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Abstract

A recently developed analytical prediction model
for constant amplitude loading has been ex-
tended to predict fatigue crack growth of Fibre
Metal Laminates under variable amplitude load-
ing. Accuracy of the model has been discussed in
comparison with the experimental fatigue crack
growth data.

1 Introduction

Fibre metal laminates (FMLs) consist of alternate
layers of uni-directional impregnated fiber lam-
ina and thin metallic sheets adhesively bonded to-
gether.FMLs are hybrid materials having better
mechanical and damage tolerance properties than
the individual constituents.FMLs have been de-
veloped primarily for aircraft structures as a sub-
stitute to high strength aluminum alloys.

FMLs have been investigated in the last
decades [1–26]. The main advantage ofFMLs
is certainly the very slow and almost constant
rate of crack growth under constant amplitude
(CA) fatigue loading due to the bridging by in-
tact fibers. This bridging effect reduces the effec-
tive stress intensity factor resulting in very small
interaction effects under variable amplitude(VA)
loading. Due to this fact, fatigue crack growth
predictions underVAobtained from even a simple
non-interaction model [26] correlates well with
experimental data for load variations with small
interaction effects and full aircraft spectra with

randomly distributed load cycles. A major fol-
lowup question is whether a simple interaction
model would be sufficient to describe the retar-
dation effects during the large and distinct load
sequences occurring in the applied spectrum.

This paper presents the study on the ap-
plication of a simple interaction model (yield
zone: Wheeler), in order to answer the question,
whether or not a simple retardation model is suf-
ficient to describe the interaction effects inFMLs
underVA loading.

2 Fibre Metal Laminates

FMLs are built up of alternating metal- and fiber
layers. AfterARALL [1], GLAREis the second
member of theFMLsmaterial family. UnlikeAR-
ALL, GLARE(GLAss-REinforced) has good fa-
tigue properties in combination with compres-
sive loading [5]. Beside the excellent fatigue
characteristics,GLARE also has good impact
and damage tolerance characteristics [15]. The
fiber/epoxy layers act as barriers against corro-
sion of the inner metallic sheets, whereas the
metal layers protect the fiber/epoxy layers from
picking up moisture. The laminate has an inher-
ent high burn-through resistance as well as good
thermal insulation properties.

For standard GLARE, aluminum (alloy)
2024-T3 sheets and S2-glass fibers are bonded to-
gether with FM94 epoxy adhesive to form a lami-
nate. This stack is cured in an autoclave at120 ◦C
and 6 bar for11

2
hour. The fiber orientation is de-
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fined with respect to the rolling direction of the
aluminum layers and each orientation represents
a prepreg layer of 0.133 mm nominal thickness.
Detailed description of standardGLAREgrades
are given in [15].

3 Fatigue in FMLs

GLARE, being a material made-up of metal and
composite, exhibit the properties of both met-
als and composites. The metallic layers show
fatigue crack growth similar to monolithic met-
als and the composite layers show delamination
at the metal-composite interfaces. The fibers in
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Fig. 1 Crack bridging of the fibers and delami-
nation of the layers

FMLsare insensitive to the fatigue loading, while
the metal layers exhibit the crack initiation and
propagation. The fibers transfer load over the fa-
tigue crack in the metal layers and restrain the
crack opening. This phenomenon is called fiber
bridging (Figure1). An other phenomenon illus-
trated in Figure1 is the delamination at the metal-
fiber interface in the wake of the crack. The
cyclic shear stresses at the interface as result of
the load transfer from the metal to the fiber lay-
ers induce delamination growth. Both the fatigue
crack growth in the metal layers and the delam-
ination growth at the interfaces form a balanced

and so called coupled process.

4 Selective variable amplitude

A selective variable amplitude load spectrum
is defined as a constant amplitude spectrum
with few load variations such as single over-
load/underload, multiple overload/underload and
their combinations in different sequences. These
selective load variations are the building blocks
of the (aircraft) service spectrum[27]. In the re-
search presented here, the selective variable am-
plitude spectrum has been utilized to get the basic
understanding of crack growth behavior ofFMLs
under aircraft spectra.

Fig. 2 Schematic of crack growth retardation fol-
lowing an ovearload in metals [28]

Application of overloads in theCA baseline
cycles causes a load interaction effect detailed
schematically in figure2. This entire mecha-
nism is known as (delayed) retardation of crack
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growth. The magnitude and extent of the retarda-
tion is measured by the parameters defined in fig-
ure2, i.e. the number of delay cyclesND, the de-
lay distanceaD and the overload-effected crack
growth increment∆aOL. Similar results and phe-
nomena are present in case of multiple overloads.
In case of single/multiple overloads the main pa-
rameter influencing crack growth retardation is
the overload ratio(ROL = SOL/Smax). Thus, in-
crease inROL will result in an increase inND, aD

and∆aOL, and a reduction in theda/dN level.

5 Yield zone model

According to Gallagher [29] and Schijve [30], the
models that try to explain the interaction effect
by considering the condition in front of crack tip
(plastic zone) are labelled as Yield Zone Models.
Wheeler [31] started this generation of prediction
models involving interaction effects in the predic-
tion of crack growth.

The Wheeler [31] prediction model is based
on the damage accumulation relation but modi-
fied by a simple retardation parameterCP (equa-
tion (1)).

a = a0 +

n
∑

i=1

CPf(∆K, r, ..) (1)

whereCP varies from 0 to 1 depending on
the location of the crack tip in a previously cre-
ated larger zone (rP in figure 3) and the plas-
tic zone size of the current load cycleri. With
rp = (aOL + rOL) − ai theCP is calculated us-
ing:

CP =
[

ri

rP

]m

whenri < rP

or CP = 1 whenri ≥ rP

whereri is the current plastic zone size,rOL

is the overload plastic zone size,aOL is the crack
length at overloading illustrated in figure3. m
is the experimentally calculated exponent which
depends on the stress level, the crack shape as
well as the load spectrum. Wheeler used Irwin
plane stress relation [32] for the plastic zone size
computation. Wheeler assumed thatm once cal-
ibrated can be used for other spectra. But later it
was shown that the accuracy of predictions will

suffer if different loading spectra are used with
the samem value [33, 34]. For the metallic
structures the Wheeler model is unable to predict
the phenomenon of crack arrest after a high over-
load, because the predicted retardation factor im-
mediately after the overload will not be zero [35].
Secondly, the Wheeler model did not recognize
the occurrence of delayed retardation. Actually,
the model assumes very simple crack growth be-
havior; whereas immediately after application of
peak loads the phenomenon is very complex.
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Fig. 3 Relative sizes of plastic zones in the yield
zone models. [36]

6 Analytical prediction model

A model has been developed based on under-
standing so far of fatigue crack growth inFMLs
underVA loading. This model is also used for
the validation of current hypothesis of small and
predictable crack growth retardation. TheLDA
model of Khan et. al. [26] has been used as
the basis for development of thisVA prediction
model using Wheeler yield zone model adapted
for FMLs. The flow diagram of this yield zone
prediction model is shown in figure4.

The original analytical model [22, 25] de-
scribes the bridging stress, the delamination
shape extension, the stress intensity factor and
the crack growth. It can easily be concluded
from this model that the bridging stress, the crack
opening contour and the delamination shape are
in balance with each other. The bridging stress is
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obtained by balancing the relations for the crack
opening in the metal layers and the elongation
and deformation of the fiber layers. Since the
fiber layers inFMLs bridge most of the load
arround the crack in the metal layers, the fiber
bridging stress has a direct influence on the stress
intensity factor at the crack-tip. However, the
bridging stress is influenced by the shape of the
delamination, which has a significant influence
on the crack growth. Delamination growth is de-
scribed using Paris type relation with two experi-
mentally determined constantsCd, nd and the en-
ergy release rate G [23].

db

dN
= Cd(

√

Gd,max −
√

Gd,min)
nd (2)

In the theoretical model, the effective stress
intensity factor inGLARE is defined as the dif-
ference between the far-field stress intensity fac-
tor and the bridging stress intensity factor.

Ktip = Kfarfield − Kbridging (3)

Plokker [37] refined the effective stress inten-
sity factor relation using the Schijve [38] correc-
tion which is further improved by Rensma [39].

∆Keff = (0.55 + 0.33RKtip
+ 0.12R2

Ktip
)∆Ktip

(4)
Where, according to RensmaRKtip

=
Ktipmin

/Ktipmax
.

Finally, the crack growth rate can be de-
termined using the material constantsCcg and
ncg for the Paris-∆Keff region and the effective
stress intensity range.

da

dN
= Ccg∆K

ncg

eff (5)

In order to formulate this analytical approach,
a program has been written using the Matlab soft-
ware. The program starts with defining input
variables concerning material parameters, crack
geometry and Paris constants for crack propaga-
tion and delamination growth. Other important
input parameters are the spectrum file, initial de-
lamination shape and loading cycle counter. To
make this model functional for all sort of variable

load spectra, an input file system is programmed.
The spectrum file consists of stress values listed
in the order of applied sequence.

7 Model validation using test data

To validate the model, fatigue crack growth ex-
periments onGLARE 3-4/3-0.3with cross-ply
fiber orientation have been performed. These
fatigue crack growth tests have been performed
on center-cracked tension(CCT) specimens, for
which the geometry is illustrated in figure5. The
starter notches are made by drilling a hole of 3
mm diameter with two saw cuts, directing per-
pendicular to the loading direction. The total
length of the starter notch(2a0) is approximately
5 mm. Load variations are applied on aCA base-

Fig. 5 Centered-cracked Specimen geometry

line spectrum with a maximum stressSmax = 120
MPa and a stress ratioR = 0.1. The single over-
load spectrum has an overloadSOL = 175 MPa
at 100 kcycles. The multiple overload spectrum
has three overloads i.e.SOL1 = 175 MPa;SOL2

= 158 MPa andSOL3 = 139 MPa at100, 160 and
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220 kcycles respectively. Block loading spectra
consist of two stress levelsSmax1 = 100 MPa and
Smax2 = 140 MPa and vice versa with stress ratio
R = 0.1 . Apart from these selectiveVA loading
spectra, representative complex flight spectra are
also used for the model validation.

8 Results and discussion

The comparisons of yield zone model predictions
with the tests results are shown in figures6-12.
Figure6 shows the comparison for single over-
load of 175 MPa in theCA baseline cycles of
Smax = 120 MPa and stress ratioR = 0.1.

The yield zone model is able to predict the
crack growth retardation in agreement with the
experimental data. An interesting observation
from figure 6 is that there is hardly any differ-
ence between the prediction and experimental
data after the application of overload. In other
words, the number of delay cycles are almost
equal which indicates that it is only the plastic
zone that cause the retardation. This can be at-
tributed to the existence of intact fibers which re-
strain the crack opening leading to the small plas-
tic zone formation. The crack growth rate gets
back to the prior level as soon as the crack tip is
out of the plastic zone formed by the overload.

Similar to the single overload case (figure6),
the crack growth rate in the multiple overload
case (figure7) gets back to original level depend-
ing on the magnitude ofSOL andROL. Figure7
shows the comparison for the case with multiple
overloads of 175, 158 and 139 MPa respectively
in theCA baseline cycles ofSmax=120 MPa and
R = 0.1. It is known from the literature that in
metals the retardation region is highly influenced
by the magnitude ofSOL, and similar behavior is
seen in case ofFMLs. By reducing theSOL from
175 to 158 and then to 139 MPa the crack growth
retardation decreases (figure7).

Figures 8 and 9 show the comparison be-
tween yield zone model prediction and test re-
sults for the two different sequences of block
loads. The stress values areSmax1=100 MPa,
R = 0.1 and Smax2=140MPa,R = 0.1. Fig-
ure 8 shows the comparison for the Low-High
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block loading case. Since the loading sequence is
going from low to high values, there will not be
any retardation but due to increase in stress level,
crack growth acceleration is observed. The error
in this case is less than the cases shown in figures
6 and7, because the interaction effects are absent
in the test.

Figure9 shows the comparison between test
results and the yield zone model predictions in
case of the High-Low block loading sequence.
The retardation level is computed by the yield
zone model but the delay retardation can be ob-
served in the experimental measurements, which
is not present in yield zone model predictions.
Similar to metals, inFMLs a large block of over-
load cycles creates larger plastic zones resulting
in large retardation and related phenomena.

Figures 10-12 exhibit the comparison of
crack growth test results with the yield zone
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Fig. 11 Correlation between experimental and
yield zone model prediction for spectrum II.

model predictions for representative complex air-
craft spectra. Three different spectra are used
with different Smax values and sequences. The
loading spectrum used in figure11 is a severe
spectrum with a lot of variations in the stress
peaks. The observed mismatch in yield zone
model prediction and test result for spectrum II
(figure 11), while only a small error is observed
for the other two spectra (figures10, 12) can
be attributed to the nature of these spectra. To
avoid disclosing proprietary information, only
the graphical representation of the three spectra
in figures10- 12will be used for comparison and
discussion. Comparing the spectra, one can ob-
serve that spectrum I and II have all loads ran-
domly distributed between minimum and maxi-
mum values. Only spectrum III seems to have
less amplitude cycles on the lower stress range,
but that has no significant effect on crack growth,
resulting in similar behavior as spectrum I. How-
ever, spectrum II has clearly large load cycles
distributed throughout the spectrum with most
of the stress cycles in the lower stress range.
Comparing to a single overload situation fig-
ure 6, the crack in figure11 seems unable to
grow out of the retardation zone of previous high
load in the spectrum II before facing subsequent
high load. This continuous retardation, not cap-
tured by yield zone model, results in the system-
atic mismatch. This concept is illustrated in fig-
ure13. In case of Wheeler predictions, the crack
growth rate returns to the original (prior over-
load) rate very quickly, while in reality it takes
longer (larger number of delay cycles). Secondly,
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in case of complex spectrum like Spectrum II,
the situation gets more complex by the applica-
tion of additional overload while the actual crack
growth rate has not reached to the original level.
A small error is generated due to the difference of
application point (crack growth rate) of overload.
This small error is compounded due to the appli-
cation of consecutive overloads. Because of this,
a lower crack growth rate is observed in experi-
ments compared to the predictions (figure11).

The comparison of the spectrum I and spec-
trum III are shown in figures10, 12. The com-
parison of test results with the yield zone model
predictions for the spectrum I and III show very
small error. But for the spectrum II (figure11) the
yield zone model predictions are quite far from
the test results. The difference lies in the spec-
trum itself, because if we compare all the three
spectra we come to know about the number of
overload cycles in spectrum II are more than in
spectrum I and III. In the yield zone model and
experimental results, it is obvious from all the
plots (figures6- 9) that da/dN gets back to the
original level as soon as the retardation effects are
over. While in case of spectrum II it looks like the
crack tip is trapped in frequently occurring over-
loads and plastic zones. We can also relate this
behavior to de Koning’s [40] primary and sec-
ondary plastic zone concept that makes the large
difference between the prediction and test results.
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Fig. 13 Schematic of comparison: Actual and
predicted fatigue crack growth under complex
spectrum loading.

9 Conclusions

The fatigue crack growth behavior inFMLs
has been investigated using a simple interaction
model. The experimental data for different selec-
tive and variable amplitude loading spectra rea-
sonably correlates with the yield zone model pre-
dictions. The basic assumption of small interac-
tion effects due to crack bridging proves to be
valid. However, still some physical phenomena
like delay retardation have to be investigated.
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