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A B S T R A C T

Modified (MOD) cure cycles that deviate from the manufacturer’s recommended cure profile can reduce the
inherent thermally induced residual stresses (TRS) in fiber metal laminates (FML). Literature shows that MOD
cycles do not adversely affect the material properties but enhance the quasi-static material strength. However,
the literature does not comprehensively discuss the impact of MOD cycles on material performance during
cyclic fatigue loading. This paper, therefore, investigates how MOD cycles influence the fatigue characteristics
of different FML layups made of carbon fiber-reinforced polymer (CFRP) and steel. The experimental results
confirm that the quasi-static material strength and the modulus of the FML are increased when using MOD cure
cycles. The evaluation of fatigue tests with digital image correlation, thermography, and electrical resistance
measurements of notched specimens shows that a reduction of TRS delays damage initiation in the metal
facesheets and decreases the crack growth rate until facesheet failure. The results further show that layup-
dependent parameters, the maximum stress in the metal sheets, and metal sheet thickness significantly govern
the evolution of fatigue damage. In summary, modified cure cycles are an efficient tool to enhance the
quasi-static and fatigue performance of CFRP-steel hybrid laminates.
1. Introduction

Fiber metal laminates (FML), especially combinations of glass fiber-
reinforced polymer and aluminum (GLARE), emerged from the moti-
vation to improve the fatigue resistance of metallic aerospace materi-
als [1]. The significantly enhanced resistance to fatigue crack growth
and the higher fracture toughness led to the industrial application
of GLARE in the Airbus A380 as a structural material for the upper
fuselage panels.

Subsequently, further FML material combinations were studied, and
application areas were demonstrated. By using high-modulus carbon
fiber-reinforced polymer (CFRP) as opposed to glass fiber-reinforced
polymer (GFRP) in GLARE, the overall FML stiffness can be substan-
tially increased, which reduces the effective stress within the metal
layers compared to GFRP-based laminates [2]. Moreover, using CFRP
enables high residual load-bearing capabilities after metal failure due
to the high strength of the carbon fibers [3]. In the high-cycle fatigue
(HCF) regime, where the fibers can withstand the loads even after
metal failure, significant increases in the lifetime of these FMLs are
found [4,5]. The residual fatigue strength of the total laminate can be
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twice as high as the life of the aluminum constituent. At the same time,
with glass fiber reinforcement, only negligible differences are present
for HCF.

In addition to substituting glass fibers with carbon fibers in the FML,
the literature intensively discussed using other metals in combination
with CFRP. The improvement of the fatigue performance of FML with
CFRP has been shown in combination with, e.g. aluminum [5–7],
titanium [8], magnesium [9,10] or steel [3,11,12]. The combination
of CFRP and steel in an FML has advantages compared to combina-
tions of CFRP with light alloy metals. The integration of steel enables
quasi-static properties, which are unreachable with light metals [3].
Moreover, the bolt bearing strength of monolithic CFRP can be signif-
icantly increased by substituting CFRP layers with steel [11,13]. Also,
repairing steel structures with one- or two-sided CFRP patches can
delay crack initiation and decelerate crack growth. Depending on the
CFRP stack thickness, improvements of up to 200% were found [12].

Given these findings, the increased resilience against crack growth
makes CFRP ideal for FML. However, there are further aspects that
need to be considered. One is the corrosion tendency between carbon
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and metal [14] that must be controlled since it can reduce fatigue
properties significantly [15]. Possible solutions prevent electrical con-
ductivity through coating or using materials with suitable electrode
otential. The other is the development of thermally induced residual
tresses (TRS) during manufacturing due to the large difference in the

coefficient of thermal expansion (CTE) between carbon fibers and metal
and the high temperatures during manufacturing. Generally, these TRS
lead to tensile stresses in the metal layers and compressive stresses in
the fiber layers.

The amount of TRS is governed by the CTEs and stiffnesses of
he FML constituents, the layup of the FML, and, on the other hand,
y the cure cycle and the FML’s temperature of operation [1,16,17].

The inherent stresses in the laminate reduce the theoretically possible
strength of the combination of metal and fiber-reinforced polymer
(FRP) to a certain extent [18]. Therefore, methods have been developed
o reduce the unfavorable TRS state within an FML. For GLARE lami-
ates, it was shown that a post-stretching step after manufacturing can
educe/reverse the unfavorable TRS state (tensile stresses in the metal
ayers and compressive stresses in the fiber layers) into a favorable state
p to compression in the metal and tension in the fibers [1].

Khan et al. [19] showed that by reversing the TRS state in GLARE
aminates, the residual compressive stresses in the metal layers lead
o lower stress concentrations at a crack tip and, consequently, to
xtended fatigue life. Similar results were found for carbon fiber-
einforced aluminum laminates (CARALL) by Lin et al. [20], as well

as for thermoplastic-based hybrid glass and carbon fiber-reinforced
luminum laminates [21]. For CFRP-steel laminates, Both [11] uses

theoretical considerations to show a potential load increase of 79 %
under cyclic loading if TRS are reversed by post-stretching of the
laminate. The influence of post-stretching on the fatigue crack and
delamination growth characteristics is also numerically described by
Yeh [22] for aramid fiber-reinforced aluminum (ARALL).

However, during post-stretching, the favorable stress state is only
applied in one direction, which is inconvenient for FML components
designed for more than uniaxial loading conditions. Post-stretching is
mainly applicable for planar structures, and it is difficult to assure a
uniform stress distribution during post-stretching, leading to a signifi-
cant variation in the TRS state [1]. For more complex GLARE specimens
sing stiffening doublers, Vlot et al. [23] revealed that post-stretching

can even lead to increased fatigue delamination behavior, thus reducing
atigue life.

A more promising approach to changing TRS is using so-called
smart or modified cure cycles that have been investigated for com-
osites [24,25] and hybrid materials like FMLs [18,26]. In contrast to
ost-stretching, where the TRS is reversed, cure cycle modifications
an only reduce the amount of TRS inside a composite laminate.
hus, the leverage of this method is much smaller. However, the

method is applicable for more complex layups, part geometries, and
loading conditions and, therefore, a promising tool to increase the
performance of FML structures. Modified cure cycles are designed such
that the point at which the individual layers of the laminate form a
solid bond during manufacturing is shifted to the lowest temperature
possible by adjusting the temperature profile during cure. This leads
to significantly reduced internal pre-stresses in the laminate within the
operating temperature range [24,26,27]. It was shown that reducing
the TRS with modified cure cycles increases the quasi-static tensile
strength of FRP [28] and FML [18,29].

Cure cycle modifications can even increase the interfacial lap-shear
strength of FML [30], while also the shear strength of aramid-reinforced
bonded joints [31] and the strength of adhesive joints under cryo-
enic temperatures [32] can be improved. Furthermore, modifying

cure cycles can help to reduce the residual stress inhomogeneity in
thick composite laminates [33] and decrease the distortions in mul-
tilayer composites [34]. Moreover, adjusting the temperature profile
during the cure of thin-walled monolithic composite profiles can even
influence the stability under axial compression [35–37].
2 
The effect of the modified cycles and the corresponding reduced
TRS on the fatigue behavior has been little studied. Kim et al. [28]
investigated the influence of TRS on cross-ply 0◦/90◦ FRP layups and
showed that the fatigue life could be extended by reducing the TRS
with modified cure cycles. An increase in fatigue life of up to 600 %
s stated for low cycle fatigue (LCF). Kim et al. [38] show that a
odified cure cycle can increase the torsional fatigue life of a hybrid

luminum/composite tube for high cycle fatigue. In contrast to [28],
however, the influence gets small for load levels within the LCF regime.
Khodja et al. [39] investigated the influence of cure cycle modifica-
tions on the fatigue performance of aluminum sheets with FRP repair
patches. However, it remains unclear why increasing the curing time by
45 min at the recommended curing temperature of 120 ◦C shows the best
atigue results, although the highest component distortions indicate
he highest TRS generated. Hausmann and Schmidt [40] applied an

asymmetric cooling strategy in a hot press for asymmetric laminates
(steel/CFRP) to reduce TRS and showed that a 10 % increase in cycles
to failure in fatigue tests is achieved. Laliberté et al. [41] demonstrated
that using modified cure cycles and consequently reduced TRS levels
in GLARE laminates can shift fatigue initiation (defined as a 2 mm
crack) towards higher numbers of cycles. However, a reduced fatigue
initiation life for low TRS was observed for the highest load level
tested. Whereas Ji et al. [8] reveal that the TRS state even determines
he fatigue life after impact in thermoplastic CFRP-titanium laminates.

Stress concentrations at the crack tip after impact are superimposed by
he tensile residual stresses in the metal layers, which accelerates the
ropagation of fatigue cracks.

The literature review shows considerable interest in reducing TRS
in FML to increase the performance of FML structures. Modifying the
temperature profile during curing seems to be the most promising
approach to reducing TRS. Most investigations focus on the influence
of modified cure cycles on quasi-static properties, with little focus on
their impact on fatigue behavior. Moreover, the literature focusing on
fatigue behavior reveals some inconsistencies in experimental results
and raises some questions.

Therefore, this work aims to comprehensively investigate the poten-
ial of reducing TRS with modified cure cycles to increase the fatigue
ife of FML on an experimental level. CFRP-steel laminates are chosen
s a representative example of an FML with a wide range of possi-
le applications and considerable thermally-induced residual stresses,
nd for which modified curing cycles have already been developed
n the literature [26]. Different layups are investigated to consider

various influencing variables and their effect on fatigue behavior.
The FML layups differentiate in their laminate thickness, steel sheet
thickness, metal volume fraction (MVF), number of interfaces (NoI),
and facesheet thickness fraction (FTF). The TRS of the different FML
layups are determined using asymmetric specimens and validated with
X-ray diffraction measurements. The quasi-static tensile strength of the
different layups is experimentally determined as a reference and for
comparison with the literature. Subsequently, all the CFRP-steel layups
are tested under tension/tension constant amplitude fatigue loading
with two different maximum stress levels to characterize the influence
of high and low TRS in combination with other layup-dependent vari-
ables on laminate fatigue. The experimental fatigue tests are monitored
using three-dimensional digital image correlation cameras, high-speed
thermography, and electrical resistance measurements.

2. Materials and methods

This section briefly overviews the materials and manufacturing pro-
cesses, theoretical considerations about the stresses and strains evolv-
ing in the laminates due to the TRS and external loads, and the
xperimental testing methods used.

2.1. FML materials

The investigated FML in this work consists of a stainless steel alloy
(X10CrNi18-8, DIN 1.4310, AISI 301) and a carbon fiber-reinforced
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Table 1
Material properties for the CFRP-steel constituents. The index 1 indicates fiber direction
(CFRP) and direction of rolling (steel), and index 2 denotes the transverse direction.

Value Unit Hexcel 8552-AS4 Steel 1.4310

𝐸1 GPa 122 191b

𝐸2 GPa 9.9 𝐸1 = 𝐸2
𝐺12 GPa 5.2 73.5c

𝜈12 – 0.27 0.3
𝑡𝑝𝑙 𝑦 mm 0.13a 0.12/0.25
𝛼1 ppm∕K 0.4 [49] 19.0 [17]
𝛼2 ppm∕K 31.2 [49] 19.0

a Cured.
b Data from experimental tests.
c 𝐺 = 𝐸∕2(1+𝜈).

epoxy prepreg (Hexcel Hexply 8552-AS4). The material properties from
the literature of these two constituents are given in Table 1. The
material parameters partly differ when comparing different literature
sources. In a previous investigation by Barth et al. [42], the values
from Johnston [43] showed to be closest during structural dynamic
investigations on an analytical and experimental level. They will, there-
fore, be also used in this work. In other previous works by Wiedemann
et al. [17,44], slightly different material values were reported based on
various literature sources. In [42], a detailed comparison between the
different literature sources [43,45–48] is given. The biggest deviations
are found in the elastic modulus in the fiber direction, which ranges
from 122 GPa [43] to 141 GPa [46]. In the context of this work, however,
the same conclusions can be drawn for any set of material parameters
found in the literature for the two material constituents. The elastic
modulus for the steel was determined in previous experimental tests for
the steel sheet with a thickness of 0.12 mm. During these tests, a slight
variation was observed between the values in the rolling (187 GPa)
and transverse (194 GPa) directions of the steel sheets (cf. [44]). Since
the deviations are small (below 5 %), an isotropic material behavior
with the mean value is assumed in the context of this work. Identical
material properties are considered for the thick steel sheets (0.25 mm).

2.2. Specimens and manufacturing

Numerous possibilities exist for FML layup variations. This work
focuses mainly on the influence of the metal volume fraction (MVF),
the laminate thickness, the number of interfaces (NoI) between metal
and FRP, and the facesheet thickness fraction (FTF).

The two facesheets (outer layers) are steel for all layups, and all
layups are symmetric in relation to the laminate center plane. All fiber
plies are unidirectionally oriented to maximize the residual stress state
in the laminates, which helps to emphasize the effect of the residual
stresses on the other parameters under investigation. The fiber direction
is equivalent to the rolling direction of the steel layers.

Hence, the metal volume fraction (MVF) is calculated from the
quotient of metal to laminate volume:

MVF =
𝑉𝑠𝑡𝑒𝑒𝑙
𝑉𝑙 𝑎𝑚𝑖𝑛𝑎𝑡𝑒

(1)

The number of interfaces (NoI) between metal and CFRP is defined by
the number of steel layers in the laminate minus two:

NoI =
∑

steel layers − 2 (2)

The facesheet thickness fraction (FTF) is determined from the quotient
of the facesheets’ thickness to the laminate thickness:

FTF =
2 ⋅ 𝑡𝑠𝑡𝑒𝑒𝑙 𝑠ℎ𝑒𝑒𝑡
𝑡𝑙 𝑎𝑚𝑖𝑛𝑎𝑡𝑒

(3)

To achieve a high variability within these four parameters, steel
sheets of two different thicknesses (0.12 mm and 0.25 mm) are used. All
these considerations result in the four layups in Table 2. With these
3 
Table 2
Investigated FML layups and their characteristic parameters.

ID Layup 𝑡𝑠𝑡𝑒𝑒𝑙 𝑡𝑙 𝑎𝑚𝑖𝑛𝑎𝑡𝑒 MVF NoI FTF
[mm] [mm] [%] [–] [%]

2 [𝑆 𝑡∕0◦4∕𝑆 𝑡∕0◦2]𝑆 0.12 2.04 23.5 6 11.8
3a [(𝑆 𝑡∕0◦4)5∕𝑆 𝑡]𝑆 0.12 6.52 20.2 20 3.7
4 [(𝑆 𝑡∕0◦)2∕𝑆 𝑡∕0◦]𝑆 0.25 2.15 69.8 10 23.3
6b [(𝑆 𝑡∕0◦4)3∕𝑆 𝑡]𝑆 0.25 4.87 35.9 12 10.3

𝑡: thickness, MVF: metal volume fraction, NoI: number of interfaces, FTF: facesheet
thickness fraction.

Fig. 1. Sketch of a specific laminate layup (ID2) from which the rectangular specimens
are cut out via water jet cutting (layer thickness not to scale).

layups, a laminate thickness range of 2.04 mm to 6.52 mm, a range of
the MVF of 20.2 % to 69.8 %, a range in the NoI of 6 to 20 and a range
in the FTF of 3.7 % to 23.3 % is achieved.

The manufacturing process for all these laminates predominantly
follows a classical process for manufacturing prepreg FRP materials,
with an additional pre-treatment step for the steel material. Before the
layup process, the steel sheets undergo mechanical treatment using
a vacuum blasting process with corundum particles [50], followed
by thorough cleaning to remove any dust particles using heptane.
Subsequently, an aqueous sol–gel layer (AC-130-2) [51] is applied to
the metal surface to ensure a robust interface between the metal and
the FRP [52]. Following the sol–gel application, the metal sheets are
immediately laminated with the prepreg layers and placed inside a
vacuum bag before being transferred to an autoclave.

For each laminate configuration from Table 2 two plate like spec-
imens with a size of 200 mm × 200 mm are manufactured, as shown in
Fig. 1. Six rectangle-shaped specimens based on ISO 527-5 [53] type A,
are cut out from each plate using water jet cutting. Due to the FML plate
dimensions, the gauge length is reduced to 80 mm. While specimens 1
and 6 are tested for their quasi-static strength, specimens 2 to 5 are used
during fatigue testing. After water jet cutting, a hole with a diameter
of 5 mm (DH5) is drilled into the fatigue specimens.

The microsection of a manufactured laminate taken by light mi-
croscopy (Keyence VHX-5000) in Fig. 2 shows the prepreg consolida-
tion and further illustrates the insignificant thickness of the sol–gel
layer between the steel sheet and the neighboring CFRP plies.

To monitor the uniformity of the laminate temperature during cure,
thermocouples (TCs) of type K were placed around the center of each
plate specimen inside the laminate. The TCs were positioned at differ-
ent heights in thickness direction within the CFRP layers to measure
the temperature distribution inside the laminate during autoclave cure.
The positions of the thermocouples for specimen ID2 are indicated in
Fig. 1. A maximum of four TCs was used for specimens with layup ID3a.
Additional thermocouples are placed on the bottom of the tool and on
top of the vacuum bag within the autoclave.

The geometry of the fatigue specimens has a width-to-diameter
(w/d) ratio of 4, which proved its usability in preliminary investiga-
tions [2,7] and was chosen based on realistic applications (e.g., rivet
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Fig. 2. Microsection of a manufactured laminate (light microscopy) shows the consol-
idated CFRP prepreg and the insignificant thickness of the sol–gel layer applied to the
steel sheets.

Fig. 3. Comparison of the manufacturer recommended cure cycle (MRCC) and a
modified cure cycle (MOD) with an intermediate cooling step.

hole), and to keep material consumption in a reasonable range. More-
over, a w/d-ratio of 4 is still covered by analytical solutions for open-
hole tension of composite materials [54], which allows the correlation
of the locations for crack initiation with analytical solutions. The tensile
test specimens were chosen to have identical geometry as the fatigue
test specimens except for the hole so that they can be cut from the same
plate.

2.3. Cure cycles

The standard cure cycle for the prepreg material is illustrated in
Fig. 3, labeled as the manufacturer-recommended cure cycle (MRCC).
The MRCC involves a dwell stage at 110 °Celsius followed by a final
curing stage at 180 °C before cooling down.

A modified cure cycle (MOD) tailored for the 8552-AS4 prepreg
by Prussak et al. [26] is also presented in Fig. 3. This revised cure
cycle incorporates a cooling step before the laminate is heated up to
the final curing temperature, resulting in a lower temperature than
the MRCC at which the individual plies of the laminate form a secure
bond. As a result, this leads to decreased TRS within the laminate.
The adjustment parameters are the temperature ramps during initial
heating 𝛥𝑇ℎ∕𝑡, cooling 𝛥𝑇𝑐∕𝑡 and reheating 𝛥𝑇𝑟ℎ∕𝑡 and the temperature
𝑇𝑐 at which cooling is initiated in the process, as indicated in Fig. 3.
Slightly adapted versions of this modified cure cycle have been demon-
strated to significantly reduce TRS in laminates with layup ID2 in prior
investigations [17,44].

Both cure cycles, MRCC and MOD, are employed for each layup
(Table 2) in this study to produce specimens with identical layups but
different TRS.

A homogeneous temperature distribution within the laminates dur-
ing manufacturing and, hence, a homogeneous TRS state is necessary
4 
Fig. 4. Process to determine the stress-free temperature of asymmetric specimens inside
a lab oven.

to directly correlate the fatigue test results to the TRS. As was shown
in Prussak et al. [26], a temperature difference of 5 K when cooling
is initiated or a difference in the heating or cooling ramps of 2 K min−1

can make a significant difference in the final TRS. It is assumed that the
temperature measurement during the process is especially interesting
for thick laminates or those possessing low thermal conductivity, equiv-
alent to low metal volume fractions (ID3a). In aerospace applications,
laminate thicknesses of up to 40 mm can be expected at, for example, the
wing-root joints of upper and lower wing skins [55]. With increasing
laminate thickness and lower MVFs, the heat flow into and out of the
laminate decreases due to the low thermal conductivity of the polymer
material. Hence, the assumption of a homogeneous TRS state within
the entire laminate might not be valid anymore.

2.4. Analytical stress and strain quantification

This section presents the analytical correlations to quantify the
ply-wise stresses in an FML by considering the superposition of ex-
ternal loads with internal residual stresses. Furthermore, the analyt-
ical solution to determine the strain field in a notched laminate is
introduced.

2.4.1. Laminate ply stress
The laminate stresses in the FML layers are a superposition of ther-

mally induced residual stresses and stresses evolving due to external
loads.

To quantify the TRS within the laminates, an effective temperature
difference 𝛥𝑇 is needed

𝛥𝑇 = 𝑇𝑟 − 𝑇𝑠𝑓 (4)

where 𝑇𝑟 is the reference temperature at which the TRS are of interest
and 𝑇𝑠𝑓 is the laminates’ stress-free temperature. This temperature is
defined by the laminate being free of any thermal stresses. Considering
the case of pure linear thermo-elasticity and perfect instantaneous
bonding of the single layers in the laminate, 𝑇𝑠𝑓 and the bonding
temperature would be identical. In reality, however, non-linear effects
like stress relaxation and the volumetric shrinkage of the resin or
external process influences (e.g. tool material) can lead to differences
between stress-free and bonding temperature [17].

The stress-free temperature is a parameter that is only sensitive to
external influencing factors during the cure cycle but is independent
of the layup [44]. Therefore, 𝑇𝑠𝑓 can be easily determined using asym-
metric specimens within the manufacturing process of interest and is
still valid for symmetric or other layup variations manufactured within
the same process as long as the laminate temperatures are identical.
The asymmetric specimens are manufactured on a flat tool but will
start to curve upon demolding. Either the curvature can be evaluated
to determine the stress-free temperature or, even more straightforward,
they can be placed inside an oven and reheated until they reach their
flat state again (cf. Fig. 4). The temperature prevailing in the flat state
determines the stress-free temperature. Details on that method can be
found in Wiedemann et al. [44].

Combining the TRS with any additional loads applied to a laminate,
the effective stress 𝝈 in the single layers of an FML can be calculated
1,𝑘
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with classical laminate theory (CLT). For details on the method, the
reader is referred to e.g. Nettles [56]. First, the plane stress stiffness
matrix 𝑸1,𝑘 for each ply k needs to be calculated using the material
parameters from Table 1

𝑸1,𝑘 =

⎡

⎢

⎢

⎢

⎣

𝐸1
1−𝜈12𝜈21

𝜈12𝐸2
1−𝜈12𝜈21

0
𝜈12𝐸2

1−𝜈12𝜈21
𝐸2

1−𝜈12𝜈21
0

0 0 𝐺12

⎤

⎥

⎥

⎥

⎦

(5)

where in the following, the material coordinate system is denoted with
indices 1, 2, 3, and the laminate coordinate system with x, y, z.

With the transformation matrix 𝑻

𝑻 =
⎡

⎢

⎢

⎣

𝑐2 𝑠2 2𝑠𝑐
𝑠2 𝑐2 −2𝑠𝑐
−𝑠𝑐 𝑠𝑐 𝑐2 − 𝑠2

⎤

⎥

⎥

⎦

(6)

where the terms 𝑠 and 𝑐 indicate 𝑠𝑖𝑛(𝜃) and 𝑐 𝑜𝑠(𝜃), with 𝜃 being the ply
angle in the laminate coordinates, the plane stress stiffness matrix can
be transformed into the global coordinate system

𝑸𝑘 = 𝑻 −1𝑸1,𝑘(𝑻 −1)𝑇 (7)

With the coefficient of thermal expansion in the global coordinate
system for each ply k
𝜶𝑥,𝑘 = 𝑻 𝑇𝜶1,𝑘 (8)

and the ply coordinates 𝑧 the equivalent thermal forces 𝑁𝑡,𝑥 and
moments 𝑀𝑡,𝑥 per unit length can be calculated

𝑁𝑡,𝑥 = 𝛥𝑇
𝑛
∑

𝑘=1
𝑸𝑘𝜶𝑥,𝑘(𝑧𝑘 − 𝑧𝑘−1) (9)

𝑀𝑡,𝑥 = 1
2
𝛥𝑇

𝑛
∑

𝑘=1
𝑸𝑘𝜶𝑥,𝑘(𝑧2𝑘 − 𝑧

2
𝑘−1) (10)

Calculating the 𝑨𝑩 𝑫 matrices of the laminate

𝑨𝑥 =
𝑛
∑

𝑘=1
𝑸𝑘(𝑧𝑘 − 𝑧𝑘−1) (11)

𝑩𝑥 = 1
2

𝑛
∑

𝑘=1
𝑸𝑘(𝑧2𝑘 − 𝑧

2
𝑘−1) (12)

𝑫𝑥 = 1
3

𝑛
∑

𝑘=1
𝑸𝑘(𝑧3𝑘 − 𝑧

3
𝑘−1) (13)

the midplane strains 𝜀0 and curvatures 𝜅 can be found
(

𝜀0

𝜅

)

𝑥
=
[

𝑎 𝑏
𝑏𝑇 𝑑

]

𝑥

((

𝑁
𝑀

)

𝑥
+
(

𝑁𝑡
𝑀𝑡

)

𝑥

)

(14)

where 𝒂, 𝒃 and 𝒅 indicate the inverse of the entire matrix consisting of
the 𝑨𝑩 𝑫 submatrices.

The total strain in global coordinate system 𝜺𝑥,𝑘 for each ply is
consequently defined by

𝜺𝑥,𝑘 = 𝜺0𝑥 + 𝑧𝑘𝜿𝑥 (15)

and transforming that total strain into the material coordinate system
for each ply

𝜺1,𝑘 = (𝑻 𝑇 )−1 𝜺𝑥,𝑘 , (16)

the effective material strain 𝜺1,𝑚,𝑘, consisting of mechanical and thermal
portion, is consequently calculated by subtracting the free thermal
strain of the ply

𝜺1,𝑚,𝑘 = 𝜺1,𝑘 − 𝜶1,𝑘 𝛥𝑇 (17)

and ultimately the effective ply stress 𝝈1,𝑘 in the material system is
calculated

𝝈1,𝑘 = 𝑸1,𝑘 𝜺1,𝑚,𝑘 (18)

In addition to evaluating the cure cycle-specific stress-free tem-
peratures using asymmetric specimens, this work investigates whether
5 
Fig. 5. Bruker D8 Discover X-ray diffraction measurement setup to determine the
residual stresses in an FML using surface measurements.

Table 3
Hardware specifications for the X-ray diffraction measurements.

Parameter Unit Value

Target – Cr
Wavelength k𝛼1 Å 2.2897
Bragg angle ◦ 128.8
Diffrac. plane {ℎ𝑘𝑙} – Fe-𝛾 {220}
Current mA 40
Voltage kV 30
Goniometer tilt – 𝜒
Elastic modulus GPa 191
Poisson ratio – 0.3
Collimator diameter mm 2
𝛹 -Angle ◦ (0; 11.25; 22.5; 37.25; 45)
𝛷-Angle ◦ (90; 270)

the TRS state in such an FML can also be determined using X-ray
diffraction (XRD) measurements [57] within the austenitic stainless
steel facesheets of the laminate. Using a Bruker D8 Discover XRD
(Bruker, Billerica, USA) measurement setup (Fig. 5), the TRS in the
top layer of each FML specimen are determined within a calculated
depth of 12 μm. The hardware specifications for XRD setup can be
found in Table 3. The experiments were carried out in the sin2 𝛹 -
method, using Side-Inclination (𝜒-tilt of the goniometer). The surface
residual stresses in the steel layers were measured before lamination
and recorded as a reference. The reference was subsequently subtracted
from the measurements of the laminates to obtain the TRS generated
exclusively during the manufacturing process of the FML.

2.4.2. Strain field in notched laminates
Exact analytical solutions based on the Lekhnitskii formalism [58]

are employed to determine the 2D deformations in an orthotropic elas-
tic plate with a circular center notch loaded in tension. The derivation
of the Lekhniskii formalism is frequently covered in literature [59–61].
The method’s accuracy has been previously demonstrated by compar-
ison to numerical and experimental (digital image correlation during
testing) strain data in an OHT specimen [54]. In essence, the method
combines the fundamental equilibrium equation for a 2D plate

𝜕 𝜎𝑥
𝜕 𝑥 +

𝜕 𝜏𝑥𝑦
𝜕 𝑦 +𝑋 = 0

𝜕 𝜎𝑦
𝜕 𝑦 +

𝜕 𝜏𝑥𝑦
𝜕 𝑥 + 𝑌 = 0

⎫

⎪

⎪

⎬

⎪

⎪

⎭

(19)
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with the compatibility condition that ensures integrity and continuity
during deformation
𝜕2𝜀𝑥
𝜕 𝑦2 +

𝜕2𝜀𝑦
𝜕 𝑥2 −

𝜕2𝛾𝑥𝑦
𝜕 𝑥𝜕 𝑦 = 0 (20)

Eq. (19) and Eq. (20) are connected through Hooke’s law with the
laminate compliance matrix 𝐂 and the stress and strain vectors 𝝈 and
𝜺.

𝝈 = 𝑪 𝜺 (21)

Combining these equations and introducing stress functions 𝜙(𝑧1)
and 𝜓(𝑧2) yields following relation for determining the stresses in a 2D
orthotropic plate
𝜎𝑥 = 2Re[𝜇21𝜙

′(𝑧1) + 𝜇22𝜓 ′(𝑧2)]

𝜎𝑦 = 2Re[𝜙′(𝑧1) + 𝜓 ′(𝑧2)]

𝜏𝑥𝑦 = −2Re[𝜇1𝜙′(𝑧1) + 𝜇2𝜓 ′(𝑧2)]

(22)

The expressions in Eq. (22) reduce the initial task of determining
the stress distribution in an anisotropic 2D plate to finding expressions
for the stress functions 𝜙(𝑧1) and 𝜓(𝑧2). Soutis and Filiou [61] present
a closed-form exact analytical solution for the case of an open hole
orthotropic plate under bi-axial loading. They introduce a loading
ratio 𝜆 that defines the relation between the forces acting on the
plate along the principal axes. Since the present paper considers an
uniaxially loaded specimen with a circular center notch (OHT), 𝜆 is set
to zero. The detailed formulation for the stress calculation is provided
in Appendix. After determining the stresses in an OHT specimen, CLT
is used to transform the results into strains, to allow for a comparison
to DIC data.

2.5. Experimental testing

This section introduces the experimental setups used for quantifying
the quasi-static and fatigue performance of the manufactured FMLs.

2.5.1. Quasi-static testing
For each layup and cure cycle, quasi-static tensile tests are per-

formed on two FML specimens. For the tensile tests, an Instron 8802
(Instron, High Wycombe, UK) servo-hydraulic testing system with a
load capacity of 250 k N is used in combination with an Instron dynamic
extensometer (CAT No. 2620-603 with 10 mm gauge length, ±1 mm
travel) to record strain. The testing speed was set to 1 mm min−1,
suitable for the reduced measuring length.

2.5.2. Fatigue testing
The fatigue tests are performed with a Shimadzu EHF-EV50 (Shi-

madzu Corporation, Kyoto, Japan) servo-hydraulic testing system with
a load capacity of 50 k N. During the tests, a 3D digital image correlation
(DIC) system (Limess Q400 3D-DIC, Limess Messtechnik und Software
GmbH, Krefeld, Germany) with 5 MP cameras is triggered at maximum
stress to determine the crack length over time. Four cameras are used:
two in the front (Ricoh TV lens FL-CC7528-2M, 75 mm focal length,
10 mm extension tube) and two in the rear (Ricoh TV lens FL-CC7528-
2M, 75 mm focal length). The DIC lighting consists of LED light sources
made by the manufacturer of the DIC system. Two lamps with a size of
100 mm × 120 mm and a radiation angle of 15◦ continuously illuminate
the specimen with monochromatic blue light at an output of 4 W with
a light intensity of 60 cd.

The temperature of the specimens is monitored with an Infratec
ImageIR 8800 (InfraTec GmbH Infrarotsensorik und Messtechnik, Dres-
den, Germany) thermographic camera. A high-precision Keithley (Tek-
tronix Inc., Beaverton, USA) system, containing a 2601B source mea-
sure unit connected via R232 null modem cable to a 2182 A nano-
voltmeter (Tektronix Inc., Beaverton, USA), records the electrical re-
sistance of the front metal facesheet. The system was operated in
6 
Fig. 6. Condition monitoring setup for fatigue testing: Servo-hydraulic testing system
with front and rear instrumented DIC cameras, a thermographic camera oriented at the
laminate edge, and current as well as voltage taps for electrical resistance measurement.

delta mode [7]. Electrical resistance measurements were performed to
assess fatigue-related crack initiation and propagation. For reproducible
measurement results, markers with a distance of 50 mm are added to
the specimens to place the voltage drop clamps, and the current in/out
clamps at identical locations for all specimens. Fig. 6 shows a photo of
the measurement setup.

Constant amplitude tests (CATs) were conducted under ambient
temperature with a sinusoidal load-time function at a stress ratio
R = 0.1 (tension/tension loading). The laminates are tested under two
different maximum stress levels (400 MPa and 600 MPa). One exception
is the ID3a laminates, which were only tested for a maximum stress
level of 400 MPa due to the load limit of the 50 k N testing machine.

The maximum stress levels were chosen based on the stress–strain
data of the steel material. From previous experimental tests, a represen-
tative stress–strain curve for the steel sheet with a thickness of 0.12 mm
is shown in green in Fig. 7. Linear elastic interpolation of the initial
slope shows that the first plastification processes start from approx.
600 MPa. Both [11] has shown that a load far below the elastic limit
does not lead to any damage mechanisms in fatigue tests up to 1 × 106
cycles in CFRP-steel laminates. In the regime of very high cycle fatigue
(1 × 107 and higher), cracks can occur even at loads lower than the
elastic limit, where special high-frequency fatigue testing systems are
used for timely efficient characterization [21]. However, with regard
to possible applications of the CFRP-steel laminate in this work, the
focus is on the high cycle fatigue regime. Therefore, even though all
the laminates have different stiffnesses due to their layup architecture,
the two upper-stress levels of 400 MPa and 600 MPa are selected as
a rough estimate. The stresses refer to the notched cross-section of
the test specimens during the CAT. The testing frequency was set to
10 Hz for all experiments to avoid excessive testing time but also limit
self-heating [3].

Besides evaluating the recordings of the thermographic and DIC
camera images and the electrical resistance measurements, the force
(F) and displacement (s) data of the testing machine, measured by load
cell and linear variable differential transformer, is used to evaluate
the specimen stiffness over its fatigue life. From stress–strain data of
fatigue tests hysteresis values like the dynamic modulus 𝐸𝑑 𝑦𝑛 can be
determined. 𝐸𝑑 𝑦𝑛 is an indicator for the damage accumulation with
regard to the load cycle. Since the force–displacement data is used as
the basis in this work, dynamic stiffness 𝐶𝑑 𝑦𝑛 is formulated instead of
𝐸𝑑 𝑦𝑛 as in [2,62]:

𝐶 =
𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛 (23)
𝑑 𝑦𝑛 𝑠𝑚𝑎𝑥 − 𝑠𝑚𝑖𝑛
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Fig. 7. Definition of the two maximum stress levels 𝜎𝑚𝑎𝑥 for fatigue testing based on
the experimental quasi-static stress–strain data of the steel sheet (thickness 0.12 mm).

Fig. 8. Significant difference in the curvature at room temperature of asymmetric
specimens manufactured with the two different cure cycles MRCC and MOD.

For each resulting specimen configuration (layup, residual stress
state, maximum stress level), one specimen is tested with extensive
metrology applications to generate comprehensive data while limiting
the testing time for an efficient testing routine.

3. Results

This section discusses the specimens’ thermally induced residual
stress states, including comparing the results from the asymmetric spec-
imens with the XRD measurements and the temperature distribution
during manufacturing. Subsequently, the results of the quasi-static ten-
sile tests are shown. Finally, the fatigue test results are presented. These
include the correlation of the specimens’ surface strains with analytical
solutions, the evolution of fatigue damage, and the influence of the TRS
and other layup-dependent parameters on the fatigue performance of
the investigated FML.

3.1. Modifying the thermally induced residual stress state

Fig. 8 shows a photo of asymmetric specimens manufactured with
the MRCC and MOD cycles. A significantly smaller curvature for the
specimens manufactured with the MOD cycle than those manufactured
with the MRCC is visible.

Evaluating the stress-free temperatures for these specimens through
reheating inside a lab oven (according to the procedure shown in Fig. 4)
provides the data given in Table 4. The temperatures are determined
from several specimens for each cycle. The table provides the standard
deviations for each set of specimens. The specimens manufactured with
the MRCC show a significantly smaller deviation of 0.5 ◦C compared to
3.2 ◦C for the specimens from the MOD cycle. However, the relative
standard deviation for the MOD cycle is still only 2.4 %.

To ensure that the temperature inside the manufactured laminates
is equally distributed throughout the curing process, the thermocouples
placed inside the laminates at different positions in height are evalu-
ated. The temperature measurements prove that the highest differences
between the single temperature sensor positions are found within the
specimens with layup ID3a (greatest thickness and smallest MVF) for
7 
Table 4
Stress-free temperature evaluation for asymmetric specimens manufactured with the
MRCC and MOD cycle.

Cycle Mean [◦C] SD [◦C] RSD [%] N

MRCC 178 0.5 0.3 8
MOD 136 3.2 2.4 5

(R)SD: (relative) standard deviation; N: number of specimens.

Fig. 9. Temperatures of all measurement positions during manufacturing of the
specimen with layup ID3a using the modified cure cycle and resulting difference in
the temperature readings between all the thermocouples placed inside the laminate at
different positions in height.

both cure cycles. Fig. 9 shows the monitored temperatures throughout
the modified cure cycle for layup ID3a. The highest deviations between
the single thermocouples inside the laminate can be found during
the final cool-down for both cure cycles. However, at this stage in
the curing process, the TRS state is already determined and will not
be influenced anymore. When looking at the other curing stages in
the process, the highest deviation is found to be 1.9 K for the MRCC
just before reaching the maximum curing temperature of 180 ◦C. The
highest deviation for the MOD cycle (excluding the final cooling stage)
is found during the intermediate cooling step (1.3 K), as can be seen in
Fig. 9. For the other layups, the deviations are even smaller. Compared
to the 5 K difference discussed in [26], the difference measured in this
work is assumed to be too small to result in significant deviations of the
TRS across the laminate. Hence, the results show that the MOD cycle
with its steep temperature ramps is still applicable for CFRP-steel with
a thickness of 6.52 mm and an MVF of 20.2 %.

Considering the temperature measurements’ results, the stress-free
temperatures of the asymmetric specimens can be directly used to
quantify the TRS of the plate specimens. With the values from Table 4
the TRS in laminate 1-direction (0◦-direction) are calculated using CLT.
The TRS in the fiber direction of the laminates is shown in Fig. 10 as a
function of the metal volume fraction (MVF). The symbols indicate the
four layups (cf. Table 2). The layup ID3a with the lowest MVF contains
the highest tensile stresses in the metal sheets, whereas the specimens
with layup ID4 (highest MVF) show the highest compressive stresses in
the CFRP plies. With the MOD cycle, the TRS within the single layers
of the laminate can be reduced by as much as 27 % for each layup
compared to the specimens manufactured with the MRCC.

In Fig. 11, the TRS calculated with CLT and the cure cycle-specific
stress-free temperatures from the asymmetric specimens are compared
to the surface stress measurements using the XRD setup. It can be seen
that the XRD values are all lower than the ones derived experimentally
with asymmetric specimens. This is assumed to be due to a gradient of
TRS from the sheet surface to the sheet inner, which, combined with
the limited X-ray diffraction measurement depth, could lead to the mea-
sured lower values. Nevertheless, the X-ray diffraction measurements
enable a fairly precise depiction of the relative TRS reduction ( Table 5),
with the advantage that the measurements can be carried out anywhere
on the laminate surface without special preparation.



J. Wiedemann et al.

s
n
T

(
(
i
b
s
o
l
t
i
u

t
c
f

Composite Structures 351 (2025) 118631 
Fig. 10. Primary thermally induced residual stresses in 1-direction in the metal and
CFRP layers of the FML as a function of the metal volume fraction and the cure cycle
for a reference temperature 𝑇𝑟 of 20 ◦C.

Fig. 11. Primary TRS in the steel sheets using the cure cycle-specific stress-free
temperatures from asymmetric specimens (AS) and surface TRS in the top steel sheet
based on X-ray diffraction measurements (XRD) for each layup and cure cycle (𝑇𝑟 =
20 ◦C).

Table 5
Comparison of measured relative TRS reduction due to modified cure using stress-free
temperatures from asymmetric specimens (AS) and XRD measurements.

ID2 ID3a ID4 ID6b

AS −27 % −27 % −27 % −27 %
XRD −26 % −23 % −15 % −30 %

3.2. Quasi-static properties

Two FML specimens (cf. Fig. 1) are tested for their quasi-static
trength for each layup and cure cycle. The specimens with ID3a could
ot be tested until final failure due to the high tensile forces needed.
o show the influence of the MVF on the stress–strain behavior, Fig. 12

shows the stress–strain data for specimens ID2 (MVF: 23.5 %) and ID4
MVF: 69.8 %). Additionally, the stress–strain data of the steel sheet
thickness 0.12 mm) is added as a reference. It is visible that with
ncreasing MVF, the stress–strain curve better resembles the ductile
ehavior of the pure steel specimen. For lower MVF, the typical stress–
train behavior of CFRP is more evident in the data. The final failure
f the FMLs occurs at approximately the same total strain for both
ayups, which is typical for FMLs in general, as the failure strain of
he fibers governs ultimate laminate failure [1]. The results agree with
nvestigations made in GLARE [41] regarding elastic modulus and
ltimate strength. However, a decrease in failure strain for reduced TRS

is not observed.
Furthermore, the results show that the modified cure cycle results

in higher ultimate tensile strengths (UTS) of the specimens independent
8 
Fig. 12. Stress–strain curves from tensile tests for the ID2 and ID4 specimens. Tensile
test results for the steel sheet (thickness: 0.12 mm) are given as a reference.

Fig. 13. Comparison of the ultimate tensile strength of specimens manufactured with
different cure cycles (MRCC and MOD) and consequently different TRS.

Table 6
Evaluation of the ultimate tensile strength. Values of ID3a result from a linear
interpolation of the stress–strain data from 0.75 % and an assumed ultimate failure
strain of 1.75 %.

ID2 ID3a ID4 ID6b

MRCC Mean 2020 (2046) 1615 1887 MPa
STD 21 (71) 17 40 MPa

MOD Mean 2091 (2162) 1661 2034 MPa
STD 32 (93) 0.5 1 MPa

Delta +3.5 (+5.7) +2.8 +7.8 %

of the MVF. This is further illustrated in Fig. 13 for all specimens. A
significant increase in the UTS is found for all specimens manufactured
with the modified cure cycle. This is in good agreement with the
literature [18,28,29]. More details can be found in Table 6. It is shown
that a reduction of the TRS by around 27 % can increase the UTS by up
o 7.8 %. If the absolute TRS reduction for the individual laminates is
orrelated with the laminate strength, a similar order of magnitude is
ound between relative TRS reduction and an increase in strength.

A similar picture can be found when evaluating the elastic modulus
of the specimens tested in the quasi-static tests. The modulus evaluation
is done in the strain range 0.05 % to 0.25 % according to ISO 527-5 [53].
Table 7 shows that an increase in modulus is found for the specimens
where the TRS are significantly reduced using the modified cure cycle
(ID2, ID3a, and ID6b).

3.3. Fatigue damage mechanism

Fig. 14 shows the verification of the 2D strain fields in the loading
direction (𝜀 ) of specimen ID6b at a stress level of 400 MPa. The
𝑥𝑥
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Table 7
Evaluation of the elastic modulus in the strain interval 0.05 % to 0.25 % (according to
DIN EN ISO 527-5 [53]).

ID2 ID3a ID4 ID6b

MRCC Mean 127 129.5 159 137 GPa
STD 1.70 4.53 7.57 0.42 GPa

MOD Mean 131 136 157 138 GPa
STD 0.14 2.97 1.91 1.91 GPa

Delta +3.0 +4.6 −1.3 +1.1 %

Fig. 14. Comparison of the strains in 𝑥-direction (specimen length direction) in the
metal facesheet of layup ID6b (MRCC) from DIC (top) and analytical calculations
(bottom) at a maximum stress 𝜎𝑚𝑎𝑥 of 400 MPa.

experimentally determined strain field through DIC measurement is
compared to the analytically determined strain field around the center
notch. It should be noted that the DIC results show the surface strain
of the specimen, while the analytical result represents the midplane
strain. However, due to the symmetry of the laminate and the fact that
the specimen is not loaded in bending, the results are considered to be
comparable.

The two strain fields are in excellent agreement. The shape of the
strain descent from the concentration at the center towards the outer
regions of the segment under consideration, and the peaks around the
center hole are almost identical. This high level of agreement confirms
the accuracy and validity of DIC measurement for further analysis of
the structural behavior.

Considering the characteristics of the strain field, it is assumed that
fatigue cracks are most likely to initiate at the strain concentration
at the edge of the notch. While the strain field analysis allows for
an assumption on the initiation point of cracking, the crack-growth
behavior needs to be analyzed through testing.

During the fatigue tests, all specimens were tested up to a number of
6 × 105 cycles, except for the specimens ID4 that failed at around 1 × 105
(𝜎𝑚𝑎𝑥 = 400 MPa) and 3 × 104 (𝜎𝑚𝑎𝑥 = 600 MPa) cycles respectively. No
final laminate failure occurred within 6 × 105 cycles for all other layups.

A similar failure damage pattern was found for all specimens inde-
pendent of the layup and cure cycle. Images of the DIC cameras reveal
the progression of the damage over the number of cycles during fatigue
testing for the steel facesheets. Fig. 15 shows the strains in the loading
direction (𝑥-direction) on the ID6b specimen surfaces for specific load
cycles. A crack is initiated in all facesheets at the stress concentration
9 
point shown in Fig. 14. The crack propagates through the facesheet in
the transverse direction until the complete metal sheet tears. It can be
observed that the damage progresses simultaneously on the front and
rear of the specimen. When comparing the two specimens with different
TRS, damage progression for the specimen with reduced TRS is delayed.
At 5.5 × 104 cycles, specimen ID6b MRCC experiences complete facesheet
tear and considerable delaminations, whereas specimen ID6b MOD
shows significantly less damage.

This difference in damage accumulation can also be found in the
thermographic camera recordings. The thermographic camera is fo-
cused on one outer side of the specimen’s laminate edge during the
fatigue tests (cf. Fig. 6). Fig. 16 shows images of the two ID6b spec-
imens (MRCC and MOD) for the same number of fatigue cycles. The
laminate with higher TRS (top) exhibits a noticeably higher temper-
ature at the same cycle count, indicating a more advanced state of
damage progression. Furthermore, the image of the MRCC specimen
reveals the failure of the inner steel plies after 5.5 × 105 cycles. Inter-
estingly, multiple cracks occur per sheet within the inner steel sheets.
This is due to the higher effective stress caused by the failed facesheets,
leading to higher stress concentrations at the notch, also observed
in [7]. In contrast, the MOD specimen does not show any cracks in the
inner metal sheets, that have reached the outer specimen edge after the
same number of cycles.

Evaluating the change in specimen temperature over the number of
cycles shows that the temperature only increases when significant dam-
age is present in the specimen. Fig. 17 shows the change in maximum
temperature for the specimens with ID6b over the number of cycles.
Additionally, the figure marks the number of cycles at which crack
initiation and steel facesheet failure are detected. The results show
that the inner steel sheet failure of specimen ID6b occurs well after
the facesheet tear. A first increase in specimen temperature occurs just
before the crack in the steel facesheet is initiated. After the failure of the
facesheets, the specimen temperature stays relatively constant for the
specimen with reduced TRS (ID6b MOD). In contrast, the temperature
in the specimen with higher TRS further increases. This temperature
increase indicates damage progression inside the laminate, accompa-
nied by friction and consequent heat generation. This behavior is in
accordance with the images shown in Fig. 16. The results demonstrate
that thermal imaging can be used to monitor fatigue-induced damage
in an FML. It can even detect the failure of layers inside the laminate
by monitoring the specimen’s temperature.

While Takamatsu et al. [63] showed that the crack lengths between
the surface aluminum layer and the center aluminum layer are very
similar, Burgers and Kempen [64] showed that there could also be
a significant difference in crack length between facesheet cracks and
cracks in the inner metal sheets. This is because the facesheets are only
supported by bridging fibers from one side in contrast to the layers
inside the laminate [65]. Based on the results, the damage evolution
in the investigated CFRP-steel laminates is assumed to follow the latter
damage mechanism.

Besides using the DIC images to identify facesheet crack initiation
and failure, electrical resistance (ER) measurements are used. Since
the electrical taps directly contact the facesheets of the specimens,
facesheet damage leads to increased ER between the two taps attached
to the top and bottom of a specimen. Fig. 18 shows the normalized ER
of the specimen surface for layups ID3a and ID6b in comparison. Again,
the cycle counts where crack initiation and facesheet failure occur,
identified via DIC, are marked. It can be seen that the ER increases
significantly when the facesheets tear half and entirely, as observed
in [7]. Comparing the identical layups manufactured with the two
different cure cycles, a delayed failure of the facesheet of the specimens
with reduced TRS is observed for both layups, as was already found
in the DIC images (cf. Fig. 15). When zooming into the data of the
ER measurements (Fig. 19) an increase in ER can even be detected
just after crack initiation in the facesheets. Hence, measuring ER is an
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Fig. 15. Tangential strains 𝜀𝑥 (load direction) at maximum stress (𝜎𝑚𝑎𝑥 = 400 MPa) on the front and rear surface of specimens with layup ID6b for selected numbers of cycles show
the difference in damage progression for the two TRS states.
Fig. 16. Inner steel sheet failure can be observed in the thermographic camera
recordings for ID6b MRCC after 5.5 × 105 cycles at maximum stress (𝜎𝑚𝑎𝑥 = 400 MPa).
For ID6b MOD, the specimen temperature is significantly lower, and no inner steel
sheet failure is observed after the same number of fatigue cycles.

Fig. 17. Change in maximum specimen surface temperature for layup ID6b at a testing
frequency of 10 Hz.
10 
Fig. 18. Normalized electrical resistance of the steel facesheets during fatigue testing.
Symbols indicate crack initiation and facesheet failure.

effective method for monitoring the state of damage in the facesheets
of this investigated FML.

Therefore, DIC image data and ER measurements are evaluated to
define the cycle number at which crack initiation and facesheet failure
within all laminates tested. Crack initiation is determined by the cycle
with a significant increase in ER and a significant change in the strain
peak extending into the crack propagation direction. The facesheet
failure is defined by the gradient of the ER approaching infinity and
the cracks being extended towards the outer edges on both the front
and rear of the specimens.

The evaluation of the dynamic stiffness, defined in Eq. (23), pro-
vides further insights into damage progression in addition to looking
at the imaging techniques and ER measurements. Fig. 20 shows the
force–displacement data for selected numbers of cycles beginning with
𝑁 = 2 × 103 up to 𝑁 = 5.5 × 105 for ID2 specimens. For both specimens
(MRCC and MOD), a decrease in dynamic stiffness for an increasing
number of cycles is observed. However, for the MRCC specimen, this
effect is more pronounced, especially towards higher numbers of cycles.
This indicates more significant damage after the same number of cycles,
which is in accordance with the thermal imaging data (cf. Fig. 16).
While both specimens exhibit creep, indicated by the horizontal shift of
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Fig. 19. A magnification shows a clear increase in normalized electrical resistance
hortly after the crack initiation in the steel facesheets for all specimens.

Fig. 20. Load hysteresis for selected numbers of cycles 𝑁 (2 × 103, 2 × 104, 1 × 105,
2.5 × 105, 4 × 105, 5.5 × 105) show a more prominent decrease in dynamic stiffness and
advanced creep state for ID2 MRCC with increasing number of cycles compared to ID2
MOD.

the load hysteresis for an increasing number of cycles, the MRCC spec-
imen shows accelerated and increased creep due to higher temperature
and advanced damage propagation.

The dynamic stiffness over the number of cycles is derived for all
laminates tested. In Fig. 21, the dynamic stiffness is normalized on the
nitial dynamic stiffness of each specimen and plotted for all layups.
he results refer to the tests performed with a maximum stress 𝜎𝑚𝑎𝑥

of 400 MPa. Different behavior is observed for the different layups.
Specimens of ID3a show a relatively continuous dynamic stiffness up to
6 × 105 cycles. Specimens ID2 and ID6b show significant decreases in the
dynamic stiffness, which can be attributed to the progressing damage
inside the laminate. For both layups, the specimens with higher TRS
show a more pronounced decrease in dynamic stiffness for higher load
cycles. Again, this indicates internal damage progression, as seen in the
thermographic camera images in Fig. 16 and the temperature evolution
n Fig. 17. For layup ID4, an early total laminate failure is observed for
oth TRS states. It is plausible that both specimens with differing TRS
tates show similar fatigue characteristics as the difference in the TRS
tate of layup ID4 is small (cf. Fig. 11).

All the data shows that the specimens manufactured with the modi-
ied cure cycle appear more tolerant to fatigue. Cracks in the facesheets
re initiated with a delay, the crack growth is slower, and the residual
trength and stiffness after facesheet failure increase. This is especially
rue for the laminates ID2, ID3a and ID6b. For layup ID4 complete

laminate failure occurs soon after facesheet tear.
 t

11 
Fig. 21. Normalized dynamic stiffness over the number of cycles for all tested layups
and TRS and a maximum stress 𝜎𝑚𝑎𝑥 of MPa.

Fig. 22. Numbers of cycles for facesheet crack initiation, facesheet failure, and
specimen failure correlated with the metal volume fraction.

3.4. Parameters determining the fatigue performance

Determining the fatigue damage mechanism using the presented
methods shows significant differences between the different layups
and thermally induced residual stress states investigated. The results
for various influencing variables are presented below to attribute the
different behaviors to individual parameters. For this purpose, the cycle
count for the significant events describing the damage progression in
the laminates is used. This way, correlations between the parameters
and damage can be revealed. The events are the crack initiation in
the facesheets of the laminates and the failure (tear) of the facesheets.
Laminate failure is not considered since it only occurred for layups ID4
for the number of cycles tested.

The metal volume fraction is the first relevant parameter considered
from Table 2. Fig. 22 shows the fatigue damage events and their
orresponding cycle count for each layup and TRS state against the
orresponding metal volume fraction. It can be seen that the crack
nitiation in the facesheets occurs before 1 × 104 cycles for all layups
xcept for ID4. Furthermore, for identical layups, the crack initiation
or MRCC specimens always starts before the crack initiation within
pecimens manufactured with MOD. This effect is more pronounced for
he specimens with high TRS in the metal sheets (ID2, ID3a, and ID6b).
or specimens with layup ID4, with low TRS in the metal sheets, there
s no significant difference in time for the occurrence of cracks in the
acesheets.

The results suggest a correlation between crack initiation and the
etal volume fraction. The initiation of cracks around the notch is
elayed for higher metal volume fractions and, consequently, lower
ensile TRS in the metal sheets. This correlation is indicated by the
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Fig. 23. The dynamic stiffness decreases much faster after failure of the facesheets
with increasing facesheet thickness fraction (FTF).

arrow in Fig. 22. However, the tear of the facesheets does not seem
to be correlated with the metal volume fraction.

The second parameter in Table 2 that distinguishes the different
types of layups is the number of interfaces between CFRP and metal.

owever, no correlation between the number of interfaces and the
cycle count was found regarding crack initiation or facesheet tear.

The third parameter is the facesheet thickness fraction (FTF). Fig. 23
correlates the normalized dynamic stiffness and FTF against the number
f cycles when significant damage events occur. The results show that
or high FTF (ID4), the crack initiation in the facesheets results in a

substantial decrease in the dynamic stiffness of the laminate. For lower
FTFs, the influence is less pronounced. For specimens ID2 and ID6b,
he dynamic stiffness continuously decreases with increasing damage
ccumulation in the facesheets. An additional drop in stiffness is ob-
erved significantly after facesheet tear, which can be attributed to the
ailure of the inner metal sheets based on the thermographic images.
eanwhile, for low FTF (ID3a), no significant change in dynamic

tiffness is observed even after facesheet tear. Since the facesheets fail
irst in the investigated laminates, the proportion of the facesheets in
he overall composite is decisive for the amount of dynamic stiffness
eduction after the tear and failure of the facesheets.

The investigations show that the layup-dependent parameters, metal
olume fraction, and face sheet thickness fraction significantly influ-
nce the fatigue characteristics. In contrast, the number of interfaces
oes not correlate with the damage behavior.

The influence of the modified cure cycles on the fatigue perfor-
mance of the laminates is best illustrated by the crack growth rate in the
metal sheets. The number of cycles between facesheet crack initiation
𝑁𝑐 .𝑖 and facesheet tear 𝑁𝑡 is used to evaluate the crack growth rate.
Fig. 24 shows the increase in cycles between crack initiation and tear of
he facesheets when using the MOD cycle in contrast to the MRCC. An
ncrease in cycles can be found for all investigated laminates and tested
tress levels. This behavior can be attributed to reduced stress peaks at
he crack tip due to lower TRS in the metal sheets. An effect that is

comparable to what is found for post-stretched laminates [19]. How-
ever, it is assumed that the extent is greater for post-stretched laminates
ue to the reversed TRS state inside the laminate (compression within
he metal sheets). Moreover, the results show for a fatigue stress level
f 400 MPa that the influence of the reduced TRS on the crack growth
epends on the absolute TRS state in the laminates. The increase in

cycles between 𝑁𝑐 .𝑖 and 𝑁𝑡 is greater for laminates with high TRS.
The results generated with a fatigue stress level of 600 MPa indicate
 contradictory behavior but still show a significant decrease in crack
rowth for the laminates with reduced TRS.

To correlate the maximum stresses in the metal sheets with the
events detected during fatigue testing, the maximum effective stress
in the metal sheets is calculated for each tested specimen according
12 
Fig. 24. Increase in number of cycles between steel facesheet crack initiation (𝑁𝑐 .𝑖.)
and tear (𝑁𝑡) using the MOD cycle in contrast to the MRCC for the two different
maximum stress levels tested.

Fig. 25. The experimental data indicates a direct correlation between crack initiation
and the maximum stress in the metal sheets for all investigated layups and stress levels.

to Eq. (18). The maximum stress is a superposition of the TRS with
the externally applied forces during testing. Fig. 25 shows the numbers
of cycles for crack initiation and facesheet tear dependent on the

aximum stress in the metal sheets for each tested configuration.
Four data points are plotted for each layup: two TRS states and two
maximum stress levels in the test (except for layup ID3a). The results
show a strong correlation between the maximum stress in the steel
sheets 𝜎𝑚𝑎𝑥, 1, 𝑠𝑡𝑒𝑒𝑙 in loading direction and the numbers of cycles for
rack initiation 𝑁𝑐 .𝑖. for all laminates. To illustrate this correlation, a
unction is fitted through the experimental data

𝜎𝑚𝑎𝑥, 1, 𝑠𝑡𝑒𝑒𝑙 = 𝑎
𝑏 +𝑁𝑐 .𝑖.

+ 𝑐 (24)

where 𝑎, 𝑏, and 𝑐 are the fitting parameters.
A comparable correlation between maximum stress in the metal

heets and facesheet tear cannot be found in Fig. 25. In contrast, the
number of cycles between crack initiation and facesheet tear (𝑁𝑡 −
𝑁𝑐 .𝑖.) seems to correlate with the normalized stress ratio derived from
maximum stress in the metal sheets 𝜎𝑚𝑎𝑥, 1, 𝑠𝑡𝑒𝑒𝑙 and ultimate laminate
strength 𝜎𝑢𝑙 𝑡, 𝑙 𝑎𝑚:
𝜎𝑚𝑎𝑥, 1, 𝑠𝑡𝑒𝑒𝑙
𝜎𝑢𝑙 𝑡, 1, 𝑙 𝑎𝑚

= 𝑎
𝑏 + (𝑁𝑡 −𝑁𝑐 .𝑖.)

+ 𝑐 (25)

The normalized stress ratio to evaluate fatigue behavior was also used,
.g., in [66]. Fig. 26 shows the respective number of cycles against
he normalized stress ratio for all layups tested. Significant differ-

ences between the layups with different metal sheet thicknesses can
be found. For layups with thin steel sheets (ID2 and ID3a, steel sheet
thickness: 0.12 mm) significantly higher numbers of cycles between
facesheet crack initiation and tear are found for the same normalized
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Fig. 26. The experimental results indicate a difference in damage evolution between
layups with thin (ID2 and ID3a) and thick (ID4 and ID6b) metal sheets.

maximum stress. Whereas layups with thick steel sheets (0.25 mm)
show accelerated crack growth. The function presented in Eq. (25)
s fitted independently for the layups with differing steel sheet thick-

nesses (ID2/3a and ID4/6b). It is assumed that the thinner steel sheets
(0.12 mm) allow a better fiber bridging mechanism compared to the
thicker sheets (0.25 mm). Therefore, the crack propagation rate in the
metal facesheets is significantly slowed after crack initiation.

4. Conclusion

Modified cure cycles can significantly reduce the thermally induced
residual stresses in an FML. The curvature and stress-free tempera-
ture evaluation of asymmetric laminates confirm this. Moreover, X-ray
diffraction measurements on the metal surface of the investigated FMLs
show the same amount of relative stress reduction.

Although the TRS reduction is smaller compared to, for example,
ost-stretching processes, the TRS level significantly influences the
uasi-static properties of the FML. Both ultimate strength and elastic
odulus increase for reduced TRS levels when laminates have high
etal volume fractions.

The agreement of digital image correlation (DIC) deformation data
during fatigue testing with analytically calculated strain fields shows
hat damage is initiated in notched specimens at positions with high
tress concentrations. Early damage initiation and preliminary facesheet
ailure are observed in specimens with higher TRS than those with
educed TRS. The electrical resistance measurements confirm these
bservations. Thermographic imaging detects the facesheet failure and,
emarkably, damage inside the laminate due to increased friction at
amaged interfaces. Similarly to the effects seen from the outside (using
IC), internal damage is observed earlier within specimens with high
RS. The different methods to monitor damage progression and spec-

men failure complement each other well, providing a comprehensive
icture of the damage mechanisms.

Experimental fatigue test results show that the metal volume and
acesheet thickness fraction significantly determine the damage evolu-
ion from the parameters defined by the laminate layup. In contrast,
he number of interfaces between metal and fiber layers inside the FML
hows no significant influence.

The reduction of TRS with modified cure cycles improves the fatigue
erformance for all investigated laminate configurations. On the one
and, the reduced TRS reduces the maximum stress in the metal sheets,
eading to delayed crack initiation. On the other hand, the reduced TRS
lso slows the crack growth, leading to an increase in cycles of 1 × 103
o 5 × 104 from crack initiation until facesheet failure, depending on
he layup and fatigue loading level. Furthermore, the results indicate
hat the crack growth rate depends on the thickness of the steel sheets
ithin the FML. Besides the damage initiation, even after the facesheets
 r

13 
fail, the TRS reduction leads to a more damage-tolerant behavior. The
dynamic stiffness decrease after facesheet failure is less pronounced
than for the laminate counterparts with high TRS. The inner layers of
the laminate seem to possess a higher load reserve after the failure of
the facesheets when the TRS is reduced.

The results show that the TRS significantly influences the quasi-
static and fatigue performance of the tested CFRP-steel laminates.
No adverse effect on the mechanical performance of the laminates
could be observed for the tested laminates. Therefore, reducing TRS
with modified cure cycles efficiently increases FML capability without
compromising other performance parameters.

In future work, X-ray diffraction for TRS determination seems
promising. It enables local determination of the TRS state without
pplying measurement necessities like strain gauges. Moreover, the
volution of TRS during fatigue testing can be monitored. The absolute

influence of the TRS on the quasi-static and fatigue characteristics must
be statistically confirmed. Furthermore, the results must be validated
or additional load levels and under variable amplitude tests, including
ension/compression, and for more laminate layups. In particular, FMLs
ith facesheets made of the fiber constituent and laminates with more

han a single fiber direction are of interest. Finally, future cyclic tests
hould focus on the final laminate failure to investigate the influence
f the TRS and other parameters on the FML residual strength. The
esults will help to further optimize the curing process, especially for

larger FML parts using quantified optimization procedures.
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Appendix

The analytical solution proposed by Soutis and Filiou [61] is pre-
sented herein. Firstly, the complex parameters are defined:

𝛼0 =

√

𝐸𝑥𝑥
𝐸𝑦𝑦

, 𝛽0 =
𝐸𝑥𝑥
2𝐺𝑥𝑦

− 𝜈𝑥𝑦

if 𝛽0 ≥ 𝛼0 ∶ 𝑠1 = 𝑖

(
√

𝛽0 − 𝛼0
2

+
√

𝛼0 + 𝛽0
2

)

𝑠2 = 𝑖

(

−
√

𝛽0 − 𝛼0
2

+
√

𝛼0 + 𝛽0
2

)

if 𝛼0 ≥ 𝛽0 ∶ 𝑠1 =
√

𝛼0 − 𝛽0
2

+ 𝑖
√

𝛼0 + 𝛽0
2

𝑠2 = −
√

𝛼0 − 𝛽0
2

+ 𝑖
√

𝛼0 + 𝛽0
2

The real and imaginary parts of the complex parameters are then
used in the following:

𝛼𝑖 = Re(𝑠𝑖), 𝛽𝑖 = Im(𝑠𝑖), 𝑖 ∈ [1, 2]

The 2D stress field at any position in an orthotropic plate can be
etermined using:

𝜎𝑥𝑥 = 𝑝 + Re
{

𝑝
𝑠1 − 𝑠2

[

−𝑖𝑠21
1 + 𝑖𝑠1

𝛺1 +
𝑖𝑠22

1 + 𝑖𝑠2
𝛺2

]}

𝜎𝑦𝑦 = Re
{

𝑝
𝑠1 − 𝑠2

[

−𝑖
1 + 𝑖𝑠1

𝛺1 +
𝑖

1 + 𝑖𝑠2
𝛺2

]}

𝜏𝑥𝑦 = −Re
{

𝑝
𝑠1 − 𝑠2

[

−𝑖𝑠1
1 + 𝑖𝑠1

𝛺1 +
𝑖𝑠2

1 + 𝑖𝑠2
𝛺2

]}

with

𝛺𝑗 =

⎛

⎜

⎜

⎜

⎜

⎝

1 − 𝑥 + 𝑠𝑗𝑦
√

(

𝑥 + 𝑠𝑗𝑦
)2 − 𝑅2

(

1 + 𝑠2𝑗
)

⎞

⎟

⎟

⎟

⎟

⎠

, 𝑗 ∈ [1, 2]
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