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Abstract

Interlaminar fracture process in woven compositenilaate in general takes place in a
nonlinear front propagation when analyzing a 2-Dopagation for mode | opening. The
nonlinearity is justified by the arresting cracktae warp yarn. Regarding mode Il opening,
the crack interaction to the crimp surface stilleds further assessment. The tortuous crack
path and, consequently, loading directions on bottdes were determined in this work by
fractographic analysis of quasi-static and cyclmading fractured in 5HS carbon/epoxy
composite specimens. The crack growth rate andhseiaergy release rate were compared to
the fractographic images that approximately pointedt the driving force in each
delamination stage. Mode | fracture surface showedave more influence on fracture
toughness (fg than amplitude loading while mode Il fracture fsuwwe suggested the opposite
behavior, all based on the well-known fracture patt established along the years for other
composite architectures

1. Introduction

Woven fabrics employed in laminate composites Hasen widely applied in engineering
structures due to their good characteristic of dipglgy and high damage tolerance [1]. Other
remarkable characteristic of woven fabrics is thieasced delamination resistance compared
to unidirectional tapes, but has reduced compressgiength because of the crimp produced
by the interlacing tows [2].

Interlaminar fracture toughnesSi€) in composites is determined by the strain enestpase
rate (SERR) based on Griffith theory being a mougéable way to deal with a non
homogeneous structure of fiber and matrix compwsst{3,4]. By taking the parame@rinto
account to describe crack propagation, it was tepdhat the crack path varied according to
the type of fabric, normally presenting a starppsb®havior that reflects in a serrated profile
of G x ain R-curve [5].
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For mode Il the propagation under quasi-static ¢@rdis more unstable as compared to
mode |. For example in multidirectional laminatésnvas reported crack jump and crack
formation ahead of the main crack or in neighbotaygrs [6,7].

The micromechanisms that describe the crack pathunidirectional laminates can be
distinguished for modes | and Il by analyzing thacfographic images, but for other fiber
architectures it can involve both modes of loadenen testing for only one mode.
Greenhalgh et al. [8] presented evolution of freetmicromechanisms from pure mode |
changing to a mix mode until reaches pure modddide | loading exhibits clean surface that
indicates matrix cleavage, fracture process whibhracteristically indicates low energy
dissipated in the fracture process. Some relatacture patterns in ply separation process
usually are feather, river marks, scarps, and nisj8]. By increasing mode Il component, a
rougher surface is created following an increasergergy necessary to create a new
delamination. The resulting fracture pattern forgpmode Il loading is represented by cusps
makings that also appears in mix mode in multidioeal laminates [8,9,10]. According to
Greenhalgh et al. [8] the high ener@y ) in mode Il is attributed to a fractured area aau
the crack tip and is derived locally By..

In regard to fracture surface in fatigue tests, f@arks reported the patterns of fractured
surface in more complex fiber architecture. In wodnducted by Shiino et al.[10] it showed
the cusps size dependence on a number of cyclds loa quasi-isotropic laminate under
uniaxial load as shown in Fig 1. On the other hamd,more general way, Gilchrist et al. [11]
stated that no fatigue life can be determined bygususp parameter, due to the fretting and
abrasion process that obscures any fracture pattherwise the latter author mentioned
striation as an important fatigue fracture pattemtough epoxy system, as a similar feature
to fracture surface in metals. For pure mode | Br@ilchrist et al. [11] did not find any
difference between static and cyclic loading freetsurface.
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Figure 1. Variation of cusp size with fatigue life in multidctional composite adapted from [10].

Considering the importance of fracture surface thedtype of load that generated the failure,
it was conducted fractographic investigation toerathat lack of information with respect of
fracture surface under cyclic load with differembak growth rate. The fractured surfaces
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obtained in double cantilever beam (DCB) and endinflexure (ENF) specimens were
firstly observed in optical microscopic and furtloemducted a detailed analysis in Scanning
Electron Microscopy (SEM).

2. Materials and M ethods
2.1. Specimen preparation and fatigue test

The laminate plate was processed with a RTM-6 bmoment resin system, with viscosity
100 mPa.s at 80°C approximately for the injectigale For cure cycle, the temperature was
risen at a ratio of 5 °C/min until reached 180°€ 180 minutes.

The 5HS woven carbon fabric with areal weight ofl 3¢nf and fiber tow of 6K was
preformed prior to the injection, this process \wassible due to the epoxy powder in both
fabric surfaces. The preform comprising 8 layesulted in a laminate with 58% of fiber
volume fraction in a 3 mm thickness cavity. In th&ldle of the perform it was placed a 13
um PTFE insert film in the laminate edge to prodaceartificial pre-crack as specified in
standard test method [12].

The fatigue test was conducted in a 5 kN MTS tgstimachine that cyclic loaded the
specimen arms with a frequency of 5 Hz, a streds cdf R=0.1, and using displacement
control in both opening modes. The combination o&dximum @ma) and constant
displacement assured the data acquisition for derrg values ofda/dN ratios and,
consequently4G energy.

The data reduction to calculate the energy releate followed the derivation odC/da
function of the Irwin-Kies equation, Eg. (1), in igh the equation of the compliance change
as a function of the crack increment can be calewacording to Eq. (2).

P? dC

=== (1)
2B da

C=ma" (@)

Wherem andn are parameters to be experimentally determinefittimg the logarithm ofC
anda in a doubld_og curve.

For the mode II, similar test specimen were usettliba time with a three-point-bending
device. A support span was employed equal to 2L=h@Q an initial crack length equal to
a=35mm. The method is based on compliance based begthod (CBBM) that depends on
the corrected coupon compliance, the equationspancedures for data reduction are well
outlined in work conducted by Moura et al. [13].

The driving force considered in this work for damggopagation is related to the applied
cyclic loads and for similarity condition it was@uted4G=Gex defined by the superposition

rule as(yG, ., —+/G,;,)* that direct relates to the amplitude load ranBg14].

2.2. Fractographic investigation
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The first analysis was conducted at fractured cgubge that was careful polished according to
the following condition of material and parametsar(d paper number/rotation/time in
minutes) and the sequence: (400/200/4); (600/250(4200/300/5); (1um diamond
particles/300/6) and (0.2bm silica colloidal solution/350/6). In every stepetspecimens
were cleaned in an ultrasonic bath for 2 minute$senvards the edge was observed in an
optical microscopy in bright field and reflectioechnique in order to distinguish carbon fiber
from epoxy matrix.

The Scanning Electron Microscopy was performedguaidEOL-JSM5310 equipment with a
tungsten filament working at 15 keV. The electrazaim of 15 keV was the most suitable
choice for the studied material providing a dethtl@pographic information. A gold thin layer

coated the fractured specimens in order to incréeselectron conductivity. A film with less

than 20 nm is recommended to avoid any interferentee topographic information.

3. Results and discussions

Fig. 2a shows the crack propagation at Hgtthat did not introduce damage into the tow as
at this point the propagation can be compared #siegtaticG,.. Meanwhile at half-way of
the da/dN curve showed in Fig. 3, a damage zonendrthe crack tip was introduced prior to
the crack propagation as indicated by the arro®ign2b. In mode | case the damage usually
crossed the weft tows, weft is considered here eapemdicular to the crack propagation
direction.

Mode Il propagation initiated at 72% G facing warp/warp interface as shown in Fig.2c.
For any range o6 the crack was located in the same interface thdsl inot crossed weft
tow as observed for mode I. Important to note aatgzone for mode Il however at the same
interface instead of affecting a region arounddteek tip as occurred for mode | as showed
the linear crack path in Fig. 2c and 2d.
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Figure 2. Crack path along the edge: a) at the crack tiglaripb) at 2x18 mm/cycle growth rate in mode I; c)
at the crack tip, mode II; d) at 1xf@nm/cycle growth rate in mode 1.

In both modes the crack propagation rate changedrégion that did not follow a Paris law
due to the arresting crack in regions at the wagtisn. This phenomena is more evident in
mode | in the 200 to 240 Jmange as showed in Fig. 3a. Rectangular detallsdred by the
areas in Fig.3b are related to threshold regiorts \&ith unstable fast crack growth rate.
Between these two regions a fairly linear behainoterms ofLog(da/dN)versusLog(Gsx)
was observed. A detailed investigation on micronae@ms of fracture for this region is

described in the next paragraphs.
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Figure 3. Crack propagation rate: a) mode I; b) mode Il imeta by equivalent crack method.(ECM).
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Figure 4. Fracture surface: a) mode | at fast propagatipmdue | at approximately 1.5xf0nm/cycle; c)
mode | at approximately 4.5xfanm/cycle; c) mode | at approximately 8 mm/cycle.
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In all Figures the full arrows indicate the glolpabpagation and the small ones followed by
numbers indicate a local propagation. In Fig.4aaitlet shows the formation of scarps
between the fiber tows and at the tip of this pattmay indicate the end of the fracture
process. On the top of Fig.4a detall 2, it is shdlerformation of cusps due to an overload
and oblique direction of referred load.

Fig. 4b shows a typical fracture surface associattid the region of constant crack growth
(between 200 to 240 Jfin Detail 1 indicates the peeling process with ssinig fiber and also
detail 2 shows the mirror of the ribs that also destrates the same tensile stress, as reported
by Purslow [9]. Fig 4c shows the same micromecmasiom the previous one but with less
matching ribs. Moving to a region close to a thaddhegion in Fig.4d, the scarps seem less
sharp and the crack crossed into the warp towafmiv-showed by small arrow) in different
planes thus causing more damage than other sections

Further analysis was conducted at the center ofrietured specimen following the same
sequence of the previous paragraph described in 4&igmages captured in this region
presented featureless patterns compared to thext fabkam the edge as seen in Fig.5a and 5b.
These regions encompass the low propagation ratdich the dashed line demonstrates the
smooth transition that could relate the influentéhe amplitude loading as formulated using
superposition rule.

b) JAG: 1000 x HV: 20,0 KV WD: 0,0 mm

Figure 5. Fracture surface: a) mode | at approximately 105xhm/cycle; b) mode | at approximately 1.8X10
mm/cycle.

The mode of failure has meaningful difference betwé&actographs achieved from the edge
and from the center, the former presenting morerfibatrix interfacial failure while at the
center more cohesive failure, both regions undeficcyoadings. According to Greenhalgh
[2], cohesive failure is related to quasi-statiduf@ in the meanwhile the smooth surface in
Fig. 5b is also related to fatigue failure.

Fractographs were taken only at the warp sectioat #se weft section the tows hold all the
peel loading and after damaging this section thepggation takes place in a quasi-static
manner without any feature of fatigue loadings glin

Mode Il fracture surface of static and fatigue spen can be differentiated by means of cusp
and roller formation, respectively [2]. Most of thealysis was conducted in the warp section,
in which mode Il propagation showed the roller fatimn with increasing debris when
moving towards the delamination length which isated to the reduced crack propagation
rate as seen in Fig 6.
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The roller formation provides evidences of decregsamplitude loading acting on the
fracture surface as a consequence of increasindeauof cyclic loads in this area. This can
be distinguished, at this point, from the debrisdefached rollers rather than the fracture
surface as this characteristic feature could depantie matrix content between fibers.

10 pm

Figure 6. Fracture surface: a) mode Il at 72%@) mode Il at approximately 4xT0mm/cycle; c¢) mode Il at
approximately 4x18 mm/cycle; b) mode Il at approximately 4x4tm/cycle.

In the weft section, very poor information was left the fracture surface. Nonetheless
striation, as defined in [2] can be found in resom regions as detailed in Fig.7. Note that it
resembles to feather patterns [9], however it hasi@eation point that propagated in the
same direction of the global delamination.

10 pm

Figure 7. Fracture surface at the weft section.

4. Conclusions

This paper explained how the driving force, adopsdes , acted to produce the fracture
patterns in mode | and Il by knowing the globalpagation direction. So far the fracture
surface on mode | had few characteristic featuras links to the amplitude loading despite
the cohesive failures showed in the discussionisectin this fiber architecture more
interference of the weft tows can hide the studiearacteristics of cyclic loadings.
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For mode Il the aforementioned interference hasl ilefluence in the warp section, as seen in
linear part of Paris law in Fig.3b, as in this maatearea is involved in the crack propagation
thus delaminating in a linear path. Then the adbjae that related the similitude of stress
intensity factor 4K) is suitable for mode II.
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