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Abstract

Specific mechanical properties of composites malemt particularly attractive. Dynamic loads are of
prime interest for their applications. Laminatedustures’ impact modelling implies prior material
dynamic characterisation. This study suggests atysis of split Hopkinson bar compression testing o
T300/914 carbon/epoxy composite material.

First, the effect of fibre orientation and strai#fiion on compression dynamic behaviour is studied.
Results show a high non-linearity for +/-45° laates testing. This non-linearity is not observeemh
the laminates are reinforced with 0° and 90° plidealytical modelling is in agreement with the
experimental results. Secondly, experiments ardopeed on pre-cracked specimens to show the

influence of cracking on dynamic behaviour.
1. Introduction

Excellent specific properties of composite matsrialake their use widespread in industrial sectoch s

as the aerospace’s. Structural parts made of catepomterials can be subjected during their life to
impact damage. Impact modelling requires the kndgdeof materials properties for different straitesa
These properties are commonly obtained by splitkimon bar testing method. The set-up, originally
developed by Kolsky [1], enables an increasing laatigh strain rates. The measurements on the bars
give the possibility to implement a material law.

Numerous studies have been carried out in ordedetermine the behaviour of carbon/epoxy and
glass/epoxy composite materials both in compresamh tension testing. G.H. Staab and A. Gilat [2]
have studied the effects of strain rates on glése-epoxy specimens during tensile testing. Thayeh

shown that the normal ultimate strength in dynateitsile testing is superior to the normal ultimate
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strength in quasi-static testing. The effect igfal more important as the fibre orientation in ldrainate

is the smallest. H. Eskandari and J.A. Nemes [8kHaund similar results on [0°/45°/90°/-458arbon
fibre-epoxy laminates. The ultimate tensile stranigicreases with the strain rate. A. Gilat et aveh
generalised these results for different stackirggeaces of carbon-epoxy laminates [4]. Resultsimdxda

in compression testing are similar to the onesinbthin tensile testing [5,6]. H.M. Hsiao et al] fave
studied the behaviour of carbon fibre-epoxy tesicspens for various strain rates and stacking angle
15°, 30°, 45°, 60 ° and 90°. For 90° specimenswioich the matrix behaviour is prominent, they show
an increase of the modulus and of the ultimate lmatdno significant increase of the deformationt Fo
other orientation specimens, the stress-straintioakhip increases with the strain rate. In [8], E.
Woldesenbet et al. show the effect of specimen gégnon carbon fibre-epoxy specimens. Jadvah et al.
study the effect of strain rates on symmetricahbeéd stacking sequencekb®, £30°,£45°... £90°. The
variations with the strain rate strongly dependdilore orientation. The modulus value is highemthiae
static value. Delamination and matrix cracking thie principal failure modes.

Tests are performed ah 45° and+ 30° laminates for which dynamic effects and nowdirities are
important. In practice, as for most aeronauticalliaptions, these stacking sequences are seldoch use
and, if ever they are, the laminates will includdidections 0°/45°/90°/-45° laminae. Thus, it ideof
necessary to withstand secondary loading and t@mes stack of plies in regard with repairs and
bindings. A major problem in modelling consistdetermining whether the analysis shall be carrigtd o
at the ply level or at a higher level. In fact, fhresence of strong interactions would mean thagrse
methods will be used for laminate studies. Furtlieenmaterials can be subjected to transverseléensi
stresses which are major at the time of impachag tan induce microcracks. This is particulanyetm
structures such as helicopter blades. The dynaehiawbour of such structures is studied here thrargh
analysis of Hopkinson bar compressive tests onocaffiibre-epoxy T300-914 specimens. Tests are
performed for different stacking sequences: £%5°, 90 °, (+45°,90°,-45°) and (+45°,90°,0°,-451).
addition, tests are performed on precracked spewnreorder to analyse the influence of cracking on

dynamic behaviour.



2. Experimental part

Hopkinson bar principle

The set-up consists of three maraging steel bamgter : 20 mm, elastic limit : 1830 Mpa). Thesfibar

or impact bar is propelled into the incoming barimcident bar by a compressed-gas system. The
impactor rate controls the specimen’s strain ratee impact bears a compressive wave in the incident
bar. When this compressive wave meets the spedmaennterface, a part of the wave is reflected
whereas the other part is transmitted to the spatimnd then to the output bar or transmitted 380.Q
deformation gauges, located in the middle of tleeming and output bars, measure the wavelengttes. Th
signals are recorded on a digital oscilloscope aDaJegahertz sample rate. The set-up is given on
Figure I. The bar characteristics are defined oteoito check the hypothesis advanced in the thealet
study. Before using the system, some principlegrgivm [9] shall be checked. The bar diameter to the
length ratio shall be high enough to get a unidioe@l propagation wave. The incident and trangditt
bar lengths shall be twice the incident wave lengtbrder to avoid signals superposition. The Iséall

be straight and perfectly aligned. To that purptsey are guided by Teflon rings located on a ghrial-
beam. The difference between the bar and specim&sdh’s ratios gives rise to friction between the
specimen and the bars. Friction can be reducedtrichting the interfaces.

Data is treated according to the method develogeddry [10].

The wave equation is erttel%—u =— Ga¥ where g is the bar wave speed.
x> c,

The following notation is used: the index i refeyghe incident wave, r to the reflected wave atalthe
transmitted wave.

The equation solver gives the bar particle veloa#ya function of strain.

vi(t) =c, Le ©) - & 1))
V() = —¢, &, (1)

It is then possible to get the specimen mean sted@¥ and the specimen mean strain
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where Lgp is the specimen length.

The forces in the bars and the specimen mean stresken given by:
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where $pis the specimen section, e bar section and,Ehe bar Young’'s modulus.

The bar-specimen set is not unidimensional. Asrseguence, the signal measured at the centre of the
bar is altered when it comes to the bar-specimtface. Therefore, it is essential to take intooaat

the scatter between the measurement point anchtieewhere displacements are computed according to

Pochemmer and Chree equations in the data treatment

Specimen definition

Laminates with various stacking sequences are raatwred. The material is T300-914 carbon-epoxy
composite material. The polymerisation cycle isfqrened in an autoclave. Symmetry rules are used for
the design of stacking sequences in order to awemlane and out-of-base couplings. Three stacking
sequences are used. The first stacking sequenked®i®0° and: 45° laminae is used to characterise the
elementary behaviour. The second and third ondgk,#45° and 90° and with 45°, 0° and 90° are used
to show the interaction between laminae for thédalldehaviour.

Specimens are cut according to different orientatiand their length is reduced as short as possible

order to eliminate local buckling. The dimensions ¢ghe stacking sequences are given on Table Il.

3. Results and discussion

Static testing



Static compression testing is performed on a machbpress. Specimens are equipped with strainggage
The force introduced into the specimen is contdobig the machine’s pressure transducer .

Figure Il shows the different specimens afteruiagl together with the stress-strain curves fromgduge
measurements. [0°] specimens show a brittle bebavikthe stress-strain relationship is perfectlgdin
until failure. Failure is of the burst type at JPa.

The stress-strain curve of [90°] specimens is lingatili 100 MPa and then slightly deflects. This
phenomenon can be interpreted by the control ofrélsen over the global behaviour. Failure occurs at
180 MPa.

The linear behaviour up to 150 MPa af45°] specimens is followed by a plateau that spoads to a
ply angle variation. This variation is the resuftam important resin shear solicitation that notgnal

should not occur on a laminate. Failure occurslatiMPa.

Hopkinson bar dynamic testing

Hopkinson bar dynamic testing is performed at speai strain rates from 100 to 1008 slepending on
the stacking sequence of the laminate.

Figure IV shows the stress—strain relationshipg96f], [0°] and [45°] specimens with Hopkinson bar
testing. Graph IV.1 presents [90°] specimens sts&ssn curves for various strain rates. The stsdssn
slope is constant for all tests. It means that #hisot a strain rate function. This behaviour banalso
observed for [0°] andH45°] specimens. Graphs V.2 to V.4 show static alyhamic stress—strain
relationships for a given strain rate and for ddfe fiber orientations. The static stress-straope is
equal to the dynamic stress-strain slope for etaatkig sequence.

[0°] specimen dynamic ultimate strength is highent static ultimate strength. A quasi-linear bebawi
is observed until failure. [90°] specimen dynamitmate strengh is also superior to the staticmusiie
strengh. The non-linearity that was observed at NIB@ for static testing appears approximately & 21
MPa in dynamic testing+[45°] specimens stress-strain relationships gieatidal slopes for static and
dynamic testing. However, the non-linearity appeatrsa higher value, which is due to the resin

behaviour.



Figure V show the variations of the ultimate stténgith strain rates from 100 to 1008 s Dynamic
experimental values are higher than static valuestever the stacking sequence and the strain rate a
However dynamic experimental values do not varywithe tested strain rate.
[+ 45°] specimens ultimate strength remains almosstamt and equal from 220 to 260 MPa for strain
rates from 200 to 960'sNevertheless, the plateau length increases Witlstrain rate and consequently
the ultimate strain is enhanced. [90°] specimemsvshuasi-linear behaviour up to failure for dynamic
testing at strain rates between 180 and 650kis behaviour is controlled by the resin projesrt
It is difficult to ascertain that the increase bé tultimate strength is related to dynamic testingo the
testing method. Indeed, compression results aoagy influenced by the specimen shape and size and
by the limit conditions. Thus, the small specimémehsions will lead to important bidimensional ste
fields.
Stress-strain relationships are compared for 4wdifft types of specimen on Figure VI :
[90°] and f 45°] are the reference stacking sequences andtgvely behaviour
[+45/90/-45] and [+45/90/0/-45] show a complexisture behaviour
Stress-strain relationship for [+45/90/-45] specisies quasi-linear up to failure.
Results for [+45/90/-45] specimens do not showadeplu as it was observed far 45°] specimens for
stresses higher than 240 MPa. The [90°] laminadenstacking sequence do not modify the specimen
strength in the longitudinal direction. This meanat the behaviour is controlled by the45°] laminae.
Furthermore, the computed value by the classicainate plate theory is equivalent to the experimlent
value for the linear section of the curve. Thisutes obtained assuming that the non-linearityesbed
experimentally in thedf 45°] plies is not computed.
Stresses in compression testing ©#45°] specimens are such tlwgt# 0 andoy = 0, = 0. It is not true
any more when 90° plies are added to thetb°] plies as [90°] plies will give rise to strairn the
transversal direction. It follows that the 45°] plies will not slip and the angle will notaihge.
A similar behaviour is observed for [+45/90/0/-4aminates. The presence of [0°] and [90°] plies
prevents the non-linear effect observed 6r$°] plies. This result is very interesting agxplains the

difficulties encountered in modelling such stacksggjuences. Indeed, the material law used withmvelu



or multilayer elements fits the law obtained from45°] plies experimental results. i |B5°] plies are
included in a laminate, the material law that idisn the computations must be a linear law
corresponding to the laminate law.

In order to estimate the precracking influence amtemal’s dynamic behaviour, [0°] tensile testirgg i
performed on [0°/90°] and [+45°/0°/-45°/90°] speeims. These static tests are carried out at 80%
ultimate strength in order to create matrix micao&ing in f 45°] and [90°] plies. The results are
displayed on figure VII. Microcracks are apparentStanning Electron Microscopyages. Impacts are
performed in a direction perpendicular to the craloko types of tests are performed: tests up tarki

and loaded-unloaded cycles.

Results are presented on figure VIIl. They show tha slope of the true stress-strain curve and the
ultimate tensile strength are equivalent for ptaiprecracked specimens. Nevertheless, it doesnatile

to state on the significance of cracking. Indeedck closure during testing can give an explanatton
this phenomenon. However, it is not possible te@sshether open cracks behave on the same way. It
would require additional Hopkinson bar testing wéhprecracked specimen under transverse tensile

loading.

4. Conclusion

Experimental results show different behaviours leewstatic tests and Hopkinson bar tests. A sagamifi
increase of the maximal stress is observed foemdifft stacking sequences. However, the true stress-
strain curves’ modulus remains constant. For specistrain rates from 200 to 900, ghere is no
significant change of the behaviour. The strong-learity observed forH 45°] specimens corresponds

to fibre sliding. This phenomenon disappears inpitesence of [90°] and [0°] laminae. These regilts

the material law used for modelling. Finally, impaa precracked specimens shows that cracking does
not influence the specimen response in case ok clasure.

Tests are currently performed to check the validityhe results on other materials (glass/epoxy) fan
higher strain rates (> 1000")s Furthermore, an experimental set-up is beinds i transverse tensile

testing.
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Table Il : Specimen Definition

Stacking sequence | SPrhER BOTE Y (T
[(0°)4 | 10.15.4 - 15.15.4 - 20.15
[(0°)gd 10.8.8 - 15.8.8
[(90°)4d] 15.15.6 - 20.15.6
[(90°)] 10.11.11 - 15.11.11
[(0° / 90°)< 10.10.5 - 15.10.5
[(-45° / +45°) 15.15.5 - 20.15.5
[(-45° 1 90° / +45°) 15.15.4-20.15.4
[(-45° 1 0° ] +45° ] 90°,} 15.15.5 - 20.15.5
[(-45° / 0° [ +45° [ 90°,)], 10.10.6 - 15.10.6
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Figure VII : microcraking specimen
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