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Abstract

Delamination growth under fatigue loads in real composite components generally develops in a non-constant
propagation mode. The aim of the investigation described in this article was to develop a model capable of predicting
the fatigue delamination growth in a general case, under varying mode mix conditions. The crack growth development
in essentially unidirectional laminates of carbon-fibre reinforced epoxy was analysed in terms of the Paris law for
different constant propagation modes: mode I (double-cantilever beam test), mode II (end-notched flexure test) and
different mixed-modes I/II (mixed-mode bending test). The dependence of the Paris law parameters on mode mix is
compared with the existing models in the literature. It is shown that these models do not reproduce the non-monotonic
dependence on mode mix which has been observed in experimental data. Therefore, an improved phenomenological
model is introduced and compared with the experimental data obtained by other researchers. To check the ability of the
model to predict variable mixed-mode fatigue delamination, the mixed-mode end-loaded split test was employed and
the experimental results were compared to the predictions of the model. The underlying mechanisms responsible for the
dependency of the crack propagation rates on the degree of mode mix are also discussed on the basis of fractographic
analysis.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Most of the failures in structural elements in use are a consequence of mechanical fatigue. Therefore,
fatigue is a decisive factor in designing durable mechanical elements. In laminated composite materials, the
fatigue process involves different damage mechanisms that result in the degradation of the material. One of
the most important damage mechanisms is the delamination between plies of the laminate. In aeronautical
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applications, composite plates are sensitive to impact and delamination occurs readily in composite lam-
inates on impact. If the composite structure is subsequently loaded in compression, delaminations are likely
to grow in varying crack propagation mode and eventually cause structural failure by buckling (e.g. Nilsson
et al., 2001).

Many composite components have curved shapes, tapered thickness and plies with different orientations,
which will also make the delamination grow with a mode mix that depends on the extent of the crack. Thus,
delaminations generally grow in mixed-mode. It is therefore important to develop methods that can
characterize subcritical, mixed-mode growth in fatigue delamination. Suitable inspection intervals could
then be predicted with higher accuracy.

In the present investigation, delamination growth in essentially unidirectional carbon—fibre composites
was investigated in mode I, mode II and mixed-mode I/II. The mode III contribution in delamination
growth was not considered because it is typically quite small for composite structures due to the constraints
of adjacent plies, as shown e.g. by Jensen and Sheinman (2001) for a layered structure and by Glaessgen
et al. (2002) in laminated lap-joints. In addition, the critical energy release rate values for delamination in
composite laminates are higher for mode III than for the other modes (e.g. Robinson and Hodgkinson,
2000). After the experimental characterization for three different constant mode combinations in well-
controlled tests by Asp et al. (2001), the propagation rates in terms of Paris-law plots were obtained.
Suitable models for the dependence on the mode mix of the Paris-law parameters were explored. The
existing models prescribe a monotonic dependence of the parameters with the mode mix, which is in dis-
agreement with the observed behaviour. Therefore, an alternative non-monotonic model able to reproduce
the observed behaviour was proposed.

To investigate the capabilities of this alternative non-monotonic model, experimental fatigue crack
growth data obtained under non-constant mode mix (the mode mix varies as the delamination grows) was
compared to the expected behaviour. The varying mode mix fatigue data was obtained using the mixed-
mode end-loaded split (MMELS) test.

Finally, a fractographic study of some of the delaminated MMELS specimens is also presented in order
to discuss the underlying micromechanisms that lead to the observed behaviour. Some suggestions on how
to generalise the empirical growth law formulations are also given.

2. Fatigue delamination modelling

The well-known Paris law is the most commonly used method to model fatigue crack growth. In its

simplest form, the Paris law can be written as:

da ,

= C(AG) (1)
where da/dN is the propagation rate of the delamination, a is the delamination length, N is the number of
cycles, AG is the total energy release rate range, and C and r are propagation parameters which must be
determined experimentally. In this expression, AG does not take into account the individual contribution of
the different modes. In the literature, other empirical expressions of the same law can be found, where the
relative contributions of mode I and mode II are considered. These models are presented in Table 1 and
summarised below:

Ramkumar and Whitcomb (1985) proposed a model where the propagation rate is determined by the
addition of the individual propagation rates in mode I and in mode II. Gustafson and Hojo (1987) sug-
gested a variant of the previous but depending on the energy release rate range instead of on the maximum
and critical energy release rates. The model proposed by Russell and Street (1989) determines the propa-
gation rate in mixed-mode by a linear rule of mixtures of the individual propagation rates. Dahlem and
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Table 1
Models of mixed-mode delamination growth rates from the literature
Reference Expression of the propagation law Equation
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U is an effective stress ratio that can be considered to be 1 when AG ~ 0.
®p and d are material parameters that must be determined experimentally.

Springer (1994) proposed a model that introduces an effective stress ratio and a dimensionless group
according to the Buckingham 7 theorem. Kenane and Benzeggagh (1997), based on their studies on glass/
epoxy laminates, suggested a modification of the Paris law where the propagation parameters depend on
the relative energy release rate in mode II in a non-linear way. Based on the study of laminated materials
and bimaterial interfaces, Hutchinson and Suo (1992) define the mode mix angle as = arctan(Ky /K;),
where K7 and Ky are the stress intensity factors in mode I and mode 11, respectively. They also assumed that
the fracture toughness of the interface between the plies where the delamination grows depends on the
mode mix and describe the variation of the critical energy release rate as a function of 1. Based on these
definitions, Kardomateas et al. (1995) proposed a propagation rate of the delamination where the
parameters C and r also vary as functions of yy. Andersons et al. (2001) suggested a modified Paris law as a
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function of the stress intensity factors in the crack instead of the energy release rates combined with the
Palmgren—Miner damage accumulation rule. The propagation parameters are also defined as a function of
the critical stress intensity factors for mode I and mode I and the mode mix angle proposed by Hutchinson
and Suo (1992). Table 1 summarises the expressions from the literature for the mixed-mode propagation
rate and their parameters, where C; and r; are the propagation parameters in mode I and mode II; G;
indicates the maximum energy release rate in mode I and mode II; G, is the critical energy release rate in
mode I and mode II; Sy, is the transverse tensile strength of a unidirectional ply; S, is the in-plane shear
strength of the unidirectional ply and K; and K. are the maximum and critical stress intensity factors in
mode I and mode II, respectively.

In the models listed in Table 1 the mode mix dependence of the propagation parameters is only based on
the propagation parameters for mode I and mode II, with the exception of the one proposed by Kenane and
Benzeggagh (1997). The variation of the parameters between the extreme values is made by an empirical
function of the mode mix. In all these models the dependence is monotonic. The variation of C and r in the
model proposed by Kenane and Benzeggagh (1997) is based on two extra experimental factors, b and d,
respectively, to account for the skewness in the mode mix dependence. These two extra parameters allow
for a more complex evolution of the propagation parameters, although still in a monotonic way.

3. Experimental procedures

A series of tests was carried out to characterize the delamination growth at different mixed-modes under
fatigue conditions. Some of the tests were carried out under constant mode mix in a previous investigation
by Asp et al. (2001), while the rest have been carried out under varying mode mix. Basically, these tests rely
on fatigue propagation from an initial delamination, or pre-crack, in beam-type specimens. All the spec-
imens were manufactured according to the supplier’s recommended procedures from unidirectional HTA/
6376C carbon-epoxy prepregs produced by Hexcel. The elastic properties of the cured plies are summarised
in Table 2, where ‘1’ is in the fibre direction, 2’ is in the in-plane transverse direction and ‘3’ is in the out-of-
plane direction. The average thickness of the cured plies was 0.131 mm and a 7.5 um thick Upilex® 7.5S
polyamide film, from UBE, was used as starter crack.

The fatigue delamination experiments under constant mode mix conditions were carried out in a previous
investigation by Asp et al. (2001). The details of the preparation of the tests and the experimental results can be
found in this publication. For mode I crack growth, a double cantilever beam (DCB) test was used. For mode
I1, an end-notched flexure (ENF) test was chosen. For constant 50/50 mixed-mode I/II, a mixed-mode bending
(MMB) test was employed, where the energy release rate was equal for mode I and mode II, respectively.

Crack propagation tests with a slightly varying degree of mode mix were carried out with a mixed-mode
end-loaded split (MMELS) test. This test is similar to the mode II end load split (ELS) test where the
external load is only applied to one of the cantilever beams of the specimen. A sliding clamp end is used to
avoid normal axial forces as the specimen bends. Fig. 1 represents, schematically, the test set-up for the
MMELS test.

Bao et al. (1992) analysed the MMELS test using an approach based on an orthotropic rescaling
technique in combination with formulae that give the best fit to finite element solutions. According to Bao
et al. the results of the model for long delaminations are equivalent to the results of the models based on the

Table 2
Elastic properties of the unidirectional HTA/6376C carbon-epoxy prepreg
Ey Eyn =E3y Vi = Vi3 V23 Gp =0 G

120 GPa 10.5 GPa 0.30 0.51 5.25 GPa 3.48 GPa
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Fig. 1. Mixed-mode end-loaded split test.

first order beam theory (Hashemi et al., 1990; Kinloch et al., 1993). However, the model suggested by Bao
et al. can deal with the variation of mode mix for short crack lengths. Thus, the Bao et al. model has been
used for modelling the test during the present investigation. The expressions of the energy release rate
according to Bao et al. for the MMELS test are as follows:

6P? n 3 L2
_ I Y(1+ F(1 — y))Jih
¢ Enbzh?< ('7+1> )[a—i— (L+ F(1 = m))ahy ©)
i 1 1 h 10
= —_—— _ %
L= g [0 T+ O =) (10)

where P is the load applied to the beam, b is the width of the specimen, # is the ratio between the thickness
of the loaded and unloaded beams of the specimen, i.e. = h;/hy, and 1 = E» /E};. The expressions for the
empirical factors Y, F, 4, ¥; and F can be found in Bao et al. (1992). Since mode I1I is considered negligible,
the total energy release rate is the sum of the energy release rates in mode I and mode II. The mode 11
energy release rate can be found from the difference of the expressions in Egs. (9) and (10). Hence, the
variation of the mode mix for this model can be calculated as a function of the delamination length.

The specimens used for the MMELS test were 20 mm wide and their effective length was L = 150 mm.
Two different stacking sequences were considered, [0s/(+£5,0s),] and [05/(£5,0s),], corresponding to
n = 0.25 and 1, respectively. The sign ““//”’ refers to the plane of the artificial delamination, as shown in Fig.
2. The [£5] plies were included to reduce the fibre bridging at delamination growth. These slightly angled
plies have negligible influence on the bending deformation (Davidson and Schapery, 1988). Unbridged
delamination growth also plays an important role in the case of cross-over fibre bridging, since the growth
conditions at the crack tip are the same as those for an unbridged crack (Serensen and Jacobsen, 2000).
Since the understanding of crack propagation of unbridged cracks is a prerequisite to address the more
general case of bridged cracking, only unbridged fatigue delamination is considered at this stage.

During the testing, short initial delaminations were used to ensure a maximum variation of the mode
mix. The length of the pre-cracks included in the tests, ay, were about 2.5 and 9.5 mm for the = 0.25 and 1
specimens, respectively. It should be mentioned that the use of such small pre-cracks increases the difficulty
of obtaining reproducible fatigue delamination data with low scatter because the experiment tends to be
unstable and more sensitive to local material heterogeneities. Fig. 3 shows the variation of the mode mix for
the specimens tested in the MMELS test according to expressions (9) and (10). In this case, the ratio of the
mode II energy release rate to the total energy release rate, Gy;/G, is used as a measure of the mode mix
instead of the mode mix angle .

With the use of conventional aluminium end-blocks or piano-type hinges, the energy release rate would
be difficult to estimate for short cracks due to the eccentrically applied load. To ascertain that the external
load is effectively applied to the midplane of the cantilever beam, a specially designed hinge was used to
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Fig. 3. Mode mix variation for the MMELS specimens according to Bao et al. (1992).

apply the load in the MMELS test. The hinge was designed to ensure a centred load in both specimen
geometries. The design is a modification of the hinge design proposed by Brandt (1998). Fig. 4 shows the
hinge used during the MMELS testing and how the external load is applied at the neutral plane of the upper
beam of the specimen.

The specimen edges were coated with white water-base typewriter correction fluid. A transparent paper
ruler with 1 mm tick intervals was glued along the edges, starting from the point where the external load
was applied, to facilitate the measurement of the crack length during the test. The delamination length was
measured in situ in the tensile machine along both edges of the specimen. Delamination cracks are known
to form a thumb-nail shaped crack front in mode I (Schon et al., 2000). Nevertheless, because of experi-
mental necessity, the average crack length along the edge surfaces was used in the analysis as a crack length
at an effective planar front. For mixed-mode fatigue delaminations this error is deemed to be small com-
pared with the scatter in measurements. For larger contributions of mode II, delaminations fronts have
been observed to become increasingly planar (Asp et al., 2001). The specimens were tested at room tem-
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Fig. 4. Load hinge for the mixed-mode end-loaded split test.

perature in an MTS 312-21 tensile machine with the load ratio R = Py /Puax = 0.1 and the load frequency
being 2 Hz. The test was displacement-controlled and manually re-adjusted to avoid a static and unstable

growth of the crack.

4. Fatigue delamination under constant mixed-mode

This section concerns the fatigue delamination tests carried out in HTA/6376C carbon-epoxy laminates
by Asp et al. (2001). The tests were carried out under constant mode I (DCB), mode II (ENF) and 50/50
mixed modes I and IT (MMB). The experimental propagation rates of the delamination are summarised in
Fig. 5. Fitted lines for the three mode mixes are also included in the figure. For clarity, the values of the
energy release rate range for each mode on the horizontal axis have been normalised by the critical energy
release rate for each mode.

Despite the change in the horizontal axis, the differences between the three fitted lines are obvious. In the
figure, it can be seen that the slope (the exponent » of the Paris law) for the case of the mixed-mode I/I1 is
steeper than it is for both mode I and mode II, which are relatively similar. In addition, the intercept on the
y-axis (the coefficient C of the Paris law) for the mixed-mode I/IT case would not lie in between the other
two. Thus, the values of the parameters C and r for the mixed-mode I/II test do not lie in between the
corresponding values for mode I and mode 11, as is expected for a monotonic variation. Figs. 6 and 7 show
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Fig. 5. Experimental fatigue propagation rates for HTA/6376C.
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Fig. 7. Comparison of the variation of the crack propagation exponent between the models from the literature and the experimental
values of HTA/6376C.

the experimental propagation parameters C and r, respectively, for the HTA/6376C carbon-epoxy laminate
according to Eq. (1) as a function of the mode mix. The ratio of the mode II energy release rate to the total
energy release rate, Gy/G, is used instead of the mode mix angle y. The figures also include the 95%
confidence bounds for the experimental propagation parameters. The best fit for the models previously
listed in Table 1 are also included. The models proposed by Ramkumar and Whitcomb (1985) and
Gustafson and Hojo (1987) are, however, not included. These models predict the mixed-mode crack
propagation rate as the addition of the crack propagation rates in mode I and mode II, and conse-
quently do not lend themselves to an explicit formulation in terms of mode mix variation. Even if the
model proposed by Kenane and Benzeggagh (1997) uses two extra parameters, » and d, to be adjusted to
the variation of the propagation parameters, this dependency is still monotonic. The model does not ac-
count for the experimental non-monotonic variation of the growth parameters. In order to include this
model in the comparison, b and d were set to zero and infinity, respectively. These values generate a
Heaviside type function that best fit the experimental data, including the mixed-mode I/II data. In the
figures, a non-monotonic function is also included so that a comparison can be made. This model is
proposed as a consequence of the results of the present investigation, and the details are presented in the
next section.
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A comparison of the shape of the different curves in Figs. 6 and 7 shows that none of the models from the
literature included in Table 1 are able to capture the tendency of the propagation parameters when the
mixed-mode I/II is included. The values predicted by these models for this mode mix are outside the 95%
confidence range. All the models are monotonic and use the mode I and mode II experimental propagation
parameters to describe their development with the mode mix in a monotonic way. None of the monotonic
models from the literature are therefore able to predict the non-monotonic variation of the experimental
propagation parameters with sufficient accuracy for this material. Hence, the formulation of a new non-
monotonic model able to capture the real variation of the propagation parameters shown in the previous
figures is justified.

5. Non-monotonic model

The previously proposed models in Table 1 are formulated according to monotonic expressions of the
propagation parameters with respect to the mode mix; these cannot be used, however, to describe the non-
monotonic variation of the propagation parameters. For a better description of this non-monotonic var-
iation, generalised expressions, with experimentally adjusted factors, are justified. Here, a set of parabolic
equations is suggested to model the propagation parameters C and r. The expressions for both parameters
are given by

G Gu\’
logC:cl—l—cz(%)—i—q(%) (11)

G G\’
r=r +Vz<%) —|—r3<%> (12)

The ratio of the mode II energy release rate to the total energy release rate is used as a measure of the mode
mix. This ratio is preferred to the mode mix angle y = arctan(Ky/K;) because the dependence on ¥ be-
comes highly skewed and does not fit the experimental data very well. In general, the polynomial coeffi-
cients ¢; and r; (j = 1,2,3) in Eqgs. (11) and (12) must be determined by a curve fitting procedure. The
coefficients can be related to the propagation parameters for pure mode I and pure mode II, while extra
parameters are needed to adjust the model to the mixed-mode data. Considering pure mode I, it is found
that ¢; = log C; and r; = r1. Including the mode II and mixed-mode parameters, the parabolic equations
become

G]] CII GII ?
log C = log C; +log Co [ ) 41 n 13
og og Ci + log (G)+OgC1Cm(G> (13)
G[[ Gll ?
I":VI—FI”m(E) —|—(I"H—I”I—Vm)(6> (14)

where C, and r,,, are the extra mixed-mode parameters that must be determined by curve fitting. After the
critical energy release rate values, G., for the HTA/6376C carbon-epoxy laminate in mode I, mode II and
mixed-mode reported by Asp et al. (2001), a variation of G, depending on the mode mix can be introduced.
Greenhalgh et al. (1999) found a similar behaviour for different composite materials. Analogous to
expressions (11) and (12), a parabolic function depending on the ratio Gy;/G can be formulated. The
expression proposed here can be seen as a modification of the mixed-mode failure criterion introduced by
Yan et al. (1991), namely:
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Table 3
Paris-law parameters for fatigue delamination in unidirectional HTA/6376C at different mode mixes

Test Mode 1 Mixed-mode I/I1 Mode 11

Gu/G 0 0.5 1

D (mm/cycle) 2.21x1073 1.68x 107! 1.22x 107!

r 5.09 6.28 4.38

G. (J/m?) 260 447 1002
Table 4
Propagation coefficients of Egs. (13) and (14) for the fatigue delamination of the unidirectional HTA/6376C laminate

Dy (mm/cycle) D,, (mm/cycle) Dy (mm/cycle) 1 Fm i

2.21x1073 6.09x10° 1.22x 107! 5.09 5.48 4.38

2
GII GII
G, = 1 + 2\ — + 3| — 15
c=atel o) tel ¢ (15)

At this point, an expression of the Paris law is introduced, where the non-monotonic variation of the
parameters is taken into account. The proposed expression is given by

da AG\"

——~ _D 16

dN ( G. > (16)
where the parameters D, r and G, depend on the mode mix Gy/G according to Egs. (11), (12) and (15),
respectively. The coefficient is now denoted by D to discriminate between the two Paris law expressions (1)
and (16); D always has the unit length per load cycle, whereas the unit for C depends on the value of the
exponent ». The values of these parameters for the material in this study are presented in Table 3. It is

possible to fit the parabolic expressions in Egs. (13) and (14) to these experimental results. The coefficients
for these equations are summarised in Table 4.

6. Results and discussion
6.1. Validation of the non-monotonic model

The variations of the propagation parameters C and r according to the mode mix, as predicted by the
non-monotonic model for the HTA/6376C carbon-epoxy laminate, are shown in Figs. 6 and 7, respectively.
From the figures, it is clear that the non-monotonic model fits the experimental values of the propagation
parameters better than the models included in Table 1, which is expected, since the three experimental
points for each parameter are used to fit the parabolic model with three fitting parameters. Experimental
work on a carbon/epoxy laminate, with more growth data for intermediate mode mixes, was presented by
Tanaka and Tanaka (1995). The C and r values of the Paris law in Eq. (1) for their experimental results are
plotted in Figs. 8 and 9, respectively. The figures also include the mode mix variation of the parameters
according to the best fit of the monotonic models listed in Table 1. Once again, the models proposed by
Ramkumar and Whitcomb (1985) and Gustafson and Hojo (1987) have been excluded for the same reasons
as described before. Also as mentioned before, the model proposed by Kenane and Benzeggagh (1997)
cannot account for the non-monotonic variation, even though it uses two extra parameters, b and d. To
include this model in the comparison, » and d have been set to infinity and zero, respectively. The 95%
confidence intervals of the experimental propagation parameters are also indicated. The curves from the
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non-monotonic model are also included in the figures in order to show the improved accuracy of the non-
monotonic expression for the estimation of the propagation parameters.

In the previous figures, 8 and 9, it can be seen that the 95% confidence interval for the propagation
parameters in mode I is significantly wide, which is primarily due to the small amount of experimental data
reported for this mode by Tanaka and Tanaka (1995). It is also obvious that the models included in Table 1
correctly predict the value of the parameters for the extreme modes, mode I and mode II, while there are
slight differences with the predictions of the non-monotonic model. This is due to the fact that the
monotonic models only use the experimental propagation parameters in pure mode I and II to define the
monotonic variation of these with the mode mix. The non-monotonic model does not provide an exact
match to the experimental results in mode I and II because the coefficients of the model are determined
from curve fitting of all the experimental data points. In contrast, the non-monotonic model for the
intermediate mode mixes is, on the whole, more accurate. In most cases, the accuracy of the non-monotonic
model is very good, and in only one case is the predicted value outside the 95% confidence band. This is not
the general trend of the monotonic models considered, whose predictions are not only different from the
experimental values, but are outside the 95% confidence interval in many cases.

After comparing the results from Figs. 6-9, it is clear that although there is no general trend in concavity
or convexity for the different materials, the proposed non-monotonic model captures the dependence of the
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propagation parameters with the mode mix in a better way. For a more quantitative comparison of the
different models, the averaged sum of the squared residuals, with respect to the experimental data, can be
calculated as follows:

/222}1:@ (17)

where the y; are the experimental values of the propagation parameters, f(x;) are the predicted values of the
propagation parameters and #» is the number of data. The calculated sums of the squared residuals for the
different models in the figures are summarised in Table 5.

Having compared the previous figures and Table 5, it is believed that some of the monotonic models will
give rather poor predictions of the mixed-mode crack propagation rate. Fig. 10 shows the comparison
between the experimental crack propagation rate for the HTA/6376C carbon-epoxy laminate for a mode
mix Gy /G = 0.5 and the predictions of the monotonic models. The linear regression of the experimental
data is also included for comparison.

Fig. 10 clearly shows that some of the models listed in Table 1 are not able to predict accurately the crack
propagation rate under a Gy;/G = 0.5 mixed-mode. The figure also shows that, as expected, the predictions
of the model proposed by Ramkumar and Whitcomb coincide with the predictions of the model proposed
by Gustafson and Hojo. Although the model proposed by Kenane and Benzeggagh cannot be fully ad-

Table 5

Goodness-of-fit of the different models for the experimental data
Model z> HTA/6376C %* Tanaka and Tanaka (1995)

C [x107%°] (mm/cycle (J/m?)™") r C [x107%] (mm/cycle (J/m?)™") r

Rusell and Street 8.03 0.798 2.790 1.518
Dahlem and Springer 1.00 0.598 2.801 5.226
Kardomateas et al. 16.1 1.01 2.789 0.528
Kenane and Benzeggagh 0.44 0.475 2.789 0.357
Andersons et al. 2.40 0.927 2.793 0.357
Non-monotonic model 0 0 2.446 0.120
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Fig. 10. Comparison of the crack propagation rate between the monotonic models from the literature and the experimental values for
the HTA/6376C carbon-epoxy laminate in mixed-mode Gy;/G = 0.5.
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justed to the non-monotonic trend of the experimental data, it comes closest to the experimental data.
However, none of these models are able to predict the actual tendency of the crack propagation rate, as
indicated by the linear regression line. In other words, the models presented in Table 1 do not accurately
estimate the propagation parameters C and r, which confirms that the propagation rate of the delamination
depends on the mode mix in a non-monotonic way. In the figure, the prediction of the new non-monotonic
model coincides with the linear regression.

6.2. Fatigue delamination growth under variable mode mix

In order to check the ability of the non-monotonic model to predict the fatigue-induced delamination
growth in a non-constant mode mix situation, the mixed-mode end-loaded split (MMELS) test was em-
ployed and the experimental results compared to the predictions of the model. This test was chosen because
it mimics the more realistic condition in which the mode mix varies as the delamination propagates. Due to
the unstable behaviour of the MMELS test, especially for short delamination lengths, the applied load
levels had to be manually readjusted to maintain a subcritical progressive delamination growth and avoid
the propagation of the delamination under static conditions. However, only some of the results from the
fatigue tests could be analysed. The scatter in the propagation behaviour of the fatigue-tested specimens
was large. Fig. 11 shows the evolution of the delamination length versus the number of cycles for one tested
specimen of each type, 7 = 0.25 and 1.

During the propagation of the delamination in a MMELS test, the mode mix is changing continuously;
however, for sufficiently long cracks, the mode mix only varies slightly during crack propagation (as shown
in Fig. 3). In Fig. 12, two Paris plots are presented based on the data in Fig. 11, in which the mode mix did
not vary to any considerable degree. The experimental results are compared to the predictions of the
modified Paris law, Eq. (16), including the propagation parameters D and r predicted by the non-mono-
tonic model.

It can be seen that the simulated propagation rate, based on experimental data in constant mode mix,
overestimates the propagation rate in the MMELS test, and therefore serves as a conservative prediction.
The scatter between specimens was quite large, especially during the growth of short cracks. Despite these
imperfections, the proposed method for predicting crack growth from constant mode mix tests is a viable
route towards predicting growth during more general conditions and with better accuracy than is the case
with the monotonic models (cf. Table 1). A statistical approach would, however, be preferable since the
variability in data is significant. For variable mode mix during delamination growth, the crack length can
be predicted by integrating Eq. (16) and taking into account the fact that the parameters D, » an G, depend
on the instantaneous mode mix according to Egs. (11), (12) and (15) i.e.
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Fig. 11. Crack length versus number of cycles for the MMELS test. (a) = 0.25 specimen and (b) n = 1 specimen.
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where the initial delamination length is @(0) = ay. The criticality of the delamination can then be assessed
by comparing the maximum energy release rate G(a) in Eq. (9) with the fracture toughness G, in Eq. (15) at
the given mode mix Gy;/G. Suitable inspection intervals for non-destructive evaluation of the extent of
delamination can also be determined, so that the composite component can be repaired or replaced before
there is any risk of unstable crack growth.

(18)

()

6.3. Fractographic analysis

The non-monotonic behaviour depends on the micromechanisms active during delamination growth. In
mode I, no friction between the arms of the specimen is observed, whereas in mode 11, this is an important
mechanism. In Asp et al. (2001), a fractographic analysis showed a major presence of matrix rollers for the
mode II specimens. In mode II, shear microcracks are known to form in front of the crack tip, and finally
coalesce to result in growth of the delamination (Singh and Greenhalgh, 1998). As the mode II component
increases, a major number of micro-cracks develop into shear cusps and they become deeper in the
thickness direction. Although the present lay-up has been designed to prevent fibre bridging by slightly
oblique angle plies, the presence of bridging fibres cannot be ruled out. How all these micromechanisms

Pre-crack Static growth ~ Transition Fatigue growth

Fig. 13. MMELS delamination surface under static and fatigue growth.
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combine and interact is not a well-known process, but there is no reason to believe that it should follow a
linear and monotonic way for propagation rates.

After the varying mode mix fatigue tests some of the post-mortem specimens were split manually and
fractographic analysis were carried out on the delaminated surfaces. By observing the delamination surfaces

—-
(a) Brittle planar fracture Crack growth direction
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bridging
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(c) cusps

Fig. 14. Delamination micromechanisms present in the fatigue MMELS specimens.
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with the naked eye, it was possible to distinguish the zones where the crack grew under static and fatigue
conditions, respectively. A delaminated surface is shown in Fig. 13 where it is possible to discern three zones.
The first one corresponds to the pre-crack where the thin film on the surface can still be seen. The second
zone corresponds to a static delamination and the third zone corresponds to a fatigue growth. The transition
between the static and fatigue regions was observed to be curved. Even if these zones were easy to distinguish
by the naked eye, it was not possible to discriminate the static and the fatigue zones at high magnification
when using Scanning Electron Microscope, which was also noted by Singh and Greenhalgh (1998).

Some of the previously described micromechanisms were also found during the fractographic analysis
with a scanning electron microscope and are plotted schematically in Fig. 14. In some of the specimens, it
was possible to find brittle planar fracture surfaces without any apparent sign of mode II delamination or
fibre bridging. A scanning electron micrograph of one of these even surfaces is shown in Fig. 14(a). In some
other cases the presence of fibre bridging was evident by broken fibres in the crack wake. Fig. 14(b) includes
a micrograph where some fibre breaks can be seen. In other cases the existence of a certain amount of mode
II fatigue delamination was clear by the presence of shear cusps and incipient matrix rollers. Some of these
features can be seen in the micrograph in Fig. 14(c).

7. Conclusions

The Paris-law parameters of fatigue delamination growth in constant mode mix at different degrees of
mode I and mode II have been shown to vary non-monotonically with the degree of mode mix. This is
generally not taken into account in existing methodologies for growth rate predictions. A generalized model
to account for this non-monotonic dependency on mode mix was presented, and applied to data from a
mixed-mode end-loaded split test. The predictions show only a fair correspondence with the experimental
results, although the predictions were conservative. The non-monotonic model fits the experimental growth
data of intermediate mode mixes more accurately, compared with the previously presented propagation
models. Fractographic analyses indicate a complex scenario of interacting fracture mechanisms, such as
fibre bridging, matrix shear cracking, the formation of matrix rollers and brittle cracking, which jointly
contribute to the non-monotonic behaviour of the Paris law parameters.
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