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Abstract

The work concerns the inelastic response of cortgpgseforms when subjected to large
deformations. The Kawabata equipment has been us@deasure the shear and bending
properties of the textile reinforcements. In additi the newly developed triaxial rheometer
for out-of-plane shear and compression testingres@nted and used. The triaxial rheometer
is capable of simultaneous compression and twopedeéent shear deformation modes,
allowing for triaxial deformation states. Comparta previous techniques the main benefits
are triaxiality, elimination of edge effects andtahility for anisotropic materials. Also, a
constitutive theory for the modelling of a wide ganof fibrous performs based on
hypoplasticity is also presented. The experimergallts indicates that even dry preforms
behaves viscoelastoplastic as well as showing um&jgrical behaviour in bending.

1 Introduction

To date, the development and use of textile fibeerforced polymer composites for
lightweight structures has become more and moreitapt. Although all fibre reinforcement
is produced as continuous fibre yarns, this isroftet the form in which it is finally used in
high performance applications. Common textile cosmes classified according to the fibre
architecture include braided, woven, knitted, htitoonded and non-woven [1]. Advantages
of textile composites include higher strength-tdghe ratios, better impact resistance, better
vibration damping properties and higher flexibilifyextile fiore composites are cost effective
replacements for pre-impregnated (pre-preg) basedinhted composites due to lower
manufacturing costs and near net shape production.

Nowadays, the aerospace industry relies on texglaforcement for use in advanced
composites. Due to the high strength, thermal dadtrecal insulating properties, and fire
resistance of some of the man-made fibres, todayismercial aircraft industry uses textiles
in the design and manufacture of interior panelkygtems, secondary structures (wing-to-
body or belly fairing, leading edges, parts andyhfli control systems) and engine.
Manufacturing of composite components usually ideki several steps, i.e. cutting the
reinforcement, preforming, impregnation of dry preh and curing. Preforming of the dry
reinforcement plays a key role in terms of the sglent manufacturing and the performance
of the final product [2].

During a manufacturing operation a preform canuigested to bending, in and out-of-plane
shearing, compacting or combination of these adoadings. Hence, for accurate process
simulation of a composite material, it is essertiatharacterise all the mechanical responses



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

of the reinforcement itself. The input data frone tieinforcement may be then employed in
subsequent composite simulations. The understaradingechanical properties of composites
preforms is important for composite manufacturiaiggd a fair amount of work has gone into
analysing these properties [3]. However, previowskaon this topic has been limited to

simple deformation modes and a restrictive choitedeformation mechanism. Another

obstacle were the experimental methods incapablehafacterising other than simple
deformation modes.

This contribution concerns the inelastic resporfseomposites preforms when subjected to
large deformations. The work embraces the expetiahas well as the theoretical problems
involved. The Kawabata equipmeRKES) is used for the careful measurement of stressastr

relations. In addition, we describe here the ne#ldyeloped triaxial rheometer for out-of-

plane shear and compression testing [4]. Also, restitoitive theory for the modelling of a

wide range of fibrous performs based on hypoplégtis also presented. The present
development is an extension of a previous isotropaciel presented in [5]. Finally, selected
results from experiments are presented and disgdusse

2 Experimental

2.1 Materials

Two different types of carbon fibre textile reinfements are used. The first one, quasi-UD
HexForce® G1157 D 1300 EO1 2F, consists of HTA 5@R1unidirectional carbon fibres in
warp direction, and EC9 34740 1383 glass fibresvéit direction [6]. The second type of
material is a twill weave HexForce® 48302 X 1278@L 2F, which consists of AS7 GS 12K
carbon fibres both in warp and weft directions [Bpth of the reinforcing textiles are
presented in Fig. 1.

Figure 1. Twill weave and quasi-UD reinforcements.

2.2 Bending

M, gf-cm/cm

Figure 2. The parameters determined from the bending test fwincipal cycle.
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Using the KES the bending rigidity and the hystisresf the bending moment can be
determined, per unit sample width. The sample ig bethe maximum curvature of 2.5 ¢m
in each direction. The moment is recorded as atiomof the curvature. The bending rate is
0.5 cm'/s. Normally, the width of the samples are 20 cowéwer since the tested material
has much higher bending stiffness than fabricaja$ necessary to modify the sample size.
For the bending along the fibre direction, the siaspised had a width of 1 cm and for the
bending transverse to the fibre direction the sasmphd a width of 10 cm.

The bending rigidity for the face side of the sampk, is measured between a curvature of
0.5 and 1.5 cm, as indicated in Fig. 2. In the same way but fmading in the opposite
direction, the bending rigidity for the back sidetbe sampleBg, is obtained between a
curvature of -0.5 and -1.5 émThe value of the bending rigidit, for a certain cycle is the
mean value oBr andBg. The hysteresis of the bending momeipB, for a cycle is the mean
value of2HB: and2HBg, measured at 1 and -1 €nrespectively, as indicated in Fig. 2. The
sensitivity on KES was set to the option 2x1 fdr tae bending measurements and the
equipment was calibrated before performing thet firsnding test.For each sample three
bending cycles have been recorded; the first, fétid tenth. This was done in order to
determine the changes in required moment for bgnalinncreasing cycles. It is possible that
the moment could change due to the fact that thegbibreakage during the first cycles.

2.3 Shear

The shear properties of the material have also bderacterised using the Kawabata
equipment. The shear fordes as a function of the shear anglewas recorded and the
shearing rigidity per unit sample width has beetewhgined along with the hysteresis of the
shear force per unit sample width at 0.5° and B® $ample is sheared to an angle +8°.
The force perpendicular to the shearing is kepstaon at 20 gf/cm (around 0.2 N/cm). The
sample is sheared with a rate of 0.477°/s. Thehaddithe typical sample is 20 cm as for the
bending. For these tests the width of the specimeassreduced to 10 cm, since it is a rigid
material compared to textiles. This must be takdn account when analyzing the results.
The length of the tested material, i.e. the mdteeaween the clamps, is 5 cm.

Figure 3. A principal sketch of the shear test performedgshe Kawabata equipment.

The shearing rigidity for the face side of the skEm@e, is obtained as indicated in Fig. 5.
The difference in shearing force between a sheangle of 0.5 and 2.5° is divided by the
angle interval, i.e. 2°. In the same way but fadimg in the opposite direction, the bending
rigidity for the back side of the sampl@g, is obtained between -0.5 and -2.5°. The value of
G for a certain cycle is the mean value@f and Gg for that cycle. The hysteresis of the
shearing force per unit sample wid®HG: and 2HG5:, are determined at 0.5° and 5°,

3
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respectively. For the loading in the other diregtithe hysteresis is determined at -0.5 and
-5°. For each cycle the mean value26fG:= and2HGg gives2HG and the mean dHG5:
and 2HG5; gives2HGS Similarly to the bending test, three cycles haeen recorded for
each test; the first, fifth and tenth cycle.

2.4 Triaxial rheometer

Base Plate

| Cell Wall.  Transducer Plate Strain Gauges

Figure 4. Section of the transducer head.
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Figure5. Schematic of sample deformation and (a) the riegustress distributiom,{x) in compression
and (b) the resulting stress distributign(x) in shear. The arrows indicate the relative motbthe plates.

The triaxial rheometer instrument used here con®iéta frame, a ball screw driven x,y,z-
table, a specially designed triaxial stress traosdinead. The sample is fixed between the
transducer head and the x,y,z-table, acting asigher and the lower plate, respectively. The
relative position between the upper and lower pdaie the x- and y-directions are measured
discretely by on-board linear scales with a resmudf 0.1um. The resolution of the stress
transducer is about 10 Pa in compression and hPshear. The development of the key
component of the apparatus, the transducer heasl,described in [4] and is depicted in
Fig. 4. Two concentric transducer platasndb, are attached to a base plate via triaxial load
cells. The chief purpose of this arrangement ialisorb the free edge effect at transducer
and thus measure the true material stress respbnssnsducer a. Fig. 5 illustrates the stress
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distribution in compression and shear. In consecglet the sample is sufficiently thin, the
stress distribution underneath transdueewill be uniform and the measurement will
represent the true stress response of the material.

2 Model development

A constitutive theory aimed for modelling of a widange of fibrous preforms based on
hypoplasticity is under development. The presenkvi® extension of the isotropic model in
[5]. Based on the work in [5], we introduce a sdresergy function and derive a dissipation
inequality in terms of the stress dependent opesaibthe transverse isotropic hypoplastic
law. A general form for the nonlinear operator Isoadound, and implemented for numerical
studies. In particular, the material is assumeldawe transversely isotropic symmetry with a
directorn. We define two partial stress tensors: a conserjatyperelastic, stress, and a

non-conservative stress )
6=1,+1,, Q)

where ¢ is the Cauchy stress. The conservative stresssisnaed to be a function of the
deformation, while the non-conservative stress gwaae by an evolution law:

. =7 (@AFn,), ey
1. =§(¢,r*,l,n)+m‘r*—r*w, (3)

where
o =w+dnn-ndn, 4)

here ¢ is the fibre volume fractiond is the fibre stretchk: is the deformation gradientjs

the velocity gradient, with symmetric and skew syatme partsd andw. The objectivity of
the evolution law (3) may be verified in the uswaly.
The conservative stress, may be developed using standard hyperelasticityf@ will not

be dwelled on here. The constitutive models for hlo@-conservative stress, on the other
hand, are developed by introducing a free energyipie reference volume in terms of stress
invariants as:

1 s
X (c_ch]’ ®)

where C. and Cy are the longitudinal and transverse shear modespectively, and stress
invariants defined in a similar way to the transeeisotropic hyperelastic strain invariants:

j,=nE>m andjszél:rf—nﬁrfﬁh. (6)

It may further be proved that the opera@(r(o, r*,l,n), may be partitioned into a transversely
isotropic fourth order linear operatcﬂi(go, n) and a scalar dissipation functidh(q),r*,d,n).
Moreover, taking into consideration (5) and (6§ limear operator becomes

5
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Lpn)=¢lc (1T01+101-101+10nn+nn 0 1)
(c - Cr)(lﬁnn +10nn +nn01+ nnﬁl) . (7)
—(4CL —Cr)nnnn]

For the dissipation function we may assumed thed@ ol type behaviour

9" s s
e (®)
KE, \ 1 1

R(qo,r*,d,n):Z(Dc:L:d)+%(n+1)Z(1:d), (9)

and consider the form

where [0¢=0¢/d6. and Z is a form of Heaviside function; in principle efua its
argument if the latter is positive and zero otheewiln particular, the argument of the-
function is the rate of increase of the slip striesxtion ¢ due to the elastic stress rate.
Finally, differentiation of (9) leads to the follimg form of the dissipation function

1

g L (s ds 1?2 fC LG G

O¢:Lid=—o —4+—5J 2(—L+—jnﬁr*dn+—‘r*m . (10)
KE (/Jf 1 He e 1

3 Resaults and discussion
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Figure 6. . Representative curves from the bending of ttesiguD preform transverse to the fibre direction
using KES-FB; a) face side bends first, b) back &idnds first. NOTE, the scale in both plots ied#nt.

A typical roll of preform has its face side andbick side. Hence, during the measurements,
the order of the bending side of the preform itakto account. This is due to the fact that
different amount of binder might me present on esadh of the preform, resulting in different
values of the bending rigidityd, and hysteresis of bending mome2iiB. The representative
curves from the bending test of the quasi-UD prefoare presented in Figures 6.
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Figure 7. Bending rigidity,B, for quasi-UD preform:
a) transverse to the fibre direction, b) alongfthee direction.
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Figure 8. The results from triaxial rheometer of the thegjtdD preform testing;
(a) excitation profile and (b) the resulting force.

The results in Fig. 7 show the bending rigidityeafbne, five and ten bending cycles and are
the average values from measurements of 10 samiihessubscripts face and back in the
legend denote which side of the sample bendsdirshg the measurement. In terms of the
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characteristic valuesB(and also2HB not shown in this paper), the differences between
different sides of the considered preforms areerathinor. However, there is some scatter in
the bending rigidityB, of the quasi-UD preform tested transverse tdfitire direction. This
may be attributed to a different amount of bindereach side of the preform. The bending
rigidity, B, is higher for the face side, indicating higheroamt of binder present on this
particular side of the preform. Another discrepamey be observed for the hysteresis of
bending moment of the twill weave preform during tirst bending cycle. This might be
attributed to the uneven spreading of binder.

The results from testing of the quasi-UD prefornrmgghe triaxial rheometer are presented in
Fig. 8. The excitation profile consists of an ialitcompression in z-direction, followed by
shear in x-direction, followed by five cycles ofdiibnal compression, and finally return to
the reference position by reversing the x and pldements. The main result is the
relaxation of the z-force during both the initiahtling, but also during the cyclic z-loading.
This indicates that the material behaves viscouse®pected, also the force in x-direction
relaxes during the cycling loading in z-directi@uring unloading of the x-displacement, the
force reverses and becomes negative, indicatirglpdisve processes within the material. In
particular, it appears the in addition to viscouscpsses also plastic processes develop in this
particular preform.

The shearing rigidity and the hysteresis of theashg force tests where also preformed.
However, due to the limited amount of space, tlsilte regarding shear properties of the
reinforcing textiles will be omitted here. This &so truth for the assessment of the
constitutive model presented here.
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