectors, the secontt®r orientation tensor of fibres
[6] could be then be estimated.
* A local Frenet frame was assigned along curvilin®ascissas of each centreline.
Thereatfter, a local centreline curvatu(s) was determined.
* The total number of fibre-fibre contadig together with fibre-fibre contact direction
vectorsg were then measured. The second order orientagiosot of contact®
could be estimated. The average coordination nunte2N,/N, N being the

number of fibre within the bundle, was also estedat
» The distance between two fibres in cont_dbtwas ‘also calculated. Thereby, the
indentationa’ of a contac} was estimated as! =D - d'.

2 Results

2.1 At the meso-scale

At the meso-scale.e. the scale of the fibre bundle, the deformationeanh direction can be

calculated using 3D images= &6 0 e + &6 [0 & + &3ze3 0 e3 with & = In(li/lip) (see Fig.

1), together with its associated volume chaagend deviatoric straig defined in a similar

manner as in [5]. It is shown that:

* The bundles were subjected to a high consolidafsee Fig. 2 (a-b)). The fibre

volume fractiongincreases from about 40% to 55% for SC and frono485% for
PS (see Fig. 2 (a)). This was accompanied witlrgelancrease of the mean Cauchy
stress tensoZ;; = F,/(l1l3) (F2 being the compression force). Figure 2 (a) shdwas t
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2 is higher during SC than during PS. It was foumat £, = k(¢' — @") weren = 20
for SC and 16 for PS. These high values are camgistith those reported in [2].
e SC exhibited a deviatoric deformation paghl -4s, while PS followed an cedometric

deformation path wherg = -v/3/2 & (see Fig. 2 (c)).
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Figure 2. Mechanical response at the meso-scale. (a) LogHaph of2,, vsfibre
volume fractiong(solid symbols represent peak stress and opendgmdiaxed stress). (b)
Deviatoric straing vsvolumetric straing,. (c) Evolution of fibre orientation during

compressionA;; andAg, Vs @

2.2 At the micro-scale _
The skeletonisation of the fibre bundles, the identification of centerlines of each of their

fibresi, provides relevant microstructural and micromeaternnformation [5]:

« The orientation unit spheres [5,7,8] (where vecforare in blue) and the associated
orientation tensorA plotted in Figs. 3 (a-d) and Fig. 2 (g) shows tllaiting
compression, (i) the fibres remain mainly orierdaie the es-direction, (ii) the
misalignment with respect to the-direction (the compression direction) strongly
decreased for SC and PS while the misalignmerttemtdirection increased for SC
and was stable for PS. This could explain the higieess required to deform fibre

bundle in SC (see Fig. 2(a)).
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Figure 3. Microstructure at the micro-scale. Volume rendgianf fibre bundles in the
initial (a) and (c), and final states (b) and (d},simple compression (a) and (b), and for
plane strain compression (c) and (d).
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Fig. 4 (a) shows that the mean curvatiraevas finite in the initial (undeformed) state

with a corresponding average radius of curvatRe=1/x° =100mm (induced by
the winding of fibres onto a reel). As revealednirahis figure the curvatureg
increased importantly during compression and rehche average corresponding

radius of curvatureR =1/k =15 mm.
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Figure 4. Microscopic parameters. (a) Mean curvatdres @ (b) Mean coordination

numberz vs @ (c) Mean length of contact_§ vs @ (d) Mean dimensionless indentation of

contacta /D vs@

The orientation unit spheres [5,7,8] (where comstaqtpear in red) and the associated
orientation tensoB plotted in Figs. 3 (a-d) show that contacts arenimarientated in
the compression directiog. It also appears that the contact misalignmenhase
pronounced in the;-direction for SC (following the fibre misalignmeént

Fig. 4 (b) shows the log-log evolution af with respect tog z strongly increases
from about 2 to 11 in the considered microstrugufgg. 4 (b) also shows that the
slope of the SC curve is higher than that of the Hfts should partially explain the
difference of power law exponenthighlighted in previous section (Fig. 2(a)). Fg.

(c) shows that the mean contact lenfjtincreases during compression of fibre

bundle. Fig. 4 (d) shows that the mean contactrited®n & also increases during
compression. These two additional phenomena alstrilbote to the increase of the

consolidation stress,.
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3 Discussion
From the evolution of the microstructure descriptshown in the previous section, it is
possible to reveal the deformation micromechaniswglved during the compression and to
guantify their relative importance.
* The overall elastic bending energ¥e.nqis expressed as:
N 1 L . 5
Woeng = O W, where W, = EJ' El (K' (s) —/?0) ds, (1)
i=1 0

whereW,' is the elastic bending energy of fibirécurrent and initial curvatureg and
k°). | =D%64 is the quadratic moment of the circular crasgisn of fibres.
» The overall elastic energy associated to contAgis is estimated as:

N, R
W, = > W/, where W = [W/ (s)ds (2)
0

=

is the elastic contact energy contact. The elastitact energy per unit length' (s) was
calculated as follows:

— a(s) __
W/(9= [ P'(s)da, 3)

0

In order to estimate the contact force per unit lenBth the Jonhson model for parallel
cylinder in contact [9] was used:

Pi(s) ~ Kod (s)™ (5)

K is an elastic coefficient calculated using elastic properties of the &bd the Jonhson
model [9]. Fig. 5 shows the evolution Wb4,eng andW;on: With the fibre contentg This figure
first shows that the energy associated to fibre bending islecade lower than the contact
associated energy. Furthermok&. is very close to the external wolkky required to
deform the bundles. This also shows that for the considered meesdaadings, fibre-fibre
contacts mainly govern the mechanical behaviour of the fibre bundles.
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Figureb5. Elastic deformation energies. (a) Simple compression and (b) ptaire st

compression tests.
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4 Conclusion

Based on 3D images obtained by X-ray microtomogyaple have proposed microstructural
and micromechanical measurements of the deformafidibre bundles achieved during two
compression tests. These new experimental datav alobetter understanding of their
deformation micro-mechanisms. Thus, it was foundt t(i) the deformation path in
compression (CSs PS) greatly influences the mechanical respongbeofibre bundle, (ii)
the main deformation micro-mechanism involved ibrdi bundle deformation is mainly
governed by fibre-fibre contacts through the camation number, the contact geometries and
the fibre deformations in the contact zones. Tleesgeects will be relevant to provide physics
based models for the fibre bundle behaviours arnichpoove composite forming simulation.
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