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1. Introduction

Fiber-Metal-Laminates (FML) are currently used in aviation, as
many new aircrafts feature an FML in large parts of the load bearing
structure [1]. The most prominent FML is GLARE, a glass fiber re-
inforced epoxy paired with aluminum 2024-T3 sheets [2-4]. The ben-
efits of this new material are dynamic resistances such as a high fatigue
resistance and an extraordinary resistance to crack propagation [5-7].
However, the stiffness of the system is reduced compared to bulk alu-
minum. To obtain a higher stiffness of an FML, one possibility would be
to substitute the glass fibers with carbon fibers. Thus, increasing the
laminate’s overall stiffness, while reducing its density. Additionally the
CFRP can be placed in the face sheet, thus using the moment of inertia
to increase the laminate stiffness.

Carbon fiber reinforced aluminum laminates (CARALL) generally
feature a high difference in the constituent’s coefficient of thermal ex-
pansion (CTE-mismatch) and the possibility of galvanic corrosion
[8-10]. These problems may be solved by integration of elastomer in-
terlayers. The elastomer inhibits corrosion through a high electrical
resistance and uses high elastic strains to absorb the CTE-mismatch,
while it is desired to increase adhesion. Elastomer interlayers were al-
ready used in different laminate structures, with either carbon or glass
fibers, to increase damping, adhesion and the resistance to corrosion
[11-15].

CARALL research often showed that the laminate is not suitable for
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application due to the reasons presented above [16]. To circumvent the
problems of CARALL laminates were fabricated, where the metal sheet
was substituted with a less corrodible metal like titanium [17] or a
polymer interlayer was applied to ensure adhesion [16]. However, no
extensive fatigue tests were performed on those laminates [18-20].
More extensive research under fatigue loading was carried out using the
more prominent GLARE [21-32].

Fatigue experiments on composites are essential for the applicability
in dynamically loaded structures. The complex behavior, due to effects
like fiber bridging and matrix fracture in 90° plies, has to be experi-
mentally proven [22,23]. During fatigue loading, damping in the
polymer layer induces heat into the specimen, thus making it necessary
to monitor the temperature during the experiment [24]. The material in
this study consists of CFRP, elastomer and aluminum layers, but the
interactions of the constituents are crucial for the laminate’s perfor-
mance, as delamination could cause premature failure. Fatigue in FMLs
has already been researched, but the main focus was on the crack
propagation and therefore notched specimens were used [25-32].
However, since the stiffness degradation is investigated in this study
notch-free coupon specimens were tested. The research already con-
ducted examined the crack growth and cannot be transferred to dif-
ferent damage mechanisms in bulk fatigue testing. The differences in
constituent materials and specimen geometry additionally render the
transferability of the research to this study futile. The loading rate was
low to inhibit internal heating caused by damping of the polymer
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components. The load was set according to ISO 13003 [33]. As failure
criterion, a 20% stiffness degradation was chosen. It was assumed that
with this stiffness drop, the functionality of the structure can not be
assured.

The damage evolution in FRP and metals is well described, and
lifetime prediction theories are established for each material. For the
aluminum core the lifetime can be predicted using the Coffin-Manson
[34] or Basqiun [35] relation depending on the cycles to failure. The
effect of the mean stress can be considered with the Goodman or Gerber
model [36]. The elastomer interlayer is not expected to fracture, be-
cause the maximum strain of the elastomer will not be reached at the
failure of the laminate. A lifetime prediction for CFRP specimens has a
variety of approaches: Either the unidirectional layup is considered
[37] or multiaxial sheets were predicted [38]. The stress ratio also
factors into the lifetime prediction [39-41]. If the failure criterion of
stiffness reduction is chosen, the prediction has to be adapted [42,43].
As stated before, the properties of the constituents cannot be simply
superimposed, but the interaction of the constituents have to be taken
into account. Therefore, the damage evolution in the specimen was
monitored by X-ray computed tomography (CT-scans) [44-46]. The
aluminum layer is expected to cause beam hardening and the sample
size are expected to prevent detection of single carbon fibers.

2. Material and methods

Fiber-Metal-Laminates with elastomer interlayers (FMEL) consist of
CFRP face layers, elastomer interlayers and an aluminum core. The
layup of the laminate investigated in this study was symmetrical to
inhibit warpage caused by the CTE-mismatch combined with the
cooling from processing temperature. The FMEL specimens were man-
ufactured at the Institute for Production Science (wbk) at the Karlsruhe
Institute of Technology (KIT). A Lauffer type RP 400 OK 920 machine
press was used. The laminates were manufactured at 150 °C and 23 bar
pressure, the curing cycle duration was 300 .

2.1. Carbon fiber reinforced polymer (CFRP)

The CFRP used in this study was a Hexcel “M77/42%,/UD90/CHS”
prepreg with unidirectional high strength carbon fibers and an opti-
mized resin for fast curing cycles to counteract the usually long pro-
duction cycles of FML [22,47]. For the application in the FMEL a low
sheet thickness of 0.1 mm was essential to guarantee a variable layup of
the CFRP’s properties in the laminate. The 0.1 mm thick prepreg allows
layups with different directions to form the resulting CFRP layer; in this
study a biaxial layup was used. The curing temperature of the epoxy
matrix of 150 °C was matched to the curing temperature of the elas-
tomer interlayer to ensure good polymerization [48]. Due to the high
strength carbon fibers and a fiber volume content of approximately
50% the CFRP had high mechanical properties. The density was 1.5 g/
cm?®, the Young’s Modulus of the unidirectional CFRP sheet was
120 GPa and the tensile strength 2250 MPa. The stiffness perpendicular
to the fibers was 3 GPa. The unidirectional prepreg sheets were ar-
ranged to a biaxial CFRP layer with 0.6 mm thickness.

2.2. Aluminum

The metal examined in this study was selected according to high
resistance to sheet bending combined with a low density and the re-
striction of commercial availability in 0.3 mm thin sheets. Aluminum
2024-T3 fits all requirements and has the benefit of comparability, as
many FML use this alloy [1,2]. The mechanical properties of the alu-
minum alloy were taken from tensile tests carried out with aluminum
sheet specimens. The Young’s Modulus was 73 GPa, the yield strength
was 320 MPa and the tensile strength was 435 MPa.

2.3. Elastomer

The elastomer used in this research was provided by Kraiburg
Holding GmbH & Co. KG, Waldkraiburg, Germany. The elastomer’s
registered trade name is Kraibon. It is optimized for applications with
CFRP. The chosen mixture, SAA-9579/52, did not only possess en-
hanced adhesion to CFRP with epoxy matrix but also to aluminum. The
elastomer interlayer promised inhibited corrosion, a balanced CTE-
mismatch and increased adhesion. The elastomer layer had a thickness
of 0.5 mm and its curing temperature fit the curing temperatures of the
Hexcel M77/42%/UD90/CHS. The curing cycle time for the FMEL was
defined by the elastomer, as it was the slower curing component of the
laminate. The resulting cycle time was 300 s at 150 °C. The elastomer
interlayer was introduced to inhibit corrosion by electrical decoupling
and to balance the CTE-mismatch through high ductility. Additionally
the adhesive properties of the elastomer were intended to increase in-
terfacial properties. With increasing thickness these effects were
strengthened, but mechanical properties, like bending stiffness, were
reduced. A thickness of 0.5 mm was chosen to guarantee corrosion re-
sistance and CTE-mismatch balancing, but retain the mechanical
properties at a high level.

2.4. Laminate

Fig. 1 shows the layup of the FMEL consisting of 5 layers of con-
stituents optimized for sheet bending. The CFRP face layers, each
consisting of 6 uni-directional CFRP prepreg layers, are the primary
load bearing structure in the laminate. They were situated close to the
outer fiber of the specimens to optimize the bending stiffness [49]. The
integration of aluminum introduces interfaces, which function as ob-
stacles for crack propagation, thus increasing dynamic properties. The
elastomer interlayer promises good adhesion, inhibition of corrosion
and balancing of the CTE-mismatch through high strains.

The material’s selection resulted in this layup as desirable for
lightweight sheet materials with high flexural stiffness when using the
three given materials [50]. The stiffness to weight ratio was optimized,
while the laminate’s thickness was set to 2.5 mm. The optimum lami-
nate consisted of 0.6 mm CFRP face layers, 0.5mm elastomer inter-
layers and a 0.3 mm aluminum core.

Fig. 2 presents the structure of the laminate. The CFRP face layer
with different fiber orientations depending on the unidirectional layer
are visible. The adhesively bonded elastomer connects the CFRP and
aluminum.

2.5. Lifetime prediction

The constituent failure was predicted individually and super-
imposed to predict laminate failure. The failure in the aluminum sheet
was predicted using the Coffin-Manson equation and the CFRP con-
stituents stiffness reduction was calculated likewise to Ogin et al. [42].
The elastomer was assumed to stay intact throughout the experiment
and failure of the specimen, because the laminate’s strain at failure is
lower compared to the elastomer’s maximum strain.

The lifetime predictions were calculated and damages in the layers
predicted. Thus, the current stress distribution was recalculated and the
laminate prediction was updated. At the failure of one component, the
stress in the other components was increased, which changed the

Fig. 1. FMEL specimen with CFRP face layers, aluminum core and elastomer interlayer.



Fig. 2. Cross-section polish of three layers of an FMEL.

lifetime prediction. The laminate’s lifetime was predicted by using the
predictions of the components at varying stress levels, depending on the
damage and stress distribution in the laminate.

2.5.1. Lifetime prediction of the aluminum sheet

The lifetime prediction for the aluminum sheet was carried out
using the Coffin-Manson approach (cf. Eq. (1)). The stress applied to the
aluminum was calculated assuming constant strain in the constituents.

Aepy

= € (Np)* )

Aeyl

is the plastic strain amplitude, e'f is the strain at failure, Ny are the
cycles to failure and c is the fatigue ductility coefficient.

The fatigue ductility coefficient was approximated using the true
strain at failure. €, ~ €; = 12.5% was taken from quasi-static tensile
tests of the aluminum sheet. A generally approximated fatigue ductility
exponent for ductile metals was used at ¢ = —0.6.

2.5.2. Lifetime prediction of the CFRP constituent

The lifetime of the CFRP constituent is largely determined by matrix
cracking of the 90° plies. Since the stiffness reduction was chosen as
failure criterion, the corresponding stiffness reduction in the CFRP layer
had to be predicted. The following Eq. (2) was taken from Ogin et al.:

] (2)

E, is the initial Young’s Modulus and d—f] is the change in Young’s
Modulus. A and n are constants, which have to be obtained from fatigue
experiments. Oy, is the maximum applied stress and E is the current
Young’s Modulus.

A plot of Eq. (2) is shown in Fig. 4, where the values for A and n
could be deduced. The figure shows the data points of the laminates at
high load levels. The low cycle fatigue experiments were used to predict
the fatigue endurance of the laminate. The loads for the CFRP layer
were approximated with a fractured aluminum layer, because failure
was predicted early compared to the CFRP component.
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3. Experimental

The characteristics of fatigue loading, for example the loading in
pure tension or tension-compression, generally change the material’s
resistance. FRPs show micro-buckling of the fibers in compression load,
resulting in premature failure. The CFRP is the primarily load bearing
structure and so tension-tension fatigue is the experiment chosen to
prevent premature failure due to micro-buckling.

The load levels for fatigue testing are percentiles of the ultimate
tensile strength (UTS), which was determined before fatigue testing (cf.
Section 3.1). Most components are designed using the material’s stiff-
ness. However, the stiffness of CFRP can decrease during the lifetime.
Thus, the failure criterion 20% stiffness reduction was chosen over
specimen separation.
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Table 1
Strain rates of the different load levels.

Percentile of UTS (%) Stress amplitude (MPa) Strain rate (%/s)

40 60 2.4
55 82.5 3.3
80 120 4.8

3.1. Ultimate tensile strength (UTS)

The UTS describes the tensile strength, but factors in the strain rate,
which is different in fatigue and quasi-static experiments. The UTS was
determined using tensile tests according to ISO 527-5 [51]. However,
the strain rate of the fatigue experiments was used. The strain rate re-
sults from the testing frequency and the maximum stress for each load
level as presented in Table 1.

A ZwickRoell ZMART.PRO 200 kN universal testing machine with
MultiXtens and hydraulic grippers were used. The applied frequency
resulted in the loading rates presented in Table 1.

3.2. Tension-tension fatigue

The specimens used for fatigue testing were coupon specimens with
the dimensions 250 mm X 25 mm X 2.5 mm. The specimens were cut
by water jet cutting. Aluminum cap strips were not necessary, except
for the specimen used for CT-monitored damage evolution. These spe-
cimens were mounted repeatedly and therefore needed reinforcement
in the gripper area to prevent premature failure. The 1 mm thick alu-
minum cap strips were glued on the sample by the adhesive Uhu
Endfest 300 and cured at ambient temperature for 24 h.

The experiments were stress controlled with a constant frequency of
5 Hz, while the strain and temperature were measured. The load levels
relative to UTS were set according to the standard at 40%, 55% and
80% and the failure criterion was a stiffness reduction of 20%. For these
experiments no cap strips were necessary. A servo hydraulic testing
machine with flat hydraulic grippers was used for fatigue testing. The
predetermined stress was a sinusoidal wave with a given mean stress,
which was set relative to the UTS.

3.3. Stiffness degradation

Fiber reinforced polymers show a damage accumulation under fa-
tigue loading, although there is no specimen separation, the stiffness
decreases significantly. This effect is primarily caused by matrix
cracking of the 90° plies while the specimens remain macroscopically
intact. When examining metals the failure criterion is often specimen
separation. However, in this study a stiffness reduction of 20% was
used, because of the large impact of the CFRP component.

The CFRP constituent could cause the stiffness decrease in the
FMEL, but also a fracture of the aluminum sheet could result in a
stiffness reduction. The fractured aluminum layer was able to carry load
after fracture, because the elastomer could introduce and distribute
load. In the case of an aluminum fracture the stiffness would sponta-
neously decrease significantly. The damage leading to a decrease in
mechanical properties is therefore observed by CT-imaging and thermal
measurements to determine whether the failure was induced by the FRP
or the aluminum constituent. The temperature accumulation caused by
damage in the laminate was monitored using thermal imaging.

3.4. CT-imaging

For CT-imaging a Yxlon Y.CT Precision #CT with a detector re-
solution of 2048 pixels x 2048 pixels was used. The specimen was
mounted using a polymer clamp without mechanical load. The scan was
carried out using 2700 projections at a acceleration voltage of 90 kV



and 0.47 mA current. The CT-imaging was carried out for selected
specimens, as the experiment had to be stopped for scanning. Due to
multiple mounting of the specimens, the gripper area was reinforced
with aluminum cap strips. The scanning occurred prior to the experi-
ments to generate a reference and after each 1000 cycles, while com-
paring the scan to the reference data. The CT-scans were used to define
the damage mechanism in the laminate and to assign the stiffness de-
crease to a constituent.

3.5. Temperature monitoring

The polymer components show temperature-dependent character-
istics and therefore the specimen’s temperature increase due to internal
friction was monitored to be able to deduce mechanical properties and
to ensure comparability. An increase in temperature could cause the
properties to change, preventing any conclusion about the laminates
behavior and damage evolution.

The thermal imaging device was a FLIR T420 Infrared Camera,
which was used to monitor the specimen’s temperature and compare it
to the 5°C threshold in ISO 13003.

A transgression of the threshold would have caused the experi-
mental frequency to be lowered and rendered any results at the initial
frequency inconclusive.

In terms of damage evolution it is of interest to detect areas of
higher temperature and correlate them with damage in the specimens.
Areas with accumulated damage in the specimens result in higher stress
in the intact constituents in this area. Therefore a higher temperature
could indicate localized damage in the laminate. Post mortem CT
imaging is intended to link the hot spots during the experiment to la-
minate damage. The experimental procedure is described in Chapter
3.4.

4. Results

The results of this study will be described focusing on the results
concerning the lifetime prediction, the S-N-curve and the UTS. Another
focus was the damage evolution observed by CT-scans and temperature
monitoring, which was linked to change in the mechanical properties.

4.1. Lifetime prediction

The lifetime prediction for the aluminum core layer was carried out
according to Coffin-Manson. The resulting cycles to failure for the
aluminum are presented in Table 2:

The low cycle numbers indicate, that the aluminum is not expected
to endure the fatigue experiments, but fracture in the process. The fa-
tigue endurance therefore had to be determined for the CFRP con-
stituent.

The lifetime prediction for the CFRP constituent was carried out
according to Ogin et al. [42]. The higher stresses after the aluminum
fracture were already considered in the CFRP lifetime prediction to
generate a laminate prediction.

Eq. (2) can be plotted using data points of fatigue experiments.
Fig. 3 shows the experimentally obtained data points and the linear fit.
The coefficients A = 30365908 and n = 3,90147 were taken from the
diagram through fitting of a straight line. By integration of equation
with the coefficients obtained from the low cycle fatigue specimens, the

Table 2
Lifetime prediction for the aluminum sheet in the FMEL.

Load level (%) Cycles to failure
40 27706
55 3941
80 824

Fig. 3. Diagram for the determination of A and n from experimental data by a linear fit.

Fig. 4. The lifetime prediction for the desired stiffness reduction of the CFRP.

lifetime prediction can be calculated.

Fig. 4 shows the resulting prediction for a S-N curve for the CFRP,
which was calculated from experimentally obtained data. The line
plotted in Fig. 4 is shown in Eq. (3).

E G, 16
— =1- 46,5*(M) N2
Ep Ey 3)

The lifetime prediction overestimates the low cycle performance, as
it predicts values higher than the tensile strength. The fatigue limit at 2
million cycles is 128.25 MPa.

4.2. Ultimate tensile strength

The ultimate tensile strength, which is the strength at the strain rate
of the fatigue experiment, was experimentally determined with 5 spe-
cimens. 0,5, = 333 MPa = 27 MPa The load levels for the fatigue testing
are calculated for mean and alternating stresses as shown in Table 3.

Table 3
Load levels and stress levels of the FMEL fatigue experiments.

Load level Mean stress (MPa) Alternating stress (MPa)
80% of UTS 145 120
55% of UTS 100 82.5
40% of UTS 73 60
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Fig. 5. The upper FMEL specimens was depicted before and the lower specimen after
fatigue loading.

4.3. Fatigue properties

The S-N curve in this study was a result of tension-tension fatigue
testing at R = 0.1 and load levels according to ISO 13003. The FMEL
specimens are presented in Fig. 5. The upper specimen was not yet
loaded, whereas the lower specimen already endured the fatigue
loading. Since the failure criterion is stiffness reduction, the specimens
did not separate.

The stiffness reduction was calculated using the relative dynamic
modulus, which was obtained by division of the current modulus
throughout the experiment by the initial modulus. The failure criterion
was met when the current modulus fell below 80% of the initial value.

Fig. 6 shows a plot of the relative dynamic Young’s Modulus and the
failure criterion at the load level of 55% of UTS measured during the
experiment. The relative dynamic Young’s Modulus is calculated by
division of the current dynamic Young’s Modulus with the initial dy-
namic Young’s Modulus. The modulus is almost constant until ap-
proximately 3 000 cycles. A stiffness degradation is visible and even-
tually reaching the failure criterion at approximately 90 000 cycles.
This curve is representative for all specimens.

The initial stiffness decrease between approximately 3000 and
10,000 cycles was correlated with the fracture of the aluminum core
sheet. The damage of the aluminum layer occurred over a span of cycles
and resulted in a steep stiffness decrease. Although the diagram is
logarithmic, the initial stiffness decrease is more prominent than the
transverse matrix cracking at higher cycles.

The S-N curve presented in Fig. 7 shows the known characteristics,
which can be divided into fatigue strength and fatigue endurance limit.
It shows a failure probability of 50%. The fatigue endurance limit was
reached at 40% of the UTS, even with the stiffness degradation failure
criterion. In the low cycle fatigue area, the curve in Fig. 7 shows high
scattering at high load levels.

4.4. Temperature monitoring

The temperature measurements were carried out at the highest load

Fig. 6. Relative dynamic Young’s Modulus at 55% of UTS.
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Fig. 7. 50% failure probability S-N curve for FMEL with the failure criteron of 20%
stiffness reduction.

level, because at this load level the heat accumulation due to friction
was maximized. It was possible to detect hot spots by thermal imaging,
which could represent damage to the laminate. The temperature ac-
cumulated by the specimens is shown in Fig. 8. The temperature in-
creased 2 °C, but then reached a limit (see Fig. 9).

Fig. 8 shows specimen temperatures before loading, after approx-
imate cycle numbers of 1000; 10,000 and 100,000. A limit of the heat
generation can be observed, which is reached shortly after the start of
the experiment. After 1000 cycles a stiffness drop was detected. This
damage to the laminate induced heat due to friction and higher stresses.
The temperature threshold was not met at the failure criterion.

Regions with elevated temperature could be detected, where the
friction in the polymer was higher. The higher friction could be caused
by locally higher stress in the CFRP component. The higher stress could
have resulted from the failure of one constituent and stress redistribu-
tion into the CFRP layer. The indicated locations were examined for
damage in the laminate with CT-scans, because aluminum fracture was
expected at these locations. The initial area with higher temperature
was at the lower part of the specimen, but in the last picture a second
area with damage is visible in the center of the specimen. Therefore
multiple cracks in the aluminum were expected.

The temperature-time plot shows that the specimen temperature
rose quickly after the experiment was started, but then reached an
equilibrium between heat generation and distribution. The temperature
increase was approximately 2°C, but well below the 5°C threshold
required for testing according to ISO 13003.

4.5. CT-imaging

CT-imaging was used to detect damage. Because damage in fatigue
experiments occurs throughout the testing, the fatigue experiment had
to be paused to scan the specimens. Fig. 10 shows the stiffness of the
specimen with the pauses of the experiment after every 1000 cycles.
The specimen was scanned at every pause. The intact specimen is
shown in Fig. 11(a) with different colors for the constituents.

The first damage occurred after 5 000 cycles, as it is visualized in
the stiffness decrease in Fig. 10. To monitor the damage of the laminate
only the significant layers were visualized, thus in Fig. 11(b) only the
aluminum layer is visible. A crack through the aluminum constituent is
visualized in the scan. Therefore, the sudden stiffness decrease in the
fatigue experiment indicated the fracture of the aluminum.

The following stiffness evolution is monotonously decreasing
without sharp drops. It is caused by transverse cracks in the matrix and
single fiber fractures. However, due to the specimen width of 25 mm
and the beam hardening, no single fiber or matrix cracks could be
monitored. The beam hardening cast a shadow over the damages in the



(a) Before loading

(c) After 10 000 cycles

Fig. 9. Temperature versus Time plot of the fatigue specimen to cycle 20 000 at 80% UTS.

CFRP, preventing detection of the differences in absorption.

The specimen shown in Fig. 11(a) was scanned before loading it for
the first time as shown in Fig. 10. After scanning it was loaded with
1000 cycles at 55% of UTS and the CT-scan was repeated. This proce-
dure was carried out for 10,000 cycles, respectively 10 CT-scans.

Fig. 10 illustrates the relative stiffness of the specimen during the
fatigue test.

5. Discussion

The fatigue experiments on FMEL showed cracks in the aluminum
layer, which was detected by CT-imaging (cf. Fig. 11(b)). Additionally
the thermal imaging detected areas of higher temperatures, where
cracks could be found after the experiment. The S-N curve was deduced
against a stiffness decrease failure criterion.

Fig. 8. Thermal images of fatigue specimen at 80% load
level after specific cycle numbers with the red and blue
triangles indicating the hottest and coldest spot of the spe-
cimen. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)

(b) After 1 000 cycles

(d) After 100 000 cycles

5.1. Fatigue experiments

The damage in FMEL under fatigue loading was observed using CT-
scans and thermal imaging assisting the mechanical measurements. The
specimens showed no detectable damage at the lowest load level of
40% of UTS, setting the fatigue endurance limit. ISO 13003 postulates a
lower load level at 25%, which was omitted. The medium and high load
levels of 55% respectively 80%, however, showed aluminum fractures
in CT-scans and areas of higher temperature in thermal images.

At the 55% load level cracks were detected using CT-scans. The
cracks occurred in the aluminum component of the laminate, while the
other laminate constituents remained intact. The fracture in the alu-
minum component caused most prominent stiffness decrease in Fig. 6.

Fig. 12 compares the Coffin-Manson lifetime prediction with the
experimentally gathered results. The aluminum fracture was associated
with a large and sharp stiffness decrease during the experiment. The
prediction fit the experimental results.

The failure of the aluminum did not cause the laminate to meet the
failure criterion. Also no delamination occurred due to the elastomer
layer. Without the elastomer layer delamination would occur prior or
after the aluminum fracture, which would reduce the lifetime of the
laminate. The lifetime prediction of the aluminum was not significant
enough to describe the laminate’s fatigue performance. The laminate’s
stiffness decrease was primarily caused by transverse matrix cracking in
the 90° plies of the CFRP. The damage of the aluminum and the CFRP
combined result in the stiffness degradation of the laminate. The alu-
minum damage is a fracture through the whole layer as visualized in
Fig. 11(b). The transverse cracks in the CFRP could not be monitored by
CT imaging, because the beam hardening of the aluminum over-
shadowed the cracks. Matrix cracks and single fiber failure could not be
visualized by CT-scans due to the cone beam, which set the minimum
voxel size higher than the width of the matrix cracks or the diameter of
the carbon fibers.

Fig. 13 shows that the lifetime prediction generally underestimates
the performance of the laminate. Except for one value, the prediction is
conservative. The values of the prediction fit the experiment



(a) 5-layer laminate

Fig. 12. Lifetime prediction and the experimental results for the aluminum layer in the
laminate.

satisfactorily.

5.2. The influence of the elastomer interlayer

To describe the effect of the elastomer on the laminate, FML spe-
cimens were tested, which were identical to the FMEL specimens, ex-
cept for the lack of elastomer interlayers. The FML failed at the lowest
load level. This load level was omitted for the FMEL specimens due to a
fatigue endurance limit higher than the 40% load level. The premature
failure in the FML was caused by delamination in the metal-FRP in-
terface.
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Fig. 10. Stiffness evolution of a specimen used for CT
imaging.

Fig. 11. 3D-model of the laminate with blue representing
CFRP, the elastomer is green and the aluminum yellow.

(b) aluminum layer of the laminate

Fig. 13. S-N curve showing the lifetime prediction for the desired stiffness reduction and
the obtained values in this research.

Fig. 14. FML fatigue specimen loaded at 25% of UTS showing delamination and alu-
minum fractures.

Fig. 14 shows an FML specimen at the load level of 25% of UTS. The
load was expected to be lower than the fatigue endurance limit,
therefore no failure was estimated. However, the FML failed due to



Fig. 15. Hot spots on the specimen highlighted through high contrast.

interfacial delamination in the first cycles. The interfacial shear stress,
caused by a difference in stiffness of the constituents caused the dela-
mination.

This delamination was inhibited by the elastomer layer in the FMEL
through high ductility and improved adhesion. Although the elastomer
interlayer did only carry minor loads, the integration of the layer was
crucial for the laminate’s fatigue properties.

5.3. Thermal imaging

Thermal imaging was used to monitor the temperature accumula-
tion versus the given threshold of the specimen throughout the fatigue
experiment. The accumulation was well below the threshold during the
whole experiment.

The thermal imaging showed no breach of threshold, even though
damage evolution caused friction. The temperature dependent me-
chanical properties of the polymers therefore were proven negligible
when discussing the mechanical behavior of FMEL.

The thermal image at 100 000 cycles in Fig. 8(d) was taken after the
failure criterion was met. Fig. 15 shows the same specimen with visible
hot spots due to locally higher friction. This effect was anticipated to
result from aluminum fracture and stress redistribution into the CFRP.
The increase in stress therefore would result in higher friction and
therefore temperature. The hot spots were examined post mortem using
CT-scans. The scans proved the existence of aluminum cracks in the
exact locations. Therefore the aluminum cracks could be linked to the
locally higher temperature in the thermal imaging.

6. Conclusion

Fatigue testing was carried out on FMEL specimens according to ISO
13003, with a 20% stiffness degradation failure criterion. The experi-
ments were accompanied with infrared thermal measurements and ex-
situ CT-scans to assert the validity of the experiments and show the
damage during testing.

A lifetime prediction for FMEL was not applicable and a combina-
tion of predictions for the constituents were used to formulate one
prediction for the whole laminate. The prediction fit the experiment
well for the failure criterion of 20% stiffness reduction.

The prominent stiffness drops in the fatigue experiments were cor-
related with cracks in the aluminum layer, which were detected and
located by CT-scans. Additionally, areas of higher temperatures were
measured via infrared thermal imaging and it was proven that locating
cracks during the experiment was possible.

The FMEL exhibited high fatigue properties, because the fatigue
endurance limit was above 40% of UTS. Also a high damage tolerance
was observed, when a fracture in the aluminum did not cause a

laminate failure or delamination, as it would be expected for FML.
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