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Abstract

In this study, we aim to demonstrate how to preaiatroscopic mechanical behaviours and
also failure strengths of unidirectional composietaking into account material’s variations
(distribution of fibre strength and variation of lume fraction) based on a probabilistic
multiscale approach. Tensile test has been caroetddon a number of composite specimens
as a validation result. The strength distributidoray fibres estimates through the single fibre
test. Image analysis and pyrolysis method have beed to estimate the local and global
variations of volume fraction in composite materidlhen, finite element analysis with
appropriate statistical probability has been perfeed by introducing physical phenomena.
The scale effect has been expected. A good agrééetareen the numerical predictions and
the experimental results has been observed.

1 Introduction

Carbon fibre-reinforced polymer matrix compositesvéhdbeen widely used in various
structure applications such as naval, aeronauttt artomobile etc thanks to their high
specific strengths/resistances and especially gegfiormance to weight ratios. However, this
kind of materials presents exceptionally complidattamage process, in particular fibre
breakage, matrix cracking and interfacial debondingil ultimate failures. For some
applications such as advanced composite pressgselge the fibre breakage occurring in a
microscopic scale is a majority of damage mechasishiis material represents a large
variability in term of mechanical properties, esplyg failure strength, due to their brittle
characteristics. Consequently, for engineering iagpbns, numerical tools with the high
reliability of mechanical properties are required $tructural designs.

In recent years, the growing accessibility of festnputers has allowed the development of
3D finite element (FE). The FE models become pawedols and play important roles in the
damage mechanisms. In general, the failure anatystels can be roughly divided into two
approaches: deterministic failure and statistialufe analysis. The latter is based on
probabilistic approach including statistical scatiestrength along the fibres often modelled
by a Weibull distribution. This scatter is due tofadts within the fibres which are
significantly undersized comparing with the compmsstructure itself. Therefore, the
multiscale method is required and a scale passagtsne be taken into considering.
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Various studies have deduced the strength of airanttbnal composite from the fibre

strength distribution. Analytical model was usediet [5, 6, 10, 11]. Many of the models

were based on the work of Cox [4] which had intetl the concept of shear-lag. This
concept considered the effects of the loads tramsfefrom broken fibre to adjacent fibre

through matrix resin. The finite element model waed afterward [1, 2, 3, 8, 9]. The use of
this method was allowed to obtain more precisety dtress field around broken fibre. Our
study aims to improve this finite element approtxcpredict the strength failure of composite
structure.

2 Materials and experimental procedure

2.1 Materials

In this study, carbon fibres T700SC and compositebon fibre T700SC/epoxy have been
used for various testing. The carbon fibres werteaeted directly from a fibre bundle. The
composite plate was fabricated by filament windprgcess (this method has been used to
fabricate a filament wound composite pressure Vegseapplication in the future study). All
materials were supplied by CEA, France.

2.2 Mechanical properties

2.2.1 Single fibre test

Single fibre test has been used to estimate tlsleéestrength distribution of fibre due to the
defects in fiber itself. Thirty single fibres T700Svere tested with a gauge length 25mm
(Figure 1). Two parameters of Weibull distributidsased on weakest link theory used to
describe the experimental results as shown in equét).

Pr(o, <o) =1-exp(-L/L , )(o/o,)"} (1)

The previous study based on fibre multifragmentatiest [1] concluded that a saturation
length of carbon fibre breakage embedded in a regoxy is around 0.5 mm. Hitchon and
Phillips [7] showed that the failure stress of carlddres varied insignificantly between
lengths of 0.5 to 5 mm. The Weibull function canused to extrapolate results from a gauge
length of 25 mm to 5 mm and then used for a leo§h5mm.
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Figure 1. Failure stress distribution of fibre T700SC by $infipre tests with 25mm gage length.

2.2.2 Tensile test

Mechanical properties of unidirectional compos#e be characterised by the classical tensile
test. Experimental results probably show some amatin term of modulus and failure
strength referring to manufacturing process. Tgssipecimens were cut from the composite
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plate (300x300mA) in rectangular form using a diamond wheel witle final dimension
270x16x2mm. Woven glass/epoxy composite was used as a tspeafmen with 60mm long
leaving an efficient testing length of 150mm. Adkts were performed using Instron testing
machine at a crosshead travel rate of 0.1 mm/nimairSof material was followed by video
extensometer from Instron and extensometer sersoback-up measurement systems. The
tensile results show in figure 2.
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Figure 2. Failure behaviour of composite specimens submitig¢dnsile test.

2.3 Volume fraction analysis

2.3.1 Image analysis

In this study, image analysis technique has beed tsestimate the local volume fraction of
fibre in the composite. Preliminary images capturgdising an optical microscopic camera,
240 images (30images/zone) were taken from diffexenes of composite plate. Some post
processing images have been performed in orderigongue fibre/resin (also some
cavitations) and obtained appropriate image sipeesponding to the numerical simulation.
The total images were 4800 images in this analy¥&ume fraction of each photo can be
basically determined by the ratio of fibre’s pixalsd total image pixels. This method allowed
the local volume fraction to be acquired (Figure 3)
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Figure 3. Variation of local volume fraction in various zon®gsimage analysis.

2.3.2 Pyrolysis method

The variation of volume fraction in composite egiabt only in microscopic scale, but also in
macroscopic scale. A pyrolysis method which is Uguesed to identify the volume fraction
by weight measuring for larger area comparing withimage analysis has been performed in



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

this case. Testing samples were burned in a cerstove with temperature of 600°C until all
resin burn out. As given density of fibore and redasting specimens had to be weighted
before/after burning in order to determine the wadufraction. Testing samples were cut from
different zones of composite plate with geometryl @pecific size corresponding to the
numerical simulation. The global variation of volarimaction in the composite plate has been
investigated (Figure 4) and used with the localiatem for the probabilistic multiscale
simulation.
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Figure 4. Variation of global volume fraction by pyrolysis thed.

3 Multiscale modeling procedure

Numerical simulations based on 3D finite elementhoé associated with a probabilistic
multiscale approaches have been carried out adcalatdon of macroscopic mechanical
properties and failure strength. The results olkthiinom single fibre test and volume fraction
analysis were introduced in the simulation as tregemnal variation inputs. The numerical
results have been compared to tensile resultsabdation.

3.1 Modeling of the RVE for different volume franti

First, the simulation was setup in a microscopialescwhich fibres and resin can be
distinguished. In this scale, a RVE (representatrebume element) with constant size
(0.054x0.054x8 mm) referring to the previous study [1, 2] was model@he variation of
volume fraction in RVE can be reached by modifyanguantity of fibres in RVE. The RVE
contain a defect element each 0.25mm along a éibresponding to the saturation length of
fibre breakage as concluded by Baxevanakis. Thgesiibre test result which represents the
fibre defect strength was imposed randomly in edetect element of RVE. The boundary
condition with periodic type was applied in eacar@ of RVE.

During interval time of increment, a local stresseach element increase homogeneously
while increasing an applied strain. Once the latadss of element reaches the local defected
strength, this element will break out. This breakagn be made by sudden drop in stiffness
of breaking element. Consequently, this breakingmeiht will create the local stress
concentration field which transfers to an adjadéme element due to their local different
behaviour. If this phenomenon occurs at low stiegsl, defect elements will break randomly
along the RVE depending on their failure strengtie local stress field does not affect to the
defect element in neighboring fibres. When the iggpstress is sufficiently high, this local
stress takes the effect and set them to breaknuanmisly, so called localization. The fibre
breakage will localize in certain area and a clgavalane will occur when all fibres along the
cross section break out. The RVE will be unstalnlé mupture as a result, a drop of applied
stress can be observed. This maximum applied séegsired by homogenization method



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

will be the ultimate strength of this RVE. This @alation method uses a ton of computational
memory due to the periodic boundary condition. &ght volume fraction RVEs with 30
sampling per RVE were carried out in order to gateer probability of strength distribution
of RVE with respect to volume fractions. This prbitigy will be used in the macroscopic
scale which is represented by laboratory specirAefibre arrangement has been taken into
account as well. The RVEs containing fibres wittiedent arrangements: regular (square and
hexagonal) and non-homogeneous (random arrangeme® generated to study this
influence. In this scale, we finally obtained tladdre strength distribution with respect to the
volume fraction and the fibre arrangements (Fidguaad 6).
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Figure5. RVE's failure stress with different fibre arrangaemat volume fraction of 47.51%
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Figure 6. RVE’s failure stress with different volume fragatio

3.2 Numerical specimen simulation

As a validation, a numerical specimen simulatioa ttabe performed by introducing results
from previous scale as the scale passage. Howeeeneed to concern in the beginning the
proper element size and its scale effect. UsingRWE& size from previous scale as element
size of the numerical specimen will cause more tR80,000 elements. This increases
dramatically a computational time. In addition, aim to apply this approaches to a filament
wound pressure vessel, the use of RVEs size wilinaeceptable in term of computation time
and memory. For this reason, the proper elemeatr@eds to be investigated.

According to the numerical results from previoualecwe found that the volume fraction

variation affect to RVE’s failure strength rathdéraih the defects distribution along fibres.
Considering the volume fraction analysis with Zetiént methods, the variation of volume

fraction cannot be neglected but exists in botlall@nd global levels. The scale effect has
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been taken in to account via this variation. Besidbe proper size using in this study is
around 296 times of RVE in order to reach reasgnabmputational time and memory for

pressure vessel simulation. At this scale, eadmei¢ represents a bulk of composite which
consists of different number of fibres dependingtervolume fraction. A stiffness reduction

after breakage of element needs to be additiorailycerned using results from previous
scale. In the same manner with the previous scalesilation, the breakage of elements
occurs initially in random, then localize as a tesudrop of applied stress. At this point, the
structure supposes to be failed. The macroscopmaveur of numerical specimen was

affected by the variation of volume fraction.

Simulations with RVE’s element size have been peréal. These results confirmed the
insignificant difference with 296 RVE. Finally, thalidation of behaviour and failure stress
had a good agreement with the experimental regktilgsire 7 and 8).
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Figure 7. Comparison of failure behaviour.
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Figure 8. Comparison of failure stress.

4 Conclusions

In microscopic scale, as the single fibre test tegab introduced in the numerical simulation,
the stiffness drop function and the failure stréndistribution of RVE with respect to the
volume fraction were established. The effect ofdibrrangements was also integrated in the
failure strength distribution.

The volume fraction analysis showed the existenceaoftion in both of local and global
levels. Moreover, we found that the volume fractiariation has more effects than the
statistical failure strength of fibres for the pitbn of macroscopic failure strength. For this
reason, it leads to construct the scale effect ftusvariation.
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In macroscopic scale, the simulation result showegood correlation with experimental
result. In addition, the results from differentralnt sizes were not significantly different by
using the scale effect from volume fraction. Thidadion of this approach has been done.

ACKNOWLEDGMENTS

We would like to express our gratitude to the FreNational Research Agency (ANR) which
supported this work through Hydrogéne et Piles a &amtible (Projet OSIRHYS IV, N°
ANR-09-HPAC-010).

References

[1]
[2]

[3]

[4]
[5]
[6]
[7]
[8]
[9]

Baxevanakis C., Jeulin D., Renard J. Fracturessizgi of a unidirectional composite.
International Journal of Fracturer3, pp. 149-181 (1995).

Blassiau S., Thionnet A., Bunsell A.R., Micromecisams of load transfer in a
unidirectional carbon-fibore epoxy composite due fdore failures. Part 1:
micromechanisms and 3D analysis of load transfdre Elastic caseComposite
structures 74, pp. 303-318 (2006).

Blassiau S., Bunsell A.R., Thionnet A., Damage audation processes and life
prediction in unidirectional compositeBroceedings of the Royal Society 463, pp.
1135-1152 (2007).

Cox, H.L. The elasticity and strength of paper atieéofibrous materialBritish Journal
of Applied Physics3, pp. 72-79 (1951).

Hedgepeth J.M.Stress concentrations in filamentary structurddASA TND882,
Langley Research Center (1961).

Hedgepeth J.M., Van Dyke P. Local stress conceotrmtin imperfect filamentary
composite materialdournal of Composite Materigld, pp. 294-309 (1967).

Hitchon J.W., Phillips D.C. The dependence of ttrengith of carbon fibres on length.
Fribre Science and Technoladh2, pp. 217-233 (1979).

Nedele M.R., Wisnom M.R. Three-dimensional finitealysis of the stress concentration
at a single fibre brealdournal of Composite Materigl51, pp. 517-524 (1994a).

Nedele M.R., Wisnom M.R. Stress concentration fact@mmound a broken fibre in a
unidirectional carbon fibre-reinforced epoXgomposites25, pp. 549-557 (1994b).

[10]Rosen B.W. Tensile failure of fibrous compositd$AA Journal 2 11, pp. 1985-1991

(1964).

[11]Zweben C. Tensile failure of fibers compositédAA Journal 6 12, pp. 2325-2331

(1968).



