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SUMMARY : In order to study delamination crack tip behaviour, several specimens have been
tested under pure mode Il loading inside a scanning electron microscope. One of the most
interesting findings is the presence of crack opening displacements, even though the global
loading has been independently confirmed to induce only pure sG€HD.profiles have been
measured for different applied mode Il strain energy release rate values and their magnitude is
very significant. The local crack opening is the result of the crack faces being moved apart as
surface features slide over each other, and therefore the amount of opening varies with the
surface roughness. For this reason, there is less opening when the crack is grown from an
insert than when it has already been grown beyond the insert. Moreover, the variability in the
amount of mode | opening can explain the higher scattey.idata in the literature.
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INTRODUCTION

The topic of delamination growth has received much attention, with Linear Elastic Fracture
Mechanics (LEFM), and in particular the strain energy release @tebging the most
common approach to characterize the behaviour of a crack. Typically, knowledge of the
global applied conditions (loads and/or displacements) and the geometry is used to calculate
local parameters@ or the stress intensity fact®t). However, local perturbations such as
resin rich regions, fibre bridging and crack face waviness have been noticed by many
investigators [1]. Thus global applied loads are often not transposed directly and uniquely into
equivalent local crack tip conditions. Moreover, there is sometimes disagreement on how to
partition modes in a mixed-mode loading case [2], and considerable controversy about the
exact nature of mixed-mode fracture behaviour. Therefore, the objective of this work is to
measure the load and displacement applied to a specimen and, at the same time, the crack tip
behaviour, in order to establish a quantitative relation between them.
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EXPERIMENTAL METHOD

A technique for measuring the local strain energy release rate based on the crack opening
displacementsGOD) and crack shear displacemer®SD profiles at a delamination crack tip

has been developed and is presented in [3,4]. The measured local strain energy release rate is
compared to the global one, calculated from the globally applied conditions LEFM. The
technique requires the use of an instrumented loading jig designed to fit inside a scanning
electron microscope (SEM). Mode |, mode Il and mixed-mode loading can be applied to a full
size DCB specimen. The applied loads and displacements are measured and the images
obtained simultaneously from the SEM are stored. After the test, crack opé@my and

shear displacement€8D are measured on the images and compared to the ones predicted
for the global strain energy release rate calculated from the applied loads and displacements
using LEFM. A gold grid deposited on the edge of the specimen is used to provide reference
points for theCOD andCSD measurements.

The loading system has been tested to confirm that only a bending load is applied when a pure
mode Il loading condition is desired. A specimen was instrumented with two strain gauges
close to the clamping point, on both surfaces, and loaded up to 100 N in mode Il. The axial
strain was less than 1% of the bending strains. The test was repeated several times, confirming
that the loading was indeed pure mode II.

For an orthotropic DCB specimen under mode | or mode Il load, the expression for the strain
energy release rate has been obtained using finite element analysis in conjunction with
analytical considerations [4,5]. We call thé&r andGs, to indicate that they are calculated
from the global values. For the results presented in this p&pers always zero and the
equation forGy is:
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The crack face displacements in an orthotropic material can be related to the strain energy
release rate [6]. In this paper, we are interest&OD profiles. Eqn 5 is used to evaluate the
local values ofG, that gives the best fit to tHéOD profiles measured experimentally on the

SEM images. This value is call€g), to indicate that it is calculated from the local crack tip
conditions.
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wherer is the distance behind the crack tip.

TEST DESCRIPTION

Results are presented for 20 appliad levels distributed over 5 crack lengths and three DCB
specimens of 24 layer unidirectional AS4/3501-6 CFRP laminate. The specimens dimensions
are described in Table 1.

Table 1: Characteristics of specimens A, B and C.

Specimen A Specimen B Specimen C
material AS4/3501-6 AS4/3501-6 AS4/3501-6
Vi (%) 59 59 59
grid spacing |im) 50.8 12.7 12.7
h (mm) 1.82 1.79 1.80
B (mm) 19.93 19.51 19.63
L (mm) 70.0 70.0 70.0
a (mm) 18.4 (Ansen) 18.4 (Bnsen) 44.64 (G)

19.0 (A)

23.3 (A)

A specimen with an insert, & Wwas first loaded t@c levels of 122 and 225 J/nand
unloaded. The crack was grown G2 from the insert under mode | loading and then loaded
at Gy levels of 225 and 550 JinfA;). The crack was extended 4.9 mm from the insert and
loaded at the followingsc levels: 269, 324, 432, 543, 648 and 770°J/f). Finally, the
crack was loaded up to failure, which occurred @t@of 880 J/r.

A specimen (Bse) Was loaded, from the insert, @ levels of 104, 297, 494 and 695 3/m
Unstable crack growth occurred at 9782%)/nThis specimen was used to study the effect of
loading from the insert by comparing the results from tests from the insgtt: 68d Bhser)

with the ones with a grown crack {AA; and G).

A specimen (@ with a long crack grown in mode &£44.64 mm) was loaded & levels of
103, 306, 499, 603 and 721 J/nThen, unstable crack growth occurred, & of 833 J/m.
This specimen was used to study the effect of a large starter crack on the crack tip behaviour.

For all tests, slow scan images from the SEM are recorded at the indgatdéelels, at a
magnification of 500x and a resolution of 1024 x 840 pixels. After the test, these images are



assembled in a montage: a typical image is shown in Fig. 1. From these imag&3Dthad
CSDversug profiles are obtained.
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Fig. 1: SEM crack tip image (fer) for Gie=225 J/nf

RESULTS

On all three specimens, matrix microcracks are formed ahead of the crack tip in the resin rich
region between the fibres as mode Il is applied, as has been reported in References [7,8].
These microcracks form at a°4&ngle to the fibre direction, which is the plane of principal
normal stress for a pure mode Il loading. Between any two adjacent microcracks a ligament is
created. As the mode Il load is increased, the angle between the microcracks and the fibre
direction increases. Finally the microcracked zone grows by coalescence of the microcracks at
the fibre/matrix interface, either at the top or bottom of the matrix region. All these findings
are in agreement with studies found in the literature [7,8,9].

The COD profiles were measured for the indicateg levels and crack lengths for specimen

A (Fig. 2 and Fig. 3), B (Fig. 4) and C (Fig. 5). Since the crack tip position is changing due to
microcracking, theCODs are plotted as a function xfthe position along the crack tip from

an arbitrary origin, the same for all load levels.

For a pure mode Il test, tli@ODsare expected to be 0. However, as can be seen in Fig. 2 to

5, a significant amount of local mode | opening is present. Careful observation of the SEM
images shows that the crack is neither straight nor smooth. Thus the mode Il shear loading of
the crack forces the crack faces apart as the crack surface features slide over each other
(Fig. 6). In other words, the local asymmetric crack topography combines with the pure shear
applied globally to induce a local mode I loading.

The magnitude of this effect can be calculated fronQ®® measurements using Eqn 5. The
values obtained foG,. are indicated on Fig. 2 to 6 beside each dashed line profile. We notice
that the measurements agree well with a square root singularity for a length of roughly 1 mm
from the crack tip. Then tHéODs seem to reach a plateau. This can be explained by the fact
that, at a certain distance behind the crack tip, a maximum surface roughness has been reached
and the height of these bumps is roughly constant.

In Fig. 2 to 5, we can also see that, for the lower apfiedoads, theCOD profiles have the

same origin with increasing mode Il load, since the ligaments created by the microcracking can
still withstand an opening load. However, at higher load levels,fofAfand G, the origin of

the COD profile is shifting: the crack is advancing because the microcracks are coalescing.
Visual observation of the images confirms that the distance obtained from the shiiCidbhe
profiles agrees very well with the length of the coalesced zone. There is practically no
coalescence for ifer: and Bhsert



In Fig. 3, it can be seen that initially, with no mode Il load, a mode | component of roughly
5J/nf is present. Since the crack has been grown 4 mm from the insert, there is debris
preventing it from shutting closed.
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Fig. 2: Plot of COD vs. x (distance from the crack tip) for specimen.&«{&nd A) loaded
under pure mode Il. Dashed lines show COD profiles fothat best fit the measurements.
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Fig. 3: Plot of COD vs. x (distance from the crack tip) for specimdonadled under pure
mode Il. Dashed lines show COD profiles far tBat best fit the measurements.
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Fig. 4: Plot of COD vs. x (distance from the crack tip) for specimeg:Baded under pure
mode Il. Dashed lines show COD profiles far tBat best fit the measurements.
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Fig. 5: Plot of COD vs. r (distance from the crack tip) for specimglo&led under pure
mode Il. Dashed lines show COD profiles far tBat best fit the measurements.
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Relation between mode | and mode Il

For all the specimens, the magnitude of@@Ds increases with the mode Il load, as the wavy
crack surfaces slide over each other. As can be seen in Fig. 7,Ghmsrelotted againsBc,

the magnitude o6, increases with the applied mode Il loading, as would be expected from
the proposed mechanism. When there is only an insgtt«(@nd Bhser), G is much smaller

for the samé>;c. This can be explained by the fact that the Teflon insert is smoother than the
crack grown in the material. Furthermore, sit&e is lower, the ligaments are less likely to
reach thdimit strain. This can therefore explain why the microcracks are not coalescing, as
mentioned previously.
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Fig. 7: Plot of G. vs. Gg global for specimen A, B and C. Hollow markers indicate tests
from an insert. The markers show values at failure (&evaluated by linear extrapolation).

Gu. values as high as 33 J/rare measured: this is 25% 6f., and therefore the mode |
component is very significant. Moreover, these H#ghvalues are measured before unstable
failure is reachedG,. at failure is likely to be even higher. Thus final failure in what is
nominally a pure mode Il test may be influenced significantly by the mode | component. In Fig.
7, theG,_ values at failure have been evaluated by linear interpolation and plotted &jainst
(dashed lines) for the 3 cases w&igs is known. Even though these values are not exact,
they show a trend: the higher the measu®gd, the lower the measured mode | component.
This would confirm the findings by several authors tBatfrom an insert is higher than from a
precrack [10], since, as we have now sé&nijs lower due to less surface waviness.

Fig. 8 shows the effect of not knowing that there is a mode | component on the mixed-mode

failure envelope, for the 3 failure points shown in Fig. 8. The pure mode | value comes from a

specimen loaded under pure mode | [4]. If we neglect the mode | componeBi, traues

are different and there seems to be significant scatter in the data.Glf tlues are included,

then each data point is shifted up by a different amount and there is a linear relation between
them, rather than scatter. Interestingly, O’'Brien [10] points out that the scatter in mixed-mode

delamination test results for AS4/3501-6 increases significantly for high mode II.
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Fig. 8: Effect of neglecting the mode | opening due to surface waviness on the mixed-mode
failure envelope.

CONCLUSION

Several specimens have been tested, showing that under nominally pure mode Il loading, the
crack tip is opening in mode |. This is due to the face roughness, which forces the crack tip
open as surface features slide over each other. The amount of opening varies with the waviness
of the crack. For example, the local mode | opening is lower when the crack tip is at the end
of an insert than when the crack grows beyond the insert. This could partly or wholly explain
why initiation G, values are found to be higher than propagation values.

The variable nature of surface waviness, and therefore, the variable amount of local mode |
opening, can also explain the large scatter observed by many investigaBasdata, as the

tests are not really pure mode Il tests, but in fact mixed-mode tests with unknown and variable
proportions of mode I. The determination of the widely quoted mode Il material toughness is
therefore open to question. The work presented here should be considered in the development
of a standard pure mode Il test for the determinatio@ef More generally, this work also
suggests that mixed mode loading might result in local crack tip conditions quite different than
predicted from the partitioning of globally applied loads, with considerable effect on mixed
mode failure envelopes.
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