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Crack closure in fibre metal laminates
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A B S T R A C T GLARE is a fibre metal laminate (FML) built up of alternating layers of S2-glass/FM94
prepreg and aluminium 2024-T3. The excellent fatigue behaviour of GLARE can be
described with a recently published analytical prediction model.

This model is based on linear elastic fracture mechanics and the assumption that a similar
stress state in the aluminium layers of GLARE and monolithic aluminium result in the
same crack growth behaviour. It therefore describes the crack growth with an effective
stress intensity factor (SIF) range at the crack tip in the aluminium layers, including
the effect of internal residual stress as result of curing and the stiffness differences between
the individual layers. In that model, an empirical relation is used to calculate the effective
SIF range, which had been determined without sufficiently investigating the effect of crack
closure.

This paper presents the research performed on crack closure in GLARE. It is assumed
that crack closure in FMLs is determined by the actual stress cycles in the metal layers and
that it can be described with the available relations for monolithic aluminium published
in the literature.

Fatigue crack growth experiments have been performed on GLARE specimens in which
crack growth rates and crack opening stresses have been recorded. The prediction model
incorporating the crack closure relation for aluminium 2024-T3 obtained from the liter-
ature has been validated with the test results.

It is concluded that crack growth in GLARE can be correlated with the effective SIF
range at the crack tip in the aluminium layers, if it is determined with the crack closure
relation for aluminium 2024-T3 based on actual stresses in the aluminium layers.

Keywords crack closure; crack growth; fatigue; fibre metal laminates; glare; stress ratio.

N O M E N C L A T U R E a = half crack length (mm)
Ccg = Paris constant in crack growth relation
Cd = Paris constant in delamination growth relation
E = Young’s modulus (MPa)

Gd = maximum energy release rate for delamination (MPa mm)
K = stress intensity factor (MPa mm)
n = number of layers

ncg = Paris constant in crack growth relation
nd = Paris constant in delamination growth relation
R = stress ratio (Smin/Smax)
S = stress (also σ ) (MPa)
t = thickness (mm)

U = ratio between effective stress range and total stress range
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v0 = reference potential drop (mV)
va = potential drop over crack (mV)

da/dN = crack growth rate (μm/cycles)
db/dN = delamination growth rate (μm/cycles)

β = Geometry correction factor
ν(xi, yi) = displacement at location xi, yi (mm)

I N T R O D U C T I O N

Since the eighties of the last century, the fibre metal lami-
nate (FML) concept has been under constant development
at Delft University of Technology. This development
surged in 1996 with studies for the application of GLARE
on the Airbus A380 (Airbus Headquarters, Blagnac Cedex,
France).1 The material GLARE is an FML built up of
thin sheets of aluminium 2024-T3 (thickness range 0.3–
0.5 mm) and S2-glass fibre layers pre-impregnated with
FM94 epoxy (prepreg). Due to its good static strength and
damage tolerance characteristics, GLARE is used as up-
per fuselage skin material in the A380. Other favourable
advantages compared to monolithic aluminium are the ex-
cellent resistance against fire, impact, lightning and cor-
rosion. The latter is the result of the layered composition
of the material: it contains natural barriers in thickness
direction.2

In GLARE, the fatigue crack propagation phase cov-
ers the major part of the fatigue life, which is opposite
to monolithic aluminium where fatigue initiation is most
important.3 Fatigue damage in GLARE is characterized
by the crack growth in the aluminium layers and delam-
ination growth between the aluminium and prepreg lay-
ers. A crack in the aluminium layers is ‘bridged’ by the
fibres, which carry a significant amount of the load (see
Fig. 1). Crack growth in GLARE is a self-balanced mech-
anism between crack growth in the metal layers and the
delamination growth at the interfaces. The result is an

Fig. 1 Illustration of fibre bridging of a crack in a GLARE
laminate.

approximately constant stress intensity factor (SIF) and
crack growth rate for long ranges of crack lengths.

The fatigue properties of GLARE can be described with
a similarity approach: similar stress states in the aluminium
layers of a GLARE laminate and in monolithic material
will lead to the same crack growth rates. For crack growth
under constant amplitude (CA) loading, Alderliesten4,5

presented a theoretical model to determine the SIF at the
crack tip. With the SIF range, the crack growth can be
determined with material constants C and n, in the linear
Paris-�K region.6

The concept of crack closure, which has been introduced
by Elber7 for monolithic aluminium, describes the effect
of plasticity at the crack tip acting in the wake of the crack
as it propagates. As a result of crack closure, the crack
opening stress is above the minimum stress, which means
that the stress range that contributes to crack growth is
reduced. The effective SIF range �K eff is related to the
effective stress range and incorporates the effect of the
stress ratio.

At the moment, the analytical prediction model for
GLARE can only be used for prediction of crack growth
under CA loading and uses an empirical relation to de-
termine the effective stress range.8 The effect of crack
closure is assumed to be covered by this empirical rela-
tion, but had not yet been investigated for GLARE. To
support development of a theoretical variable amplitude
(VA) model for GLARE, it has been decided to investigate
crack closure first.

The research on crack closure in GLARE, presented in
this paper, is based on the similarity approach, assuming
that for equal stress state the crack closure behaviour in
the aluminium layers of GLARE is similar to monolithic
aluminium.

C R A C K C L O S U R E

Prediction of crack growth

Crack propagation in metals is described with the SIF
introduced by Irwin.6 Crack growth experiments revealed
that different stress ratios result in different crack growth
rates, which means that the crack growth rate is a function
of �K and for the stress ratio. Between the threshold phase
of the material and the fracture toughness phase, the crack
growth rate can be described with the linear Paris-�K
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Fig. 2 Illustration of reversed and monotonic plastic zone.7

relation. The Paris relation has the limitation that it does
not account for the stress ratio effect on crack growth.
This means that each stress ratio has a different da/dN-
�K curve.

Elber stated that crack extension can only take place in
that portion of the load cycle in which the crack is fully
open, which he called the effective stress range.

�Seff = Smax − Sop for Sop ≥ Smin. (1)

Two zones can be distinguished in the plastic zone at
the crack tip (see Fig. 2). The first zone is the mono-
tonic plastic zone that is formed at the crack tip as the
result of a load. After unloading, high compressive resid-
ual stresses around the plastic deformed material can form
a reversed plastic zone. Elber estimated the reversed plas-
tic zone about one quarter of the monotonic plastic zone.
As the crack propagates, monotonic and reversed plastic
deformed material is left in the wake of the crack that
presses together the crack flanks at stress levels below the
crack opening stress.

The plastic zone created at the crack tip is dependent on
the stress intensity and therefore increases with the crack
length for CA fatigue loading. The reversed crack tip plas-
ticity depends on the minimum applied stress and as a con-
sequence the plastic wake field is dependent on the stress
ratio. Therefore, the effective stress range includes stress
ratio effects. This means that the crack growth behaviour
of a metal can be described by a single da/dN-�K eff curve.

Elber7 called the ratio between the effective stress range
and the total stress range, the effective stress range ratio.
After experiments on aluminium 2024-T3, Newman9 and
later Schijve10 proposed the following relation:

U = �Seff

�S
=

(
Smax − Sop

)
(Smax − Smin)

= 0.55 + 0.33R + 0.12R2.

(2)

The effective stress range is in general dependent on the
stress ratio.11,12 Schijve13 remarked that the opening stress

Sop is not a function of the stress ratio for high values of
Kmax.

The SIF only contributes to crack growth when the crack
is open. As a consequence, the crack driving force is �K eff

and the Paris relation becomes:
da
d N

= C (�Keff)n = C (U�K )n

= C[(0.55 + 0.33R + 0.12R2)�K ]n. (3)

Crack closure in the literature

Despite other literature,14 the experiments of Trebules et
al.,15 Arkema and Schijve,16 Gan and Weertman17 have
confirmed the role of crack closure as interaction effect. A
remarkable experiment was presented by Blazewicz18 with
ball impressions on aluminium 2024-T3. He reported
only a small delay during the growth through the over-
load plastic zone, while a significant delay occurred at a
later stage. This could indicate that crack closure is active
in the wake of the crack, and the residual stresses ahead of
the crack tip have relatively little significance.

Plasticity-induced crack closure is the only mechanism
that can explain the so called ‘delayed retardation’, after
an overload. It happens that the cracks grow an initial dis-
tance, sometimes at higher rate, before the deceleration of
the crack growth rate takes place. This effect is attributed
to the plastic zones, which are created at the tip in the
overload cycle and which have a crack closing effect in the
wake of the crack.

Other crack closure mechanisms besides plasticity-
induced crack closure are roughness-induced crack clo-
sure and crack filling closure. Roughness-induced closure
is the result of a mismatch of the fracture surface asperities
at unloading, and is related to low stress intensity ranges
close to the threshold SIF �K th.12

Crack filling closure is induced by external agents that
produce corrosion products, oxides and fretting debris.
By filling the crack, the effective stress intensity range is
reduced. This closure phenomenon is only relevant for
corrosion sensitive materials in a wet environment.19–21

As the order of magnitude of both mechanisms is believed
to be insignificant for the current work, this will not be
discussed further.

Crack opening in GLARE

Especially for thick plates, the crack opening is a three-
dimensional phenomenon. The plastic zone at the crack
tip is dependent on the stress conditions in the metal,
which varies through the thickness.

It is assumed that in thin sheets the crack opening is re-
lated to plane stress behaviour only. In addition, the outer
layers are less restrained than the inner layers, because
they are supported by fibre layers at one side only. This
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means that the crack opening takes place at a lower stress
level and consequently the crack length is larger compared
to the inner layers. Therefore, it is conservative to assume,
that the crack opening in the outer layers of a GLARE
laminate are representative for the crack opening in the
internal aluminium layers.

G L A R E

The material GLARE is one variant of the FML concept
and is manufactured of alternating aluminium 2024-T3
layers and a prepreg of S2-glass fibres with FM94 epoxy
adhesive. GLARE is cured in an autoclave at 120 ◦C and
6 bar.2

The glass fibre layers in the laminate can be positioned
in different orientations. A system has been defined to
give order to the different combinations and orientations
of aluminium and fibre layers. The system is based on
a notation with four variables: GLARE X-X/X-X. The
outer layers of a GLARE laminate are always made of
aluminium to prevent moisture intrusion in the prepreg.

The first variable defines the GLARE type, which de-
termines the fibre orientation between two aluminium
layers (Table 1). The fibre orientation is defined with re-
spect to the rolling direction of the aluminium layers and
each orientation represents a prepreg layer with a nomi-
nal thickness of 0.133 mm. The second and third variable
characterizes respectively the number of aluminium and
prepreg layers. The last variable gives the thickness of the
aluminium layers in the laminate.

In FMLs, the actual stresses in the metal layers are dif-
ferent from the applied laminate stresses, as result of dif-
ferences in stiffness and thermal expansion coefficients of
the constituents. The stress cycle in aluminium layers as
a result of the applied stress cycle on the laminate can be
calculated with the classical laminate theory. The curing
of the laminate causes a tensile stress in the aluminium
layers. The stress cycle in the aluminium layer is calcu-
lated with superposition of curing stress and stress due to
stiffness differences.

Table 1 Different GLARE types, sheet thicknesses, fibre orientations, and specific characteristics2

GLARE grade Metal sheet thickness variation Prepreg orientation in each fibre layer Characteristics

GLARE 2A 0.2–0.5 0◦/0◦ Fatigue, strength
GLARE 2B 0.2–0.5 90◦/90◦ Fatigue, strength
GLARE 31 0.2–0.5 90◦/0◦ Fatigue, impact
GLARE 4A 0.2–0.5 0◦/90◦/0◦ Fatigue, strength in L-T
GLARE 4B 0.2–0.5 90◦/0◦/90◦ Fatigue, strength in T-L
GLARE 5 0.2–0.5 0◦/90◦/90◦/0◦ Impact
GLARE 6A 0.2–0.5 +45◦/–45◦ Shear, off-axis properties
GLARE 6B 0.2–0.5 –45◦/+45◦ Shear, off-axis properties

1In GLARE 3 laminates, the fibre layer closest to the outer aluminium layer of the laminate is in the rolling direction of the aluminium.

A N A LY T I C A L P R E D I C T I O N M O D E L

With the recently published analytical model,4,5 the crack
growth in GLARE can be predicted for CA loading. The
analytical model successively describes the bridging stress,
the delamination shape extension, the SIF and the crack
growth. From this work, it was concluded that the bridg-
ing stress, the crack opening contour, and the delamina-
tion shape are in balance with each other.

The bridging stress is obtained by equalling the relations
for the crack opening in the metal layers and the elonga-
tion and deformation of the fibre layers. Rewriting results
in a solution for the bridging stresses, which is not a closed
form. To solve this problem numerically, the crack is di-
vided in N bar elements, over which the crack opening is
calculated and summated.

The fibre layers in an FML transfer most of the load
through the crack in the metal layers. Therefore, the fi-
bre bridging stress has a direct influence on the SIF at
the crack tip. However, the bridging stress is influenced
by the shape of the delamination, which therefore has a
significant influence on the crack growth.

To determine the delamination growth, the energy re-
lease rate, G, has been used.22 The tensile residual curing
stresses in the aluminium layers cause bridging stresses
greater than zero, although the laminate stress is equal
to zero. Therefore the maximum and minimum energy
release rate is determined including this bridging stress.

Gmax (x) = n f t f

2jE f

(
naltal Eal

naltal Eal + n f t f E f

)
(Sf + Sbr,max(x))2

(4)

Gmin (x) = n f t f

2jE f

(
naltal Eal

naltal Eal + n f t f E f

)
(RS f + Sbr,min(x))2.

(5)

The delamination growth is then described with a Paris
type relation:

db
d N

(x) = Cd (
√

Gd ,max (x) −
√

Gd ,min (x))nd , (6)
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where the constants Cd and nd have been determined with
experiments22 and are determined at room temperature
to be respectively 0.05 and 7.5 for GLARE.

According to the theoretical model, the effective SIF in
GLARE is defined as the difference between the far-field
SIF and the bridging SIF.

Ktip = Kfarfield − Kbridging, (7)

where for an infinite plate:

Kfarfield = Sal
√

πa (8)

and:

Kbridging = 2
N∑

i=1

Sbr,al(xi )w√
πa

a√
a2 − x2

i + b2
i(

1 + 1
2

(1 + v)
b2

i

a2 − x2
i + b2

i

)
, (9)

where Sbr,al is the bridging stress defined as the amount
of stress transferred from the aluminium layers to the fi-
bre layers, a the half crack length, and b the delamination
width.

The SIFs are corrected for the finite width of the speci-
men by a correction factor β.23 From the stress intensity
at the crack tip, the effective stress intensity is calculated
with the empirical relation of De Koning.8

�Keff = (1 − R1.35)Ktip. (10)

With the effective stress intensity range, the crack growth
rate can be determined with the material constants Ccg

and ncg for the Paris-�K eff region.

da
d N

= Ccg�K ncg

eff , (11)

where the constants Ccg and ncg have been determined
for monolithic aluminium 2024-T3 and have values of
respectively 2.17·10−12 and 2.94 for da/dN in [mm/cycle]
and �K in [MPa/mm].24

E X P E R I M E N T S

Test specifications

The objective of the experimental program was to ob-
tain detailed knowledge about the crack closure behaviour
of FMLs. Therefore, CA fatigue tests have been per-
formed on centre crack tension (CCT) specimens and
the crack opening stresses were determined for different
stress ratios, similar to the tests performed by Elber on
aluminium 2024-T3.7 The tests were performed at dif-
ferent maximum stress levels, aluminium sheet thicknesses
and GLARE lay-ups. The crack opening stress was also
checked at different crack lengths.

The experiments were limited to through-cracks (i.e.
cracks with equal length in all metal layers), loaded in the
longitudinal direction in a lab air environment at room
temperature.

Test matrix

The experiments were performed on GLARE 3 speci-
mens, because this material is currently used in practice
and illustrative for other GLARE types, because of its bi-
axial fibre orientation.

The first series of experiments was conducted with a
GLARE 3-4/3-0.3 ‘baseline laminate’ at various stress ra-
tios between R =−1 and R = 0.6 to get a direct comparison
to the crack opening curve of aluminium 2024-T3.10 The
maximum stress ratio applied was 0.6, because above this
level the effective stress range becomes very small. The
maximum stress level of these tests was 120 MPa, a level
at which reasonable crack growth was achieved.

For the other aluminium thickness (GLARE 3-4/3-
0.4) and lay-up (GLARE 3-6/5-0.3), test were performed
at three different stress ratios. The 6/5 lay-up is the
thickest laminate considered here, because thicker lam-
inates give smaller crack opening as a result of increased
fibre restraint. In addition, a possible influence of the max-
imum stress level was validated with two tests on GLARE
3-4/3-0.3 at 100 and 140 MPa.

The test matrix is given in Table 2. In all experiments, the
test specimens were loaded parallel to the rolling direction
of the aluminium layers.

Test specimen

The experiments were performed with CCT specimens
as illustrated in Fig. 3. Three cracks were used to increase
the amount of test data from a single test. The starter

Table 2 Test matrix to determine the crack opening stress level for
different stress ratios and laminates

Material Maximum stress [MPa] Stress ratio

GLARE 3-4/3-0.4 120 –0.5
0.02
0.4

GLARE 3-4/3-0.3 120 –1
–0.5
0.02
0.1
0.2
0.4
0.6

100 0.02
140 0.02

GLARE 3-6/5-0.3 120 –0.5
0.02
0.4
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Fig. 3 CCT test specimen configuration.

notches were made by drilling a hole of 2.5 mm diameter
with two saw cuts, directing perpendicular to the loading
direction. The total length of the starter notch (2a0) was
approximately 5 mm. The size of the hole in relation to
the final saw-cut length was chosen such, that the presence
of the hole has no effect on the stress distribution at the
crack tips.

Test equipment

All experiments were performed on the six metric tons
MTS® fatigue testing machine at the Structures and
Materials Laboratory of TUDelft. This machine is closed
loop and servo controlled with MTS® TestStarTM (MTS
Systems Corporation, Eden Prairie, MN, USA). The load
is introduced from the machine mountings into the speci-
men with bolted clamping. The test frequency was 10 Hz.

For stress ratios below zero, buckling of the specimen
was prevented with anti-buckling guides. These guides
had to prevent deflection of the test specimen that could
cause higher crack growth rates, but were not allowed
to carry any load. In addition, the guides were made of
non-conducting plywood to enable automatic crack length
measurements with the potential drop method (PDM).

Measurement techniques

To determine the crack opening stress, different tech-
niques could be used. In the literature, an extensive

amount of information on this subject can be found.7,12,25

In this test program, the crack opening stress was deter-
mined with a digital camera. Advantages of a digital cam-
era are the accuracy, the reproducibility and interpretation
of results. The image of the digital camera used covers 2.1
by 1.6 mm and with computer software it was possible
to record images and measure the crack lengths with an
accuracy of 0.01 mm.

The reproducibility and interpretation of the crack im-
age made with the camera for GLARE was better com-
pared to aluminium, because of the limited crack tip plas-
ticity and the limited reflection of the aluminium surface
due to the primer.

The observation technique to determine the crack
opening with the digital camera was validated with ex-
periments on 2 mm thick aluminium 2024-T3 spec-
imens. The test results of these experiments were
identical to the results represented by the curve of
Schijve.10

The crack length was measured with the PDM at the
three crack locations on both sides every 5 kcycles. A
detailed description of the PDM can be found in the liter-
ature.26,27 The voltage difference over the crack was nor-
malized with the voltage difference over the total speci-
men, in accordance with Johnson.26 The calibration curve
that related the potential ratio �vcrack/�vspecimen to a crack
length consisted of two parts: a second order function for
small cracks (2a <15 mm), and a linear part for longer
crack lengths (2a >15 mm).

The electrical current (direct current) was lead into the
specimen at the bolt connection, by 3-mm thick brass
plates. At these locations the specimen was sanded to re-
move the non-conducting primer. To prevent the current
leak through the bolts, Teflon casings were used which
covered the bolts.

Discussion of the test results

For each GLARE type the da/dN-a data is presented in
Figs. 4–7. In Fig. 4, the test results on GLARE 3-4/3-
0.3 loaded under a maximum stress of 120 MPa between
stress ratios R = −1 and R = 0.6 are given. The crack
growth curves of the experiments on GLARE 3-4/3-0.4
laminates are given in Fig. 5. In a similar way, the exper-
iments on GLARE 3-6/5-0.3 laminates are presented in
Fig. 6.

In every experiment the crack opening stress was mea-
sured at 50, 100, 150 and 200 kcycles. In Table 3 an
overview of the crack opening stresses for each experi-
ment is presented. These crack opening stresses are inde-
pendent of crack length: no relation between crack length
and the crack opening stress has been observed in the
tests.
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Fig. 4 Crack growth rate versus crack length for GLARE 3-4/3-0.3 loaded with a maximum stress of 120 MPa and under stress ratios of −1,
−0.5, 0.02, 0.1, 0.2, 0.4 and 0.6.
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Fig. 5 Crack growth rate versus crack length for GLARE 3-4/3-0.4 loaded with a maximum stress of 120 MPa and under stress ratios of
−0.5, 0.02 and 0.4.

A N A LY S I S A N D D I S C U S S I O N O F T H E
T E S T R E S U LT S

From the test results presented in Table 3, the crack
opening ratio (Sop/Smax) as a function of the applied
stress ratio has been determined. A comparison of this
ratio for monolithic aluminium10 and GLARE is pre-
sented in Fig. 7. Based on the earlier explained dif-

ferent stress states for different sheet thickness,12 it
could be expected that thin aluminium sheets used in
GLARE, have a higher crack opening stress. From
this figure it can be seen that the different laminates
have different crack opening stresses for equal stress
ratios.

The metal volume in the GLARE laminate can be cal-
culated as percentage of the total volume, called the metal
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Fig. 7 Crack opening ratio versus stress ratio for different GLARE laminates and maximum stresses loaded with CA fatigue cycles together
with the Schijve correction for monolithic aluminium 2024-T3.10

volume fraction (MVF).28,29

MVF =
∑n=i

1 tal

tlam
. (12)

Table 4 presents the calculated MVF for the three lam-
inates. When the test results in Fig. 7 are related to
the MVF, it can be concluded that a laminate with a

higher MVF has a lower crack opening ratio. In other
words, laminates with a higher MVF behave more like
monolithic aluminium, which has according to the defi-
nition a MVF of 1.

The stress levels and the stress ratios discussed with the
trend shown in Fig. 7 are all laminate stresses. Follow-
ing from the assumption that similar stress state in the
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aluminium layers compared to monolithic aluminium re-
sult in similar crack growth behaviour, the stresses should
be recalculated to actual stress levels occurring in alu-
minium layers. The stress level in the aluminium layer is
different from the applied stress on the laminate as result

Table 3 Crack opening stresses for all tests

Test specimen Smax [MPa] Stress ratio Sop [MPa]

GLARE 3-4/3-0.4 120 –0.5 52
0.02 65
0.4 80

GLARE 3-4/3-0.3 120 –1 55
–0.5 65
0.02 70
0.1 75
0.2 80
0.4 85
0.6 95

GLARE 3-6/5-0.3 120 –0.5 65
0.02 75
0.4 90

Table 4 Metal volume fraction for the tested GLARE laminates

Material MVF

GLARE 3-6/5-0.3 0.586
GLARE 3-4/3-0.3 0.611
GLARE 3-4/3-0.4 0.677
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Fig. 8 The far-field stress calculated on the assumption that the stress intensity at the crack tip during crack opening must be similar for
both aluminium and GLARE.

of the earlier mentioned stiffness and thermal expansion
differences of the constituents.

The assumption that the crack closure behaviour of
GLARE is based on aluminium can be verified with the
following calculation. The SIF in monolithic aluminium
can be related to the applied stress level and the crack
length with Eq. (8). This relation is not straightforward
for Glare as follows from the discussion of the model.4,5

However, based on the similarity assumption, one can as-
sume that the SIF for the opening stress level in monolithic
aluminium should be identical to the SIF in GLARE at the
time the crack opens. This approach is illustrated in Fig. 9,
where the relation between the SIF and the stress level is
given for monolithic aluminium and GLARE. The rela-
tion for GLARE is determined with the analytical model,
taking into account the fibre bridging.

In Table 5, the maximum stress level, the stress ratio and
the crack opening stress that is calculated with the above-
described method is given together with the stress ratio in
the aluminium layers of the laminate.

Similar to Fig. 7, the relation between Sop/Smax and the
stress ratio in the aluminium layers Ral is illustrated in
Fig. 9.

With Fig. 9, it can be concluded that the crack closure
behaviour of GLARE can be based on the crack clo-
sure behaviour of aluminium 2024-T3 if the behaviour of
GLARE is related to the stresses in the aluminium layers
of the laminate.

Despite the deep plane stress state for thin 0.3 mm alu-
minium sheets, Fig. 9 shows that the correlation with the

c© 2007 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 30, 608–620



CRACK CLOSURE IN F IBRE METAL LAMINATES 617

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

stress ratio R

c
ra

c
k
 o

p
e

n
in

g
 r

a
ti

o
 S

o
p

/S
m

a
x

G3-4/3-0.3 Smax=120 MPa

G3-6/5-0.3 Smax=120 MPa

G3-4/3-0.4 Smax=120 MPa

Al 2024-T3 Smax=120 MPa

l = 920 mm
W = 140 mm
2a0 = 5 mm
f = 10 Hz
Room Temp.

Fig. 9 Crack opening ratio versus stress ratio for different GLARE laminates after recalculation together with the Schijve correction for
monolithic aluminium 2024-T3.

Table 5 The maximum stress, stress ratio, and crack opening stress and the stress ratio in the aluminium layers of different GLARE
laminates

Material GLARE laminate GLARE laminate GLARE laminate Aluminium
Smax (MPa) stress ratio Sop (MPa) stress ratio

GLARE 3-4/3-0.4 120 –0.5 47 –0.35
0.02 57 0.12
0.4 73 0.47

GLARE 3-4/3-0.3 120 –1 41 –0.77
–0.5 48 –0.32
0.02 58 0.14
0.1 60 0.21
0.2 64 0.30
0.4 74 0.48
0.6 87 0.66

GLARE 3-6/5-0.3 120 –0.5 48 –0.31
0.02 58 0.15
0.4 74 0.48

reference curve determined with thicker aluminium is ex-
cellent. Apparently, the effect of thin sheet stress state can
be neglected in this case, which has also been proven by
Homan.3

The negligible differences in the crack opening ratios
for different laminates and the curve of monolithic alu-
minium can be explained by the accuracy of the measure-
ment technique and the ability to observe crack opening
for different laminates. For laminates with higher MVF
crack opening is easier to detect.

Based on this conclusion, the Alderliesten crack growth
model for GLARE is adjusted to incorporate crack clo-

sure. Originally, the Alderliesten model used the empir-
ical relation derived by De Koning (Eq. 10) to calculate
the effective stress intensity range in the laminate. With
the effective stress intensity range, the crack growth rate
can be calculated for the Paris-region with the constants
Ccg and ncg.

As the constants Ccg and ncg have been determined for
De Koning correction, they have to be recalculated for the
Schijve correction (Eq. 2) to account for the differences
in effective stress range:

Ccg
(
�K ncg

eff

)
deKoning = C2

(
�K n2

eff

)
Schijve , (13)
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Fig. 10 GLARE 3-4/3-0.4 laminate loaded with Smax 120 MPa and R = 0.02.
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Fig. 11 GLARE 3-4/3-0.3 laminate loaded with Smax 120 MPa and R = 0.02

where (�Keff)deKoning is defined in Eq. (10) and
(�Keff)Schijve in Eq. (3).

If it is assumed that ncg = n2, the constant C2 can be
calculated and is 1.27·10−11 for �K in MPa/mm and da/dN
in mm/cycle.

The correction of De Koning and its Paris region con-
stants can now be replaced by the Schijve correction for
crack closure and the new constants. The stress ratio in the
Schijve correction uses the stress ratio in the aluminium
layers to obtain �K eff.

�Keff = (
0.55 + 0.33Ral + 0.12R2

al
)
�Ktip. (14)

The crack growth can be calculated for the Paris-region
with the constants C2 and n2:(

da
d N

)
= C2 (�Keff)n2 . (15)

VA L I D AT I O N O F M O D E L I N C L U D I N G C R A C K
C L O S U R E C O R R E C T I O N

The Alderliesten model with the crack closure correc-
tion was validated with test results and with predictions of
the Alderliesten model including the empirical relation of
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Fig. 12 GLARE 3-4/3-0.3 laminate loaded with Smax 140 MPa and R = 0.02.
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Fig. 13 GLARE 3-6/5-0.3 laminate loaded with Smax 120 MPa and R = 0.4.

De Koning. The Figs. 10–13 give an illustration of these
validations.

The validation of the crack closure correction with both
the test results and the predictions of the Alderliesten
model including the empirical model of De Koning show a
good correlation in crack growth rates. In the Figs. 10–13,
the predictions with both corrections coincide. Only for
negative stress ratios, not shown here, the crack growth
rate is underestimated. This holds for both the crack clo-

sure correction of Schijve and the correction of De Koning
and is caused by the Alderliesten model itself. The Alderli-
esten model has been derived only for positive stress ratios
and has not been extended and validated for negative stress
ratios.4,5

The crack closure correction can be used for dif-
ferent GLARE lay-ups, aluminium sheet thicknesses
and for different applied maximum stresses and stress
ratios.
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C O N C L U S I O N S

Crack closure in FMLs has been investigated. Fatigue
crack growth experiments on GLARE, an FML of Alu-
minium 2024-T3 and a prepreg with S2-glass, has been
performed with measurement of the crack opening stress
level.

The crack opening behaviour of FMLs is similar to
monolithic aluminium. Analysis showed that crack growth
rates in FMLs are dominated by the metal and can be mod-
elled accordingly if specific FML mechanisms, like fibre
bridging, are taken into account.
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