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SUMMARY

This paper describes an experimental study ofrthiali delamination length effects on
the mode | fracture toughness using DCB tests.rDiakaion failure was also predicted
using exponential cohesive model and a quite ggoeeanent with experimental results
was obtained. Numerical predictions showed a gmant influence of initial
delamination length on the force-displacement csirve
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INTRODUCTION

Carbon fibre reinforced composite materials are elyidused for structural
applications in automobiles, ships, aircraft, dideland sportive goods as a
consequence of their beneficial characteristicshsas stability, lightweight and high
stiffness. However, the strength, stiffness andal@erformance of these materials are
significantly affected by geometrical and matedafects resulting from an imperfect
manufacturing process or from external loads duttiegoperational life [1-2].

The impact loading can cause extensive delaminatoidl matrix cracking within
the laminates that may not be visible on the serfi@@. In fact, impact damage is
considered the primary cause of in-service delatimnan composites giving reductions
of the compressive residual strength up to 60%][4-Eacture mechanics approaches
have been used to characterize delamination resesta/arious standards have been
developed for mode | fracture, in particular theullle cantilever beam (DCB) test,
involving the measurement of the critical strairemgy release rate, & and several
studies can be cited [6-11]. According to Maletlial [12], several data reduction
methods were assessed, like the corrected beamyt{€BT), the experimental
compliance (ECM) and the area methods. In the CBgraach the G value can be
calculated from the load, the opening displacenoémtihe arms and the measured crack
length [12]. For the ECM approach the specimensewmst pre-cracked and the
initiation and propagation values were determimedne loading/unloading cycle [12].
Finally, the area method involves the measuremetiteoloading/unloading curves for
successive increments of crack length and the Gevas calculated from two
consecutive loading lines, corrected for zero dispinent at zero loads [12]. On the



other hand abundant studies are also reported rémtufe toughness in mode I,
particularly using end-notched flexure (ENF) tg8ts13-15].

For carbon fibre reinforced epoxies resins, it ¥easd that the typical values of
Gy in stable propagation are around 260%J/f In order to improve the interlaminar
toughness of the composites materials the biblgigrasuggests the application of
thermoplastic resins [7], due their high damagertoice, or the insertion of ductile
resin interleaf between each carbon fibre/epoxyeray16]. An alternative to the
toughened resins is the use of advanced textilent@ogies with substantially improved
delamination resistance [6, 17]. It was demongirdteat Gc values for the knitted
composites are about 10 or 20 times higher thantHer uniweave composite [6].
However, studies developed by Mahatlial [12] showed that the resistance to crack
growth depends on the manufacturing process used.

Others parameters show great influence on thelamé@nar fracture toughness.
The influence of fibre direction was studied by Klpawaet al [18] and lower values
were obtained with samples whose fibre directios 8@°. Cheret al [7] observed that
the values of ¢ in stable propagation have a dropping tendencly wmitreasing fibre
content in the range of 21%-39%. The results shiss that the increase of fibre
volume content promotes fibre bridging. On the otiend the interfacial properties and
weave structure affect the mode | interlaminartfreectoughness as reported by Kotaki
and Hamada [9]. The study of these authors showat the delamination patterns
changed from stable to unstable with increasingerdnof silane coupling agent and
with decreasing number of fibre strands transveosdéhe crack growth direction.
Unstable fracture occurs at tougher regions caudmsedransverse fibre strands and
modified resin affected by silane coupling agerte Track growth was analyzed, via
acoustic emission technique, by Kostopoudbsal [19], who classified the acoustic
emission activity in four different classes. Clakds attributed to matrix cracking
damage and is the most populated (appears frorhei@ning of the test until its end)
while the class 2 results from the fibre/matrix enfidcial debonding/fracture
phenomena. Class 3, in parallel with class 2, tedubm the failure of the bridging
fibres and class 4 is considered as mechanicabaat#/ctronic noise.

In this context it is very important for design pases to understand the
interlaminar fracture toughness properties of fitmi@forced composite materials. If the
double cantilever beam (DCB) tests present consemsinternational community to
obtain the mode | fracture, for mode Il the mospylar tests are the end-notched
flexure (ENF), end-loaded split (ELS) and the fpoint end-notched flexure (4ENF)
[20]. However, Morais and Pereira [20] showed that ENF specimen combined with
the ECM (effective crack method) is the best solufor the characterization of mode I
fracture with some advantages like simplicity, mgigle friction effects and low
tendency for geometric non-linearity.

This paper describes an experimental study develapecharacterize mode |
fracture toughness using DCB in carbon/epoxy wosamposites. Numerical studies
based on the finite element method were also dpedlido obtain the strain energy
release rate and to characterize interlaminar cgrokvth using a cohesive energy
method. Good agreement was observed with the empetal results. Finally, the effect
of initial crack length was simulated on order tataon its effect on the interlaminar
fracture toughness.



EXPERIMENTAL PROCEDURE

Composite laminate sheets were manufactured usimetyé woven, balanced, bi-
directional, layers of carbon fibres (with 196 g)rall of them with the same orientation
0/90°, and an epoxy resin matrix. Fibres and resre hand placed in a mould and
subjected to low compression. The mould was thenirgo a vacuum bag during 8
hours for room temperature curing. The fibre volufreetion (V) was 0.66 and the
average plate thickness was 3 mm. Details aboutntaaufacture process of the
composites laminates can be found in previous wbtke authors [21]. A 40m PTFE
film was used to generate the starter crack, inited into the plates during moulding
of the laminates.

Figure 1 shows the fibre distribution along the dibmdinal direction, and
misalignment is evident. This misalignment presgsi@me variation along longitudinal
axle. The angle misalignment of fibre was determlinsing the Designer 6.0 software
applied on lateral view photos. An average anglé.2% was obtained with a standard
deviation of 1.7.

Figure 1: Lateral view showing the fibre distrilmutialong of the longitudinal direction
of the specimen.

The experimental work involved double cantileveraine (DCB) tests. The
specimens of composite material were cut with andiad table saw from the original
plates, which were 300 mm long and 100 mm widgnakl with one fibre direction.
The geometry and dimensions of the specimens angrsin Figure 2. DCB specimens
were used with 180 mm length, 25 mm width and ahitrack (g) of 30 mm. Two
piano hinges were bonded to both surfaces of theisen at the cracked end for load
transmission. The piano hinges and the specimems wgm&t-blasted with sandpaper
before bonding and then cleaned with alcohol impa¢gd soft paper. The adhesive
used for bonding was an Araldite 420 A/B bi-compuneThe DCB tests were
performed in tension, according to ASTM D 5528-@2][ using an electromechanical
machine, Shimadzu model AG-X, equipped with a 1&bldl cell. The load level, the
displacement and the crack length were recordethgliine tests. Figure 3 shows the
test apparatus.

For each condition five samples was tested anctiperiments carried out with
the crosshead velocity of 0.5 mm/min [18]. In @irgples one of the edges was painted



with nail varnish and then several marks were ntadacilitate the determination of the
crack length
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Figure 2: DCB specimen (Mode I), dimensions in mm.

Figure 3: DCB test apparatus with video image.

EXPERIMENTAL RESULTS

Figure 4 shows typical experimental load-displacetm=urves from the DCB
tests. These curves were reproducible and sinolasther reposted literature results.
However load drops are evident indicating largetainneous delaminations.
According to the study developed by Kotaki and Hdan§9] the unstable fracture
occurs at tougher regions caused by transverse §itvtands. In fact it is possible to
observe in figure 1 regions with reduced amountsesin, where the fibres practically
contact, while other regions are rich in resin. réf@re there are regions with different
toughness and consequently unstable propagatiomrsocAs a consequence of this
phenomenon the crack length measurement was faubd difficult, therefore a large



scatter was observed. Figure 5 shows the energasel rate for mode I. The
formulation used to obtain G can be found in theknaf Morais and Pereirf20]. For

the DCB specimen the peak of.®vas obtained at a crack length of 35 mm and the
maximum value obtained was 500 3/m
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Figure 4: Typical load-displacement curves for BHeB tests.
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Figure 5: G versus crack length.



NUMERICAL SIMULATION OF DELAMINATION

Interface elements were considered at the interficesimulate the crack
propagation by delamination. The strain measurehetinterface elements were the
relative displacements between the top and bottdges The relative displacements
are combined in an equivalent value and the canmistt behavior of the interface
elements is defined in terms of an equivalent iwactersus the equivalent relative
displacement. The area below the traction-displacensurve is called the cohesive
energy, or critical energy release rate:\GThe displacement corresponding to the
initiation of damage is called critical displacemen, as illustrated in Figure 6. Figure
6b shows the deformed shape of DCF speciaath the final crack length resulting
from damage progression.
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Figure 6: a) Exponential damage model. b) Deforsteape of DCB specimen.

Figure 7 presents the numerical predictions obthifez the DCB specimen
considering different parameters. The global shapehe numerical load versus
displacement curve agrees with the experimentalec(frgure 4). This indicates that the
delamination elements are adequate to model dapragagation in the carbon-epoxy
laminate. At the beginning of loading there is @edér region without delamination,
corresponding to the elastic deformation of makefibe decreasing region of the force-
displacement curve corresponds to the progresdidgheodamage. Variations of 10%
were introduced in g and ¥ The cohesive energy {zand the critical displacement
(v¢) have a major influence on the descending regiothe load versus displacement
curve, corresponding to damage progression, asegrb and 7c illustrate. Finally, the
initial crack length has a major influence on tmedr region of the curve, i.e., affects
the initial rigidity of the specimen, but has ndluence on damage progression (figure
7d).
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CONCLUSIONS

The delamination of woven carbon-epoxy laminatedhposites was studied using
mode | DCB specimen. The main conclusions aredibttow.

* Notched specimens were prepared, and tested gp@si-static loading, in order to
obtain the load-displacement curves and energyaselgate versus crack length.
Significant instantaneous delaminations were oleskfor all DCB specimens. The
mode | critical energy release rate showed oscijabehaviour, explained by the
instantaneous delaminations. The maximum valudrdddor G, was 500 J/h

» Delamination was modeled using interface elem&gsther with a cohesive energy
method and good agreement was found between tdevkraus displacement curves
obtained numerically and experimentally. A relayvéigh sensitivity was found



relatively to the numerical parameters of the daanagdel (G and \). The increase
of initial crack length was found to produce a @ase of rigidity, but the damage
progression was not affected.
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