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IDENTIFICATION OF MA TERIAL PARAMETERS FO R MODELLING DELAMINA TION
IN THE PRESENCE OF FIBRE BRIDGING
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!Dipartimento Ingegneria Aerospaziale, Politeo di Milano

Via La Masa 34, 20156 Milano - ITALY
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ABSTRACT

The interlaminar crack growth resistance of long fitgforced composites can significantly increase

in the presence of fibre bridging, which induces tractions that act over an extended zone in the wake of
the crack tip. As a consequence, the resistanoee (Rcurve) of unidirectional composites in mode |
delamination are characterized by a fracture toughness that gradually increases from an initial value,
Gs, upto a value corresponding to steagtate propagatiorGs. [1]. In previous work [2], iwasshown

that such Rcurves can be represented by superposing two bilinear cohesivéna@mnpact Tension
specimensthe parameters that define the superposition can be obtained from the experimental R
curve by using the analytical expression shown in EqThe equatiordescribes the Rurve for
superposed cohesive lawsthree regionsi) a region of increasing critical energy release (ERRR)

that is proportional with the crack extensioba, ii) a second rangeith a more slowlyincreasing

critical ERR andiii) a rangeof steadystate propagatiomvhere the critical ERR is constant. The
superposition parameters and m describe the two superposedlibear cohesive laws: thawo
cohesive strengths argy =ns. and s., =(1- n)s., where s is the total interfacial strength.h@

fracture toughnesses ar®, =mG, and G, =(1- m)G, with 0¢n,m¢1l. The material constant

Io =gEG./s? in Eq. 1 corresponds to the length dfie steadystate process zone of a crack
propagating according to a bilinear law in an infinite plate.

s
f3Dag i 2g2l
i2le I °n
i 3 Da . m _Da 1-m 1)
Gy(Da)=1G, +(1- n>2g, if 2N .2 (
R( ) %Gl ( )2|g c 3n lg 3l_n
G, if 2.l m
i I “1-n

The last line in Eq. 1 indicates that steadgte crack propagation is achieved after a crack extension
equal to: Dag, =21 (1- m)/(1- n). Since Dag;, andm can be read from an experimentat&ve (see

Fig. 2), this equation can be solved ffor

The objective of the present work is the identification of the cohesive superposition paranaeters

mfor moddling delamination in the presence of fibre bridging. Experiments were conducted using S2
Glass fibreDCB specimenslt was found thathte determination of the superposition parameters in
delamination poses two particular challenges. First, the lenfgthe process zone in delamination
decreases for thin adherends and Eq. 1 requires a thickness correction. Second, the length of the
bridging zone in delamination can be as long as 10 cm, which also renders Eqg. 1 inaccurate [1, 3].

The following empirichcorrection factor for delamination with large scale bridging is proposed:

° b
Da° 2 ' 0 pal, 0
& +Dag, 2

wheret is the thickness of the adherends @nd a constant determined by analysis. The nonlinear
equation (2) can be solved foe., and, subsequently, for the strength ratio
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The model for a finite element analysis of the DCB specimen with superposed cohesive elements is
shown in Fig. 1A. The analysis was performed with Abajuend the results shown in Fig-BL
indicate that the@redicted Rcurve represents a good approximation of the experimental results.
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& Dags (experiment) / PN
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m= 2L
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0<damage <1 G,
UD 50 100 150

Crack length, mm.

Fig. 1: Finite element modeif DCB test (A) and amparison of Rcurves from test and analy$B)

An alternative and more accurate strategy for the identification of material parameters is also proposed
herein, which is based on an optimization procedure. The paranmetamgd m are obtained by
minimizing the error between the corresponding numericadefors. displacement curve and the
average results of five nominally identical tests specimens. A gradient based method implemented in
the iChrome Nexus optimization suite was applied to minimize the error cost function. The
correlation between the optitneesponse and the tests is shown in Fig. 2, which also reports the
response of the analysis with a single bilinear cohesive element. The results indicate that the modelling
technique can capture the effect of laggale fibre bridging. The numerical apization by means of

a direct correlation with the experimental fomieplacement curves appears promising for the

identification of the parameters required for the calibration of the material model.
300 ; :

— Specimen Gl 0/0 #1
----- Specimen Gl 0/0 #2
; . —— Specimen Gl 0/0 #3
L B Specimen Gl 0/0 #4
= 200 / Specimen GI 0/0 #5
—numerical optimzed response
with superimposed cohesive elements
numerical response with a
single cohesive element

N

=

force

i 1 | | | 1
OO 5 10 15 20 25 30
displacement (mm)

Fig. 2: Optimal force vs. displacement response amademicatexperimental correlation
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ABSTRACT

As small impacts may have a large influence on the mechanical behavior of a composite structure, it is
therefore very important to be able to detect and characterize dampge¢od i ct t he partoés
life. Some work has been done on characterization of damage in composites usiigdfull
measurements such as in [1]. In order to test the characterization routines on different cases, it is
important to have control over thested specimen. Barelsible impact damage is the most critical,

because of the fact that it is not noticeable on the surface but involves delaminations that will greatly
reduce compressive strength. To create an experimental procedure which allassedmnent of a
delaminated area, it is important to control where the delamination is in the sample to confirm the
measurements.

Some samples have been manufactured with artificial delaminations, a single layer of PTFE film in the
midplane across the lfuwidth and 50mm long. The samples are in HB552 (quasisotropic layup

with 32 layers), coated with a thin layer of reflective resin and their dimensions are 250mm long
(300mm in fact but 50mm reserved for the clamp), 50mm wide and 4 mm thick. Thtesdmve

been tested in a simple cantilever beam with a point load at the center of the free edge and measured
using the grid method in deflectometry [1]. The strains have been obtained using a windowed discrete
Fourier transform algorithm for the phasdraction, a grapttut based algorithm for the unwrapping
process and a leastuares differentiation and smoothing process using a convolution (Savitzky
Golay) method. The extracted strain maps from these samples show different features from the FE
calcubtions (Fig. 1). This suggests that the experimentally simulated delamination is not as efficient as
it should be.

In [2], the influence of the insert, the behaviour has been studied and it appeared that a single layer
of PTFE film without any release agent was enough to simulate a delamination. The difference
between their work and the one presented here is the fact that they tested the samptéamimarte
tension and in this paper the effect of the interlaminar shemaoiis importantBut a similar problem

has beerlsoencountered in [3] while testing bonded joints in shiappeared that the Kapton film

did not have any effect on the sheaess required to initiate failur@his explains why one can see
from the longitudinal strain fields of sample B the centre, the insertare not acting as a
delaminatiornthrough the whole widthut only at the edgesThe CT-scan from sample 2 presented

(Fig. 2) highlights that fact. The regions where the delamination is visible in the strain fields are the
black lines in the midplane, on the WKiand side and on the righaind side.This may have been
caused by the cutting action of the diamond whden the beams were cut from the plates containing
the artificial delamination. This result is very interesting because it clearly gives some very relevant
information about what happens inside the specimen only from surface measurements. It should be
pointed out that such high quality results were obtained thanks to the very good sensitivity of the
deflectometry technique.
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Figure 1: Strain fields from the FE, a first sample and a second sample, represented in microstrains
(a) transversenaps, (b) longitudinal maps and (c) twist maps.
The black triangle indicates where the-€3an is done.

Figure 2: CTscan from sample 2. Horizontal dimension is the width and vertical is the thickness.

Others samples have been manufactured and tedtbddouble layers of PTFE film for each
delamination and some undamaged samples have been impacted and tested. All these samples have
been CTscanned to investigate whether the inserts are acting as artificial delaminations or not and for
the impacted saples, how extensive the damage is. For some samples, the strain fields are used to
extract the bending stiffnesses for the damaged and undamaged regions.

The authors would like to acknowledge Reflsyce Plc for providing XRays of the samples.
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ABSTRACT

Delamination is an important fracture mechanism in laminated composite structures and different
mechanical tests are used to study the associated crack propagattbe aritlence of the relevant
parameters. In these tests the load, displacement and crack length are usually measured and used in
well established models to obtain fracture toughens. In this work we present a method where fibre
Bragg grating (FBG) sensorsre embedded in unidirectional (UD) carbon/epoxy composites to
measure the strain along the fibre direction in the vicinity of the crack tip during crack growth. This
additional information combined with finite element models allows to study the micrameshof
fracture, namely fibre bridging. Mode | (opening) delamination was examined with the standardized
double cantilever beam (DCB) testing procedure as shown in Figure 1. For nfsdeal) although

there is still ongoing discussion on the best tesimetry [1], we chose the four point end notched
flexure test (4ENF) as shown in Figure 2 because of the stable crack propagation occurring in this test
configuration.

During manufacturing of the composite specimens, optical fibres were placed in the laminate in the
reinforcing fibre direction one ply above the crack propagation plane. The embedded fibres contained
an array of eight short FBGs (each 1mm long) that wereelgngth multiplexed, i.e. all FBGs have
different Bragg wavelengths. The difference in wavelengths between two neighbouring FBGs was 5
nm. The wavelength changes of such an array were measured with a rate of 10 Hz during the whole
delamination process dnthe wavelength shift was converted into strain. The results of such a
measurement in a DCB test are shown in Figure 1. Each of the eight FBGs produces a curve which
shows the evolution of strain at the position of thi§ FBG as the crack passes beIovy [2].
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Figure 1: Measurements of longitudinal strain in a DCB sample in terms of time. A schematic of the
test setup with the position of the FBGs is shown as insert.
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Figure 2: Longitudinal strain as a function of crack length in a mode Il delaminatgrhefatic
shows the seatip of the 4ENF test and the position of the sensors.

Results of such measurememisre combined with crack length vs. time measurements to obtain
strain as a function of crack length. Figure 2 shows such strain distribution fnoodea |l test. The

drop of strain occurs when the crack tip is just above the FBG sensor. Thus, an immediate outcome of
such strain measurements is that they allow to determine precisely the position of the crack tip (see
Figure 1) once the position of tRBGs is measured with an optical low coherence reflectometer.

The strain distribution in either experiment is used in inverse identification methods. In the case of
mode | delamination we identified the bridging law and implemented it in a cohesiveslzonent

model which predicts precisely the complete load displacement curve. In the particular material tested,
mode Il delamination is accompanied by no bridging. Thus the simulations were aimed at identifying
parameters of an appropriate cohesive modlak results of these simulations were used to predict the
load-displacement curve during testing.

The semiexperimental method to characterize delamination in mode | and Il offers an attractive
alternative to existing techniques since there are no a priory assumptions in any of the parameters in
the relevant models.

Acknowledgements: this work wasrtied out with the financial support from the Swiss National
Science Foundation (SNF) under Grant 200020 124397
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ABSTRACT

The resistance to delamination has been the subject of several publications on Mode | interlaminar
fracture of different kind of composite materials, e.gs;2]1 The most popular specimen for
determining the delamination toughness in composites is theledoantilever beam (DCB) [3], see

Fig 1. Although a lot of research efforts have been devoted to the investigation of the fracture behavior
of DCB joints composed of unidirectional or multidirectional composite laminates, less effort was
spent for the inestigation of the fracture behavior of joints, where pultruded laminates were
employed, e.g. [4].

U

L=250 pd = NS

Figure 1: DCB configuration.

In this work the crack growth in DCB specimens comprised of pultruded GFRP laminates and an
epoxy adhesive was investigated. The main goal was to classify and quantify the crack propagation
strain energy release rate (SERR) values according to the locéttbe crack pathThe pultruded
composite material used in this work comprised two mat layers on each side, which are consisted of a
chopped strand mat (CSM) an@®d90° woven mat stitched together with a roving layer in the middle.
The architecture ahe composite laminate is presented in Fig. 2.

The experiments showed that the crack always propagated between the layers of the adherend or near
to the adhesive interface. The crack can propagate at three different depths, i.e. between the first mat
layer and adhesive, path |, between two mat layers path Il, and between second mat layer and roving
layer, path IIl. In all examined specimens, independent of the crack location, the observed failure
according to ASTM D 55739 was a fibetear failure or ligpt-fiber-tear failure. All failures were
associated to fiber bridging, which occurs when unbroken/pulled out short fibers are still present
behind the crack tip.
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Figure 2: Fiber architecture of upper half of laminate cross section (transverseusiguilttirection).

In some of the examined specimens, it has been observed that cracks propagating in between two mat
layers switched to the path between the second mat layer and the roving. In these cases, a bundle of
fibers from the woven roving belongj to the second mat layer was still unbroken behind the crack tip

while the crack was propagating between the second mat and the roving layers. This phenomenon has
been defined as fAroving bridgingd andd was provok

The experimental compliance method (ECM) was used in order to calculate the strain energy release
rate of the examined joints. SERR values for each specimen were plotted versus the corresponding
crack lengths to form a resistance curvec(Rve). The fateau of the Rurve was selected to
represent the SERR for crack propagation. A unique range of strain energy release rate can be assigned
to each one of the described failures: 536+13%, Jon cracks running between the adhesive and the

first mat laye, 1102+233 J/fhfor cracks between the first and the second mat layer, and 851¥48

for cracks running between the second mat and the roving layer. An additional value of around 910
J/nf was calculated when roving bridging was observed.

The authors wald like to thank the Swiss National Science Foundation, Sika AG, Zurich (adhesive
supplier) and Fiberline Composites A/S, Denmark (pultruded laminate supplier) for their support of
this research.
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