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A B S T R A C T   

The prolonged fatigue lifetime of fiber metal laminates (FML) compared to monolithic metals is a key aspect for 
safety-relevant components, where detailed knowledge about the fatigue properties up to the very high cycle 
fatigue (VHCF) regime is necessary. For thermoplastic-based FMLs, offering formability, recyclability, and mass 
production due to short consolidation cycle times, this knowledge needs to be established. 

In this study, FML containing AA6082 sheets and unidirectional glass and carbon fiber-reinforced polyamide 6 
was investigated. Fatigue tests up to max. 109 cycles were conducted on a servo-hydraulic and a high-frequency 
resonant fatigue testing system with frequencies of 10 Hz and 1,000 Hz. Frequency-induced self-heating was 
evaluated and limited using air-cooling to maintain the matrix properties. Fatigue progress was monitored 
through high-speed optical deformation analysis. 

Compared to HCF loads, VHCF loads lead to reduced crack and delamination occurrence. Changes in 
microstructure are dominated by singular crack initiation and propagation within the aluminum. The FML’s S-N 
curve shows a significant flattening from the HCF to the VHCF regime, simplifying the predictability of the fa
tigue life. By using post-stretching, the VHCF strength can be increased by over 60 %, making this thermoplastic- 
based FML a considerable competitor in the field of FML.   

1. Introduction 

Compared to monolithic metal sheets, fiber metal laminates (FML) 
offer the benefits of prolonged and sequential fatigue damage evolution 
[1–5]. E.g., tension–tension load in laminate plane direction leads 
initially to crack formation in the metal sheets, followed by interlaminar 
damage development within the metal-polymer interfaces until failure 
of the metal, after which the load still can be transferred over the 
remaining fiber-reinforced polymer (FRP) layers [6,7]. The superior 
performance and monitorability of FML proved its applicability already 
for i.e., the aeromotive industry [3,8]. Established and thoroughly 
researched representatives of FMLs contain e.g., aluminum sheets and 
thermoset matrix systems, such as ARALL (aramid fiber-reinforced 
epoxy [9]), GLARE (glass fiber-reinforced epoxy [10]), and CARALL 
(carbon fiber-reinforced epoxy [11]). But also, FMLs with thermoplastic- 
based FRP are present, offering the possibilities of improved formability 
[12–14], recyclability, and mass production due to short consolidation 
cycle times [12,15–17]. However, the knowledge about the mechanical 
properties of thermoplastic-based FMLs, especially considering fatigue 

[18–22], is limited compared to thermoset-based FMLs. 
In general, a detailed holistic characterization of the mechanical 

properties including very high cycle fatigue (VHCF) is essential to 
evaluate their suitability for practical applications, which is associated 
with great time and financial effort. To achieve feasible FML qualifica
tion for long-term applications with regard to reliable and thus sus
tainable component design for VHCF lifetime, methods for short-term 
characterization are necessary. Extrapolation of characteristic mechan
ical properties for the FML and the individual laminate materials, 
determined in the high cycle fatigue (HCF) regime based on, e.g., con
ventional servo-hydraulic testing systems (testing frequency (f) of 0.5 to 
around 100 Hz) [15,23,24], or resonance testing systems (f of 50 to 
around 200 Hz) [15,25], is only suitable to a limited extent. Deviations 
regarding the lifetime between HCF and VHCF regimes can occur, 
including changes in the S-N curve slope, both for aluminum [26,27] 
and FRP [24,28]. Very high testing frequencies, as with ultrasonic 
testing at f = 20 kHz, enable short testing durations but result in difficult 
controllable self-heating, that can generally only be tamed by the use of 
extensive cooling and pulse/pause cycles [27–33]. Latter lead to 
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inconsistent loading due to the start and stop phases of the oscillation 
cycles, which is amplified by the restriction of displacement-controlled 
testing and thus stiffness-dependent loading. Moreover, the geometries 
for the tested specimens are limited, since the specimen needs a shape 
suitable for the ultrasonic system for testing in resonance. Servo- 
hydraulic [34–38] and resonance testing systems [24,39,40] with f ≈
1,000 Hz are alternatives since the testing durations for equal numbers 
of cycles can be similar to ultrasonic systems, considering the usage of 
pulse-pause. These systems offer the advantages of stress-controlled 
testing and less restrictive specimen geometries with reduced self- 
heating. While they have been used for metals and FRP, insufficient 
results are available for FMLs. 

One aspect to be taken into account during such short-term testing is 
the reduced test duration due to increased testing frequencies, which 
results not only in increased temperature input but also in increased 
strain rate. This all together can influence the mechanical properties of 
the laminate and its components. In the case of aluminum alloys applied 
under fatigue loading conditions with occurring crack-opening (e.g., 
reversed or tension–tension loading), it was shown that higher testing 
frequencies (f = 20 kHz) can result in improved fatigue life 
[25–27,40–43]. However, this is not attributed to increased strain rate, 
but to shortened hydrogen exposure of the crack tips during crack for
mation and evolution, which slows down crack propagation with respect 
to the number of cycles. For polymer components, an increased strain 
rate leads to a reduction in loading time and therefore reduced creep 
deformation during fatigue load, which is counteracted by the increased 
self-heating. As long as the strain rate-dependent self-heating is 
accounted for, polymers in general exhibit a prolonged fatigue life with 
increased strain rate [44–47], but this has little impact on fiber com
posites [23,24,48], as increased strain rate does not significantly in
crease the fatigue life of the primarily loaded fibers. On the contrary, if 
self-heating is not limited, the increased temperatures reduce the 
interface properties and lead to earlier damage in matrix-dominated 
areas [49–51], especially at higher loads [33,52–54]. 

In addition, due to different coefficients of thermal expansion, 
thermally induced residual stresses are a major factor for the FMLs’ fa
tigue properties. Such can occur within thermoplastic-based FMLs to a 
higher magnitude compared to a thermoset variant since it is consoli
dated under higher temperatures. While the FRP experiences compres
sive residual stresses, the aluminum sheets experience tensile residual 

stresses which reduce fatigue life. This can be intensified by cooler 
ambient conditions, increasing the residual stresses further [55]. Post- 
stretching, describing the process of stretching the FML after consoli
dation to reduce or revert the residual stress state [56–59], can effec
tively increase fatigue performance [30,57,60], but its applicability for 
thermoplastic-based FML has not been investigated yet [20]. 

In this study, the application of high-frequency resonant testing with 
f ≈ 1,000 Hz for the characterization of FML fatigue properties is eval
uated using a laminate consisting of aluminum sheets and polyamide 6 
(PA6)-based GFRP as well as CFRP. Besides general applicability, one 
key aspect is the degree of comparability of the fatigue results generated 
at f ≈ 1,000 Hz and lower frequencies, since influences such as reduced 
testing time, strain rate and self-heating can affect the FML’s perfor
mance. In addition to thermography for temperature recording, digital 
image correlation is used for monitoring fatigue-induced deformation 
and damage processes with a frame rate of 25 kHz using high-speed 
cameras. The focus is on monitoring the crack development present in 
the aluminum sheets. Using the testing setup, the fatigue properties of 
the FML in the initial state after the consolidation as well as after post- 
stretching are investigated using different testing strategies. 

2. Material and methods 

2.1. Fiber metal laminate material and manufacturing 

For the FML a hybrid combination of three materials is used. It 
consists of AA6082 T4 sheets with an initial thickness of 0.5 mm as the 
metal part and glass as well as carbon fiber-reinforced polyamide 6 with 
unidirectional fiber alignment. Carbon fibers are chosen for higher re
sidual strength of the FML after aluminum failure, and glass fibers are 
implemented to achieve a finer-graded transition in terms of thermal 
expansion between the carbon fibers and the aluminum, while also 
increasing corrosion resistance [7]. Fig. 1 shows the investigated 2/1 
metal-to-FRP laminate structure with a total of four FRP layers. The 
rolling direction of the metal sheets as well as the orientation of the 
unidirectional fibers are indicated. 

Before the consolidation of the FML, the metal sheets were me
chanically blasted to enhance the interface capabilities, increasing the 
arithmetic mean roughness to 5.74 µm [17] while reducing the sheet 
thickness to 0.49 mm. As FRP pre-consolidated CePreg-foils (Cetex 
Institut gGmbH, Chemnitz, Germany), processed with a fiber-foil-tape- 
unit continuously into a width of 300 mm [12] with a resulting fiber 
volume fraction of 0.5, are used. These consist of two 40 µm thick 
polyamide 6 foils (mf-Folien GmbH, Kempten, Germany) and TURov 
4588 (Nippon Electric Glass Co. Ltd., Tokyo, Japan) for the glass fibers 
and ZOLTEK PX35 50 K (ZOLTEK Corporation, Bridgeton, NJ, USA) for 
the carbon fibers. To minimize pore formation during the consolidation, 
all CePreg-foils are dried in an oven at 80 ◦C for one hour and an 
additional PA6 foil is placed between the aluminum and the FRP. 
Consolidation of the FML is performed using a Collin PM300 (COLLIN 
Lab & Pilot Solutions GmbH, Maitenbeth, Germany) thermal press with 
a dipping-edge tool (Fig. 2a), following the process cycle shown in 

Fig. 1. Schematic visualization of thermoplastic-based fiber metal laminate 
setup with a 2/1 metal-to-FRP configuration. 

Fig. 2. A) dipping edge tool and b) process cycle for thermoplastic-based fiber metal laminate consolidation [22,61].  
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Fig. 2b). 
The microstructure of the consolidated FML is shown in Fig. 3 as a 

cross-sectional image (perpendicular to the fibers). No significant pore 
formation, nor delamination within the metal-polymer interface is 
visible, while also achieving a good mechanical interlocking by under
cut areas. Further, a consistent and homogeneous distribution of the 
single FRP layers is apparent. The GFRP layers isolate the CFRP layers 
successfully from the aluminum, eliminating the possibility of galvanic 
corrosion (except at the cutting edges, if not isolated from a surrounding 
electrically conductive medium). 

2.2. Specimen 

After the consolidation rectangular-shaped specimens with a width 
of 15 mm were cut out via micro water-jet cutting based on type A from 
ISO 527–5. The total specimen length was 160 mm with 40 mm long 
protection tabs (leaving a measuring length of L2 = 80 mm) for in
vestigations within the HCF regime, while it was reduced to 96 mm with 
2 × 33 mm protection tabs (leaving a measuring length of L2 = 30 mm) 
for the VHCF regime due to displacement limitations of the high- 
frequency resonant testing system. The remaining measuring lengths 
of the specimens were speckled with a stochastic pattern to enable 
digital image correlation (DIC) measurements. 

The ultimate tensile strength (UTS) of the FML is measured at 625 
MPa [17]. 

2.3. Fatigue testing setup and strategy 

For investigations within HCF and VHCF regimes, two different 
testing setups were applied to achieve suitable testing frequencies 
regarding self-heating and economically viable testing durations. 

2.3.1. High cycle fatigue regime 
The testing configuration for the HCF regime (up to 2 × 106 cycles) 

proved in previous investigations [17,22,61] its suitability and is shown 
in Fig. 4. Constant amplitude tests (CAT) were conducted on a servo- 
hydraulic testing system EHF-EV50 (Shimadzu Corporation, Kyoto, 
Japan, maximum force Fmax ± 50 kN) with a sinusoidal load-time 
function and a stress ratio of R = 0.1. For the limitation of self-heating 
according to ISO 13003, a testing frequency of f = 10 Hz was applied. 
For deformation and crack detection, a Limess Q400 DIC system (Limess 
Messtechnik und Software GmbH, Krefeld, Germany) was used along
side a conventional Shimadzu TCK 1 LH tactile extensometer (L0 = 25 
mm, ΔL = 1 mm). It contains 5 Megapixel cameras, equipped for front 
aluminum sheet surface measurements with i) a Schneider Kreuznach 
lens XENOPLAN 2.0/28–0901, 28 mm focal length, and for FML edge 
measurements with ii) a Ricoh TV lens FL-CC7528-2 M, 75 mm focal 
length with 95 mm of extension tubes. Captioning deformation states 
was triggered at maximum stress for selected cycles to reduce data. 
Temperature measurements on the aluminum surface were conducted 
with a thermoIMAGER TIM 400 thermographic camera (Micro-Epsilon 
Messtechnik GmbH & Co. KG, Ortenburg, Germany). Further, the dy
namic stiffness (Cdyn) was recorded, which represents the change of 
force divided through the change of piston displacement: (Fmax − Fmin)/ 
(smax − smin). 

2.3.2. Very high cycle fatigue regime 
For the VHCF regime (up to 1 × 109 cycles) a high-frequency reso

nant testing system Rumul GIGAFORTE 50 (Russenberger Prüfmaschi
nen AG, Neuhausen am Rheinfall, Switzerland, maximum force 
amplitude Fa ± 25 kN, maximum force Fmax ± 50 kN) with f ≈ 1,000 Hz 
was utilized (Fig. 5). To limit the self-heating in accordance with ISO 
13003, compressed air (room temperature) was applied for cooling with 
the help of flat fan air nozzles at a pressure of 0.2 MPa. The testing 
system is limited to displacement amplitudes of sa,max ± 0.1 mm. CAT, as 
well as multiple amplitude tests (MAT) [17,21], were conducted at a 
stress ratio of R = 0.1. Due to the higher testing frequency, a high-speed 
camera system GOM ARAMIS HHS 6400 (Carl Zeiss GOM Metrology 
GmbH, Braunschweig, Germany) was utilized for DIC analysis of 
deformation and crack detection, as well as strain measurement. The 
system includes Photron Nova Fastcam 1 Megapixel cameras (framerate 
up to 6,400 Hz at full resolution), which were configured for a frame rate 
of 25 kHz at a resolution of 0.3 Megapixel. High-power GOM light 
projectors (Rev. 01) were used to reach the necessary shutter speeds. 
These were equipped with Titanar B lenses, 75 mm focal length, with 10 
mm extension tubes for front aluminum sheet surface measurements. 
Captioning deformation states was triggered using a self-written Lab
View module, which enabled the recording of selected cycles (to reduce 
data) with 25 images each. Temperature measurements on the specimen 
surface were conducted using an Infratec ImageIR 8800 thermographic 

Fig. 3. Light microscopy cross-sectional image of thermoplastic-based fiber 
metal laminate. 

Fig. 4. Illuminated fatigue testing setup on a servo-hydraulic testing system with cameras perpendicular to the specimen (recording the aluminum sheet surface and 
fiber metal laminate (FML) edge), a thermographic camera, and a tactile extensometer [17]. 
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camera (InfraTec GmbH Infrarotsensorik und Messtechnik, Dresden, 
Germany). 

3. Results and discussion 

3.1. Influence of specimen length adjustment for VHCF analysis 

The fatigue life of the thermoplastic-based FML was determined for 
the HCF regime on the servo-hydraulic testing system using the speci
mens with L2 = 80 mm specified in Section 2.2. Due to the limited 
displacement amplitude of the high-frequency resonant testing system, a 
maximum stress of 80 MPa could not be exceeded for the investigated 
FML with a measuring length L2 of 80 mm. This leads to the necessity of 
a reduced L2 for a timely efficient characterization of the FML within the 
VHCF regime. Therefore, considering the occurring strains in the HCF 
regime, the measuring length was reduced by approx. 60 % from 80 to 
30 mm, enabling testing of the complete FML fatigue life (from 
aluminum to total failure) within the VHCF regime. As Fig. 6 shows as an 
example for a maximum stress of 265 MPa (HCF regime), a reduction of 
the measuring length does not lead to significant differences in the 
course of the stiffness development. The time of aluminum cracking, 
starting with a reduction of stiffness and reaching through the whole 

specimen width by the time the stiffness surpasses its inflection point, as 
well as the time of total failure of the FML, take place in comparable time 
periods. 

As a consequence, the occurring damage should be comparable. This 
is confirmed by the DIC deformation images of the related experiments 
(Fig. 7), which represent the deformation state close to failure. Besides 
an overall identical strain development, similar amounts of aluminum 
cracks, as well as interlaminar delamination propagation between the 
aluminum and FRP layers and intralaminar strain accumulation within 
the FRP layers, are apparent. Therefore, the use of a specimen with a 
reduced measuring length of 30 mm is considered valid. 

3.2. High cycle fatigue damage evolution and mechanisms 

The stiffness degradation as well as DIC deformation analysis can 
further be used to establish knowledge about the HCF-related damage 
evolution and mechanisms. Fig. 8 shows the normalized stiffness 
development during maximum stresses of 265, 200, 150, and 100 MPa. 
In general, a consistent maximum stress-dependent behavior is visible. 
For higher maximum stresses, at the start of the test plastic deformation- 

Fig. 5. Fatigue testing setup on a high-frequency resonant testing system with high-speed cameras (recording the aluminum sheet surface), and a thermographic 
camera. The dotted area shows the setup with illumination. 

Fig. 6. Constant amplitude test at maximum stress of 265 MPa on specimens 
with measuring lengths L2 of 80 and 30 mm. The time of complete aluminum 
crack is indicated for both lengths. 

Fig. 7. Digital image correlation-based deformation states from the aluminum 
sheet and fiber metal laminate (FML) edge, gained from constant amplitude test 
experiments at maximum stress of 265 MPa on specimens with measuring 
lengths L2 of 80 and 30 mm. The images represent the deformation and damage 
states at maximum stress for cycle 6 × 105 (close to failure). 
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induced cyclic hardening of the aluminum sheet can be observed, visible 
by the increase in stiffness. The intensity and duration of the cyclic 
hardening depends on the maximum stress, taking place reduced and in 
a longer time frame for lower maximum stress. Aluminum crack-related 
decrease in stiffness, after the process of cyclic hardening, is postponed 
and prolonged with lower maximum stress, not being recognizable 
anymore at 100 MPa within the investigated 2 × 106 cycles. 

Fig. 9 shows exemplary damage states, where the course of stiffness 
flattens after the reduction to a nearly saturated state. Correlating to the 
reduced stiffness decrease with reduced maximum stress the number 
and density of cracks within the aluminum sheet is reduced for com
parable fatigue lifetime. The same applies to interlaminar delamination 
growth and intralaminar strain accumulation. At the beginning of the 
stiffness decrease, cracks develop in a reduced manner compared to the 
final state when the stiffness reduction is saturating. Extrapolating this 
behavior to fatigue life during VHCF loads, the event of singular crack 
development is to be assumed, which still will lead to comparable 
stiffness development, just in a prolonged time frame. Therefore, the 
application of the same characterization technique for the VHCF regime 
seems justified, enabling a conclusive analysis of the mechanical prop
erties for all numbers of cycles. 

3.3. Self-heating at 1,000 Hz testing frequency 

Applying f ≈ 1,000 Hz for investigations within the VHCF regime 
results in increased strain rate, and self-heating, which are serious 
threats regarding the comparability of the results gained within the HCF 
regime with f = 10 Hz. As stated in Section 1, strain rate has a lifetime- 
extending effect on aluminum as well as fiber-reinforced polymers and 
can only be investigated by the application of different testing fre
quencies for equal numbers of cycles. Effects of self-heating on the other 
hand can be investigated by equalizing the temperature conditions of 
the specimens, by adjusting the specimen temperature through the 
environment. In the case of the FML, the aluminum sheets with their 
multiple times higher thermal conductivity compared to the inner FRP 
[62] act as heat sinks, reducing the self-heating-induced increase in 
temperature. Further, the surface-to-volume ratio of around 1.25 is 
beneficial for heat exchange. Fig. 10 shows the surface temperature 
measured either for the FML (Fig. 10 a) as well as for the FRP (Fig. 10 b, 
representing the case when the aluminum fails and does not contribute 
to load bearing) for maximum stresses up to 150 MPa. As is visible in 
Fig. 10 a,b), air cooling helps significantly with cooling down the 
laminate structure and increasing the testable stress range, and is 
necessary for the characterization of the total FML fatigue life consid
ering the FRP-related temperature. Considering the intact FML, mea
surements up to 180 MPa would be possible without the change in 
temperature exceeding 10 K. The aluminum sheets are the limiting 
factor. To verify, that temperature measurements taken on the surface of 
the material are not impeded by the overlying flow of cooling air, 
measurements were taken on one side of the specimen, being isolated 
from cooling air, yielding results lying in-between measurements with 
and without cooling air. 

Considering the changes in temperature related to the displacement 
amplitude (Fig. 10 c,d) it becomes evident, that for investigations on the 
intact FML, the difference between the surface to inner temperature of 
the FRP is negligible. Even when considering the total failure of the 
aluminum sheets, still there are no significant changes in temperature 
with the applied cooling solution. For the latter, only excess of the 
maximum displacement amplitude is the limiting factor considering 
testable maximum stresses in the VHCF regime at f ≈ 1,000 Hz. Inter
estingly, surpassing a maximum stress of around 100 MPa, marked by 
the vertical red line in Fig. 10 c), leads to a disproportionate increase in 
temperature due to the plastic deformation of the aluminum, indicating 
a possible fatigue strength for the VHCF regime. 

Fig. 8. Dynamic stiffness development during constant amplitude tests at 
maximum stresses of 265, 200, 150, and 100 MPa on specimens with a 
measuring length L2 of 30 mm. 

Fig. 9. Digital image correlation-based deformation states from the aluminum sheet and fiber metal laminate (FML) edge, gained from constant amplitude test 
experiments at maximum stresses of 265, 200, and 150 MPa on specimens with a measuring length L2 of 30 mm. The images represent the deformation and damage 
states at maximum stress for cycles 7 × 105 (200 MPa) and 1.25 × 106 (265 and 150 MPa). 
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3.4. Multiple amplitude testing for very high cycle fatigue strength 
estimation 

To estimate the fatigue strength of the thermoplastic-based FML, 
MATs were conducted, enabling a short-term impression about the 
aluminum crack initiation and evolution under numbers of cycles higher 
than 2 × 106. Fig. 11 shows such a test starting at maximum stress of 80 
MPa (based on the temperature increase/plastic deformation observa
tions in Fig. 10 c with a step width of 107 cycles, after which the 
maximum stress is increased by 10 MPa. The testing frequency at the 
start (fstart) of the MAT was 990 Hz. Associated DIC deformation images 
are illustrated, visualizing the aluminum crack initiation, evolution, and 
crack-related delamination growth. Confirming the presumptions by 
earlier results, aluminum failure is initiated at 100 MPa after around 2.5 
× 106 cycles. As before, the FML damage state is measurable using the 
dynamic stiffness, but also the change in testing frequency (Δf) and the 
total strain (εt), which is corroborated by the DIC deformation images to 
the same degree as it was for the HCF regime. The damage evolution in 
the VHCF regime shows reduced crack initiation and delamination with 
slower propagation. Moreover, increasing maximum stress during the 
MAT introduces not only delamination growth but also new cracks. This 

supports the validity of the relationship between maximum stress and 
occurring damage mechanisms and damage amount observed in the HCF 
regime (compare Section 3.2) up to the VHCF regime. 

3.5. Very high cycle fatigue properties 

With the established groundwork CATs were conducted upwards of a 
maximum stress of 80 MPa, to generate information about the fatigue 
life of the FML regarding the aluminum sheets as well as the total FML. 
Since the initial HCF regime tests were conducted in a range of 
maximum stresses, where a total failure of the FML was reached within 
2 × 106 cycles, only limited results were gathered about the aluminum 
crack occurrence within the HCF regime. To enable the evaluation of the 
transition between the HCF and VHCF regime as well as the comparison 
of the influence of f = 10 Hz and ≈ 1,000 Hz, supplementary experi
ments at maximum stresses below 225 MPa were conducted on the 
servo-hydraulic testing system to complement the results of aluminum 
cracking up to around 3 × 106 cycles. The fatigue strength of the FML is 
visualized in Fig. 12, divided into the cracking of the aluminum layers 
(triangles) and the total failure of the FML (circles). Filled data points 
represent experiment results gathered on the servo-hydraulic testing 

Fig. 10. Relationship between (a,b) load- and (c,d) displacement-dependent change in temperature of the (a,c) fiber metal laminate (FML) and (b,d) fiber reinforced 
polymer (FRP) (latter represents the case of the FML with failed aluminum sheets) for ≈ 1,000 Hz of testing frequency. 
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system, while the contour-bordered data points were obtained on the 
high-frequency resonant testing system. The fatigue life results gathered 
at f ≈ 1,000 Hz are consistent with the results from 10 Hz testing. This 
indicates that the effect of strain rate for this case is negligible. In gen
eral, the lower the maximum stress, the longer the fatigue life between 
aluminum cracking and failure of all laminate layers. Thus there is 
headroom regarding a fail-safe design of FML components since the fa
tigue life of the overall FML is many times that of the aluminum sheets. 
Further, a distinct change in the S-N curve slope is visible between the 
HCF and the VHCF regime, indicating that the fatigue strength of the 
FML, considering intact aluminum sheets, lies at around 90 MPa. 

Fig. 13 shows an exemplary result of a CAT conducted at maximum 
stress of 150 MPa, illustrating the development of dynamic stiffness, 
change in testing frequency, and temperature. Three major changes in 
property development are visible, showing the initial decrease of stiff
ness due to aluminum cracking, followed by a plateau where cracks and 
interlaminar delamination progress, with a consecutive decrease due to 
failure of the GFRP layers after 80 % of the tested number of cycles (light 
microscopy image of the FML edge in Fig. 13). Even though the FML has 
lost its structural integrity, the remaining CFRP layers enable the lami
nate to still maintain the load (effective maximum stress of around 900 
MPa) up to the run-out criteria of 109 cycles, proving their value 
regarding residual strength of the FML. The measured initial change in 
temperature is in accordance with the values gained from the pre
liminary investigations regarding the testing frequency. The second 

increase is attributed to the formation of interlaminar delamination, 
which leads to an increase in friction between the layers. 

3.6. Lifetime enhancement through post-stretching 

In Fig. 14 stress–strain curves are visualized for the aluminum sheet 
(red curves), the FML (blue curves), and the FML stretched until a 
nominal tensile stress of 300 MPa (leading to a total strain of 0.8 %) and 
unloaded (black curve), leaving a remaining total strain of 0.3 %. The 
thermally induced residual stresses in the FML are obvious when 
compared to the yield strength of the aluminum itself, seeing that the 
kink is lowered significantly from 120 to about 60 MPa. This is in 
accordance with the results of x-ray diffraction measurement results for 
the aluminum sheets in a similar TP-FML [20], where residual stresses 
between 50 and 60 MPa were found. By applying post-stretching, the 
plasticity of the aluminum is used to shift the area of the aluminum’s 
compressive and tensile elastic behavior to a higher load, making it less 
prone to crack initiation within the span of this load. With regard to the 

Fig. 11. Multiple amplitude test using a testing frequency of ≈ 1,000 Hz, starting at a maximum stress of 80 with a step width of 107 cycles, after which the 
maximum stress is increased by 10 MPa until 110 MPa. Events of crack initiation and evolution within the front aluminum sheet are marked with numbers and 
illustrated using digital image correlation deformation images, which represent the state at maximum stress. 

Fig. 12. S-N graph for thermoplastic-based fiber metal laminate (FML). Data 
points contain experimental results gained from servo-hydraulic 10 Hz (filled 
data points) and high-frequency resonant ≈ 1,000 Hz (contour-bordered data 
points) testing. Triangles represent aluminum sheet cracking and circle total 
failure of the FML. 

Fig. 13. Constant amplitude test at a maximum stress of 150 MPa and testing 
frequency of ≈ 1,000 Hz. Aluminum cracking takes place at the beginning of 
the test, while the failure of the GFRP layers follows after 80 % of the tested 
number of cycles, with only the CFRP layers remaining after 109 cycles (run- 
out), as is visible in the light microscopy image of the fiber metal laminate edge. 

S. Mrzljak et al.                                                                                                                                                                                                                                 



International Journal of Fatigue 186 (2024) 108361

8

interface capabilities of enduring plastic strain, for this FML around 300 
MPa of tensile stress for post-stretching is seen as a permissible value 
since the interface strain between the layers is still almost homogenously 
distributed (Fig. 14 DIC image 3). For higher values, significant in
creases in interface strain occur, affecting the remaining interface 
adhesion due to interlaminar damage. As indicated, three different 
levels of post-stretching were applied for investigation regarding the 
performance of the FML within the VHCF regime: post-stretching up to 
180, 240, and 300 MPa. The amount of post-stretching is deliberately 
specified in the form of the stress applied to the FML after consolidation, 
rather than strain. Using the latter, process-related deviations in the FRP 
content of the FML and therefore individual specimen stiffness (compare 
blue lines in Fig. 14, representing the variation between FML specimens) 
would lead to different stresses applied during post-stretching. This, in 
relation to the subsequently applied maximum stress during the fatigue 
test, would reduce comparability between specimens. 

The effectiveness of post-stretching is demonstrated through the use 
of MATs (Fig. 15), comparing no post-stretching to 300 MPa of post- 
stretching. Post-stretching to 300 MPa leads to a significant improve
ment of the FMLs’ fatigue properties, increasing fatigue strength by at 

least 60 %, (test stopped at 160 MPa to not exceed the expected self- 
heating limit). In comparison to the non-post-stretched FML, the post- 
stretched shows a steady development of stiffness and strain up to 
160 MPa without any signs of damage, which was confirmed by DIC 
deformation images. Applying fatigue stress on the FML, primarily in the 
tensile region of the aluminum sheet within plastic deformation, even 
though seeing no significant differences in stiffness as well as the relative 
changes in strain up to crack initiation, leads to accelerated crack 
initiation. This is delayed majorly by shifting the load on the aluminum 
sheet primarily to the elastic region between the compressive and tensile 
load capabilities using post-stretching. 

The applied post-stretching determines the fatigue strength (Fig. 16), 
which is shown by the MAT results, indicated reliably by the change in 
testing frequency. Post-stretching up to 180 MPa is necessary, to in
crease the fatigue strength by 20 MPa, while 240 MPa post-stretching 
increases it by 50 MPa. Even though 300 MPa post-stretching in
creases it even further, there is a limit to post-stretching when the layer 
interface gets damaged, which hinders stress distribution between 
layers. 

Since the MATs were conducted to gather knowledge about the effect 
of post-stretching in a short time and to estimate a fatigue strength 

Fig. 14. Stress–strain curves for AA6082-T4 sheets (state after consolidation heat treatment) and the thermoplastic-based fiber metal laminate (FML). DIC defor
mation images of the FML edge are shown for strain states at selected nominal stresses. A curve of a post-stretched (PS) FML, up to 300 MPa, is overlayed. 

Fig. 15. Multiple amplitude test, starting at maximum stress of 80 MPa with a 
step width of 107 cycles, after which the maximum stress is increased by 10 
MPa until 160 MPa. No post-stretching (PS) leads to early crack initiation, 
measurable at 100 MPa (highlighted in red), while the fiber metal laminate 
with 300 MPa post-stretching shows no signs of failure of the aluminum sheets 
for the whole test. 

Fig. 16. Multiple amplitude test, starting at maximum stress of 80 MPa with a 
step width of 107 cycles, after which the maximum stress is increased by 10 
MPa until 160 MPa. Post-stretching (PS), dependent on the height, can delay 
the time of crack initiation substantially. 
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within the VHCF regime, CATs were conducted to validate the results. 
Fig. 17 shows an exemplary result for a CAT at a maximum stress of 140 
MPa. The continuously constant progression of all the characteristic 
values shown (stiffness, frequency, strain, temperature) reflects the 
damage-free condition of the post-stretched specimen, until the stop of 
the test at 1.5 × 108 cycles. The periodical change in frequency can be 
attributed to the surrounding change in the temperature of testing ma
chine parts, which is not visible in the measured temperature of the 
specimen due to temperature reference measurement compensation. 
Considering the low change in temperature compared to the relationship 
described in Section 3.3 (around 2 K expected at 140 MPa), the post- 
stretching induced change in strain behavior of the aluminum sheet 
reduces the amount of self-heating, enabling the FML to be tested with f 
≈ 1,000 Hz up to aluminum cracking even at higher maximum stresses 
than investigated. 

Fig. 18 essentially contains the data from Fig. 12, complemented 
with results on post-stretched FML to demonstrate the achieved increase 
in fatigue strength of the aluminum sheet component of the FML. Using 
post-stretching, at least 60 % increased fatigue strength of the aluminum 
sheets (green highlighted triangles), compared to non-post-stretched 
FML, is possible. There is a limit to such a lifetime extension, seeing 
that the course of the total FML failure (circles) inevitably crosses the 
course of the aluminum sheet cracking (triangles). Nevertheless, the 
FMLs’ performance in a 300 MPa post-stretched state can rival estab
lished thermoset-based FMLs [4,7,60,63]. 

4. Conclusions and outlook 

Using the testing methodology developed within this study, the 
characterization of the fatigue properties of thermoplastic-based hybrid 
fiber metal laminate up to the VHCF regime is possible within an effi
cient time frame. The combined utilization of high-speed digital image 
correlation with a 25 kHz frame rate for deformation measurements, 
enabling in-depth analysis of material-specific damage evolution, makes 
it attractive for general short-term material characterization for sus
tainable component design and dimensioning. Testing of the fiber metal 
laminate can be conducted using 1,000 Hz without significant changes 
in temperature. Within the gained results, no visible influence of strain 
rate was found. Multiple amplitude testing at 1,000 Hz enabled a fast 
and reliable estimation of the VHCF fatigue strength (around 90 MPa) 
while offering insight into the damage evolution. The damage mecha
nisms occurring within VHCF and HCF regimes are the same, but during 
VHCF load the number of initiating cracks as well as interlaminar 
delamination reduces. Using post-stretching, significant gains in fatigue 
strength of the fiber metal laminate are possible, increasing from 90 to at 
least 160 MPa, with regard to cracking of the aluminum sheet. Even if 
the aluminum sheets and the glass fiber-reinforced polyamide 6 layer 
fail within the VHCF regime, the carbon fiber-reinforced layer offers 
enough residual strength to secure the fiber metal laminate from total 
failure. These properties make it a creditable competitor in the area of 
fiber metal laminates with the advantages of formability, recyclability, 
and short consolidation cycle times for efficient mass production. 

Nevertheless, important research topics are still open to being 
investigated. Even though post-stretching proved to be a valid method to 
improve the VHCF lifetime of the thermoplastic-based fiber metal 
laminate, the limits considering laminate integrity need to be quantified. 
In addition, the effect of post-stretching on the laminate’s self-heating 
behavior at 1,000 Hz needs to be evaluated, since it may allow testing 
of the fiber metal laminate until aluminum sheet crack initiation at 
higher maximum stresses than initially expected. Further, the aluminum 
surface roughness influences the crack initiation, especially within the 
VHCF regime, and could be optimized for a prolonged lifetime. In this 
regard, fiber metal laminates with different aluminum surface treat
ments like anodizing or phosphating could be investigated concerning 
their VHCF performance. This should be complemented in total by the 
usage of application-oriented notch geometries to characterize the 
aluminum crack growth behavior. To expand the understanding of the 
thermoplastic-based fiber metal laminates’ fatigue capabilities, more 
points need to be addressed. For example, the metal volume content, and 
layer stack-up of the laminate need to be considered for an in-depth 
investigation to determine their impact on fatigue life. Moreover, 
varying ambient temperatures (e.g., − 35 and 80 ◦C) as well as ambient 

Fig. 17. Constant amplitude test at a maximum stress of 140 MPa on a 300 MPa post-stretched specimen. No aluminum sheet crack initiation was detected up to 1.5 
× 108, where the test was stopped. 

Fig. 18. S-N graph for thermoplastic-based fiber metal laminate (FML), com
plemented with results gathered from 300 MPa post-stretched FML. Data points 
contain experimental results gained from servo-hydraulic 10 Hz (filled data 
points) and high-frequency resonant ≈ 1,000 Hz (contour-bordered data points) 
testing. Triangles represent aluminum sheet cracking and circles total failure of 
the FML. 
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humidity, which affect the residual stress state of the FML as well as the 
polymer properties and therefore the damage evolution, are highly 
relevant. In this regard, enhancement of the surface-restricted 
measuring technologies (digital image correlation, thermography) 
through the usage of volume-based technology (e.g., computed tomog
raphy) will enable a quantifiable characterization of the volume-inner 
damage evolution, i.e., delamination growth. 
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