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Abstract

Fatigue testing was performed on two age hardened high strength aluminum alloys
(AA 2024 T351 and AA 7075 T6) at ultrasonic frequencies of around 20 kHz in fully
reversed axial loading (R = −1). Tests were carried out on flat and riblet structured
thin sheets in order to evaluate their usability for a novel technique for aerodynamic
drag reduction as well as for gaining further insight into the relevant degradation
and failure mechanisms. The studied riblets were of semi-circular geometry and
produced by a flat rolling process which was developed at the Institute of Metal
Forming (RWTH Aachen University). Important aspects of the present work are
the influence of commercially pure CP Al claddings – which are frequently used for
the prevention of corrosion – as well as of different riblet dimensions on the fatigue
performance.

Whereas the bare material shows a continuous transition from high cycle fatigue
(HCF) to very high cycle fatigue (VHCF), for clad sheets a sharp transition from
HCF failure (up to some 106 cycles) to run-outs (at ≥ some 109 cycles) is observed.
Particularly in the megacycle regime, the fatigue life of the structured bare ma-
terial is – compared to the non-structured case – significantly reduced by stress
concentrations induced by the surface structure. However, the fatigue performance
of clad material is not negatively affected by the riblets. In this case, the thresh-
old value at which the transition from HCF failure to run-outs occurs was even
higher than in the flat case. The transition stress differs with cladding thickness
as well as with riblet geometry. Fatigue cracks are – even in the case of run-outs
– always initiated at the surface of the clad layer and grow easily to the substrate.
Specimens only fail, if the threshold for further crack growth into the substrate is
exceeded. The fatigue limit of both, the flat and riblet structured clad material can
thus be described by a fracture mechanics approach using a Kitagawa-Takahashi
diagram.

In the case of structured clad material, the threshold for fatigue failure is not
only directly affected by the remaining thickness of the cladding below the riblet
structure. Finite element (FEM) simulations demonstrate that due to plastic defor-
mation a stress redistribution in the CP Al layer occurs which modifies the effective
stress at the interface (cladding / substrate). The effective interface stress is thus
as well a function of cladding thickness, which therefore, besides the direct effect,
also indirectly influences the stress intensity of through-cladding cracks. Further
FEM simulations demonstrate that riblets can be optimized with respect to VHCF
performance, if the thickness of the clad layer below the riblet valleys is around
25% of the riblet diameter.

The failure mechanisms of both tested alloys are similar to each other. Further
aspects covered in this work are a detailed analysis of material changes induced by
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the structuring process and the development of a bending testing setup in which
the loading conditions resemble the exposure during use in active drag reduction
systems.
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Inhaltsangabe

Die vorliegende Arbeit behandelt das Ermüdungsverhalten zweier ausscheidungs-
gehärteter, hochfester Aluminium-Legierungen (AA 2024 T351 und AA 7075 T6).
Ermüdungsversuche wurden mittellastfrei (R = −1) bei einer Ultraschallfrequenz
von ca. 20 kHz an flachen sowie ribletstrukturierten Blechen durchgeführt. Ziel der
Arbeit ist zum einen eine Abschätzung der Verwendbarkeit derartiger Bleche im Zu-
sammenhang mit einer neuartigen Methodik zur aktiven Luftwiderstandreduktion,
zum anderen das Verständnis der relevanten Schädigungs- und Versagensmecha-
nismen. Die untersuchten Ribletstrukturen haben eine halbkreisförmige Geometrie
und wurden in einem am Institut für Bildsame Formgebung (RWTH Aachen) ent-
wickelten Flachwalzprozess hergestellt. Wichtige Aspekte dieser Studie sind der
Einfluss dünner Reinaluminium-Plattierschichten, wie sie üblicherweise zum Kor-
rosionsschutz verwendet werden, sowie die Auswirkungen unterschiedlicher Rible-
tabmessungen auf das Ermüdungsverhalten.

Während unplattiertes Material einen gleichmäßigen Übergang vom Hochzyklus
(HCF)- in den Ultrahochzyklus (VHCF) -bereich zeigt, wird für plattierte Pro-
ben ein scharfer Übergang zwischen HCF-Versagen (bis zu einigen 106 Lastwech-
seln) zu Durchläufern (bis ≥ mehrere 109 Lastwechsel) beobachtet. Insbesondere
im HCF-Bereich wird die Ermüdungsfestigkeit des ribletstrukturierten, unplattier-
ten Materials – im Vergleich zum Nichtstrukturierten – durch den Kerbeffekt der
Oberflächenstruktur deutlich abgesenkt. Die Ermüdungsfestigkeit von plattiertem
Material leidet jedoch keineswegs unter der Ribletstruktur, da in diesem Falle der
Spannungsschwellwert für Materialversagen im Vergleich zum unstrukturierten Fal-
le sogar leicht angehoben wird. Die Übergangsspannung hängt dabei sowohl von der
Plattierschichtdicke, als auch von den Ribletabmessungen ab. Ermüdungsrisse wer-
den – selbst bei Versuchen ohne Materialversagen – stets an der Oberfläche initiiert
und breiten sich sehr einfach bis zur Grenzfläche (Substrat/Plattierung) aus. Mate-
rialversagen tritt nur dann auf, wenn die Schwelle für weiteres Risswachstum über
die Grenzfläche hinaus überwunden wird. Das Ermüdungsverhalten sowohl von
flachem, als auch von ribletstrukturiertem Material kann somit in einem bruch-
mechanischen Ansatz mithilfe eines Kitagawa-Takahashi-Diagramms beschrieben
werden.

Neben dem direkten Einfluss der Plattierschichtdicke auf das Ermüdungsverhalten
plattierten Materials kommt es zu einem weiteren, indirekten Einfluss der Plattier-
schichtdicke auf die effektiv am Grenzbereich (Substrat/Plattierung) herrschende
Spannung, welcher in einer Spannungsumverteilung aufgrund plastischer Deformati-
on der Plattierschicht begründet ist. Dieser Zusammenhang wird mittels finiter Ele-
mente (FEM)-Simulationen eingehend untersucht. Weitere FEM-Berechnungen be-
legen, dass die Ribletstruktur hinsichtlich ihrer Ermüdungseigenschaften im VHCF-
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Bereich optimiert werden kann, indem die unter den Riblettälern verbleibende Rest-
dicke der Reinaluminiumschicht auf etwa 25% des Ribletdurchmessers eingestellt
wird.

Die Versagensmechanismen beider untersuchten Legierungen ähneln sich stark. Wei-
tere in dieser Arbeit angesprochene Aspekte sind Materialbeeinflussungen, welche
aufgrund des Strukturierungsprozesses entstehen, sowie die Entwicklung einer Prü-
feinrichtung für Wechselbiegeversuche, bei denen die Lastaufbringung einer Ver-
wendung in aktiven Systemen zur Luftwiderstandsreduktion nachgebildet wird.
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1 Introduction and objectives

Drag reduction of modern transport systems, e.g. aircrafts, is beneficial for econom-
ical as well as for ecological reasons. In this regard, the total drag of an aircraft
in cruise can be broken down into 5 basic contributions, as illustrated in Fig. 1.1.
Having the highest contribution with 55% of the total drag, the viscous part ac-
cording to Schrauf et al. [1] also has the highest potential for drag reduction of
approx. 15%, achievable by laminar flow technology or turbulence and separation
control techniques.

One promising approach to reduce the viscous drag of modern planes is the reduc-
tion of the frictional drag of their surfaces [1, 2]. Therefore, frictional drag reduc-
tion by passive and active methods has been subject of numerous studies since the
1960s [2]. One prominent example for passive methods are riblet structured sur-
faces [3, 4], which modify the turbulent boundary layer and thereby reduce the skin
friction by up to 10 % [4]. The influence of the riblet geometry on drag reduction
was studied in detail by Bechert et al. [4]: The highest efficiency is reached for a
blade-like shape, followed by semi-circular, scalloped and sawtooth shaped riblets.
For each given geometry, drag reduction is most efficient at a certain, well defined
Reynolds number [4]. Consequently, riblet dimensions have to be adapted to the
cruising speed of the aircraft and are therefore of limited flexibility if planes travel
at different velocities during flight.

Figure 1.1: Drag breakdown of modern airplanes according to Schrauf et al. [1].
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1 Introduction and objectives

Figure 1.2: Illustration of
loading conditions in an drag
reduction system which com-
bines active and passive meth-
ods.

During the last decade, active drag reduction by a transverse traveling surface wave
has been investigated in detail [5]. In this approach, the surface oscillation reduces
the movement of turbulent cells and thus stabilizes near-wall streaks [6, 7]. As
reported by Itoh et al. [8], a drag reduction of 7.5% was achieved in wind channel
experiments on a flat plate.

However, the surface oscillation with amplitudes of few 1/10 mm at frequencies
of some 100 Hz raises the question of very high cycle fatigue (VHCF) failure as
a possible technical limitation to this approach. The present work is part of a
study funded by the German Research Foundation (FOR 1779) which aims for the
combination of both, riblet structures as well as transverse traveling surface waves
(cf. Fig. 1.2). Besides the aerodynamics of such an arrangement, the question of
very high cycle fatigue has to be addressed in order to ensure safety and service
reliability of such novel drag reduction systems. It is therefore required to evaluate
the effects of structured surfaces on fatigue life of materials relevant for aircraft
construction.

This study focuses on the fatigue properties of two high strength aluminum alloys:
AA 2024 T351 and AA 7075 T6. Because of their high strength and their low
density, wrought aluminum alloys of the 2000 and 7000 series are used extensively
in the construction of airfoils and fuselages. Their fatigue properties were studied
in detail several decades ago, e.g. by Schijve et al. [9] and Edwards et al. [10]. Nev-
ertheless, these studies did not cover the VHCF regime which has been explored in
the last 15 years after ultrasonic fatigue testing became more prevalent. The VHCF
behavior of AA 2024 was subject to several studies [11–14], where a continuously
decreasing S/N -curve up to 1010 cycles and thus no fatigue limit in the VHCF
regime could be found. The same is true for AA 7075 as was proven e.g. by Mayer
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et al. [15]. Therefore, VHCF testing is required in order to evaluate the influence
of riblet surface structures on fatigue properties in the VHCF regime.

Due to their high sensitivity to corrosion, both tested alloys are frequently cladded
with a layer of commercially pure (CP) aluminum. A negative consequence of this
cladding is a significant reduction in fatigue performance as was demonstrated in
[9, 10] for the range up to around 2x107 load cycles. Nevertheless, the effect of
claddings on the VHCF regime still remains an open question.

Therefore, beside the influence of riblet structures on the VHCF life, also the in-
fluence of CP Al claddings on thin sheets needs to be evaluated for both materials.
These data provide an adequate basis for comparison of flat and riblet structured
clad sheets. The same reference measurements are performed for bare material.
Subsequently, a detailed analysis of the underlying damage mechanisms is con-
ducted for all specimen types by optical and electron microscopy of fracture surfaces
as well as of polished cross sections. The analysis is supported by finite element
calculations. Furthermore, it is complemented by a study of material changes due
to the riblet structuring process. Finally, the development of a bending fatigue
setup ensures the comparability of the axial fatigue data with flexural loading in
above mentioned active drag reduction systems.
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2 Basics of fatigue

The term fatigue refers to material degradation during cyclic loading. It is therefore
an important aspect with regard to service and safety of a variety of technical
components. Hence, first considerations of fatigue date back to the 19th century
[16]. Compared with this long timespan up to now, the so called very high cycle
fatigue regime is a quite young field of research which emerged to a larger scale
during the 1990s. Nevertheless, it has attracted considerable attention till today
and has been subject of several international conferences [17]. To date, a variety of
summarizing review papers appeared in literature which focus on different aspects
of very high cycle fatigue [17–25]. The following chapter gives an introduction to
the underlying theory of metallic fatigue in general and of the gigacycle regime in
particular.

2.1 Fatigue of metals

In the course of service life, a large variety of technical components is exposed to
cyclic loading. As a result, the material faces several structural changes within time.
Figure 2.1 summarizes the typical stages of fatigue failure according to Mughrabi

Figure 2.1: The different
stages of the fatigue process
according to Mughrabi [26]:
cyclic deformation and fatigue
damage. εirrpl,cum is the irre-
versible fraction of cumulative
plastic strain.
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2 Basics of fatigue

[26], which can briefly be summarized as follows: Within a relatively short time-
span compared to the total lifetime, cyclic hardening (or softening) occurs which
is followed by a saturation [27]. During further loading, microstructural changes,
like the movement of dislocations, occur which cause strain localization followed
by micro crack initiation. Subsequently, these micro cracks further propagate and
induce fatigue failure.

Depending on the applied stress amplitude and hence the resulting lifetime, one
distinguishes between different regimes, which are referred to as low cycle fatigue
(LCF), high cycle fatigue (HCF) and very high cycle fatigue (VHCF). The boundary
between these regimes cannot strictly be assigned to a particular number of load
cycles and depends on the material of interest. Typically, the boundary between
LCF and HCF is at ≈ 105 - 106 load cycles. Above 107 - 108 load cycles, one usually
refers to the term VHCF.

In the LCF region, fatigue life is controlled by the macroscopic plastic strain am-
plitude. Typically, fatigue failure is induced by the formation of persistent slip
bands (PSBs) which raise the surface roughness and thus locally increase the stress
concentration. Consequently, fatigue cracks are initiated at the surface. The S/N -
curve follows the Manson-Coffin law [28, 29], which reads as

∆εpl
2
∝ (Nf )

c , (2.1)

with εpl: plastic strain amplitude, Nf : number of load cycles to failure, and c: ma-
terial depended constant.

If the applied stress does not exceed the threshold for PSB formation, cyclic load-
ing cannot result in the failure mechanism outlined above, which then leads to a
horizontal S/N -curve in the HCF region. The corresponding threshold stress level
is referred to as the conventional fatigue strength of the material.

2.2 Very high cycle fatigue

As pointed out by Bathias [18], the horizontal limit in the HCF region is not neces-
sarily an ultimate one. Material failure is found as well at much higher numbers of
load cycles. In this context, one usually distinguishes between two types of mate-
rials [17]. Type I materials are single phase and do not contain inclusions, whereas
type II materials consist of multiple phases. Characteristic S/N -curves for both
types are schematically drawn in Fig. 2.2. Whereas the characteristic trend in the
LCF and HCF regime is the same for both, there are distinct differences in the
VHCF regime.
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2.2 Very high cycle fatigue

Figure 2.2: Schematic S/N -curves (a) type I materials [30]. (b) type II materials
[20, 31, 32]. Position and slope of the curves depend on different influencing factors,
the most important are mentioned in the graph.

The VHCF behavior of type I materials (cf. Fig. 2.2a) can be described using a
model proposed by Mughrabi [17]. Below the PSB threshold, the applied stress is
obviously insufficient to induce PSBs. Nevertheless, an accumulation of irreversible
strain leads to an increase of surface roughness, which evolves with the number of
load cycles and finally induces a local stress concentration which exceeds the PSB
threshold. Such slip bands will only extend to a modest depth into the material.
However, the cyclic strain becomes more localized. Consequently, the surface profile
at the PSB site becomes gradually more accentuated during cyclic loading which
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2 Basics of fatigue

(a) Overview of the fracture surface. Crack
initiation took place in the bottom part of
the crack plane which exhibits a typical fish
eye crack.

(b) Crack initiation region with optical
dark area around the critical inclusion.

Figure 2.3: Fracture surface with typical fish-eye crack in a martensitic steel
(X10CrNiMoV12-2-2) [33].

will extend the PSB deeper into the material and thus will lead to fatigue crack
initiation. Nevertheless, if the applied stress lies below a certain irreversibility
threshold, this mechanism can not occur and a true, ultimate fatigue limit can be
expected.

The typical S/N -curve for type II materials is illustrated in Fig. 2.2b. In contrast
to type I materials, fatigue cracks in the VHCF regime are typically initiated at
internal defects like non-metallic inclusions. Therefore, a further decreasing S/N -
curve is found above 107 load cycles. The transition from surface to internal fatigue
is a characteristic feature of the VHCF behavior of type II materials. As presented
in Fig. 2.2b, position and slope of the S/N -curve depend on the size of the critical
inclusion.

If internal failure occurs, the fracture surfaces often show a so-called ’fish-eye crack’,
which is predominantly observed in high strength steels [20, 23]. Figure 2.3 presents
an exemplary fracture surface of a martensitic steel. The critical inclusion is sur-
rounded by an ’optical dark area’ (ODA), in literature sometimes also referred to as
’fine granular area’ (FGA) or ’granular bright facet’ (BGF). The formation mech-
anisms of ODAs are still not completely clarified. According to Murakami [34–36],
non-metallic inclusions trap hydrogen in their vicinity which locally causes hydro-
gen embrittlement and thus leads to a rougher fracture surface near the inclusion.
Another theory on ODA formation is the one from Shiozawa et al. [37] which as-
cribe ODA formation to the dispersive initiation of micro-cracks by decohesion of
spherical carbides from the matrix around a non-metallic inclusion. During cyclic
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2.3 Fatigue of aluminum sheet alloys

(a) S/N -curve for AA 2024 T351
[11].

(b) S/N -curve for AlZnMgCu1.5 T6
[15] (similar to AA 7075).

Figure 2.4: S/N -curves for of two Al-sheet alloys.

loading, the micro-cracks coalesce with each other and form the ODA. Sakai [21]
suggests the formation of a fine granular layer around the inclusion due to inten-
sive polygonization. The number of micro-debondings is then increased gradually
during cyclic loading and coalescence occurs. Subsequently, the micro-debondings
are entirely spread over the fine granular layer and a penny-shape crack is formed
around the interior inclusion. Finally, Grad et al. [38] propose that during cyclic
loading, grain refinement in the inclusion’s vicinity locally lowers the stress inten-
sity threshold for crack propagation (cf. section 2.4, pp. 12 ff.). This way the crack
can grow along the FGA until it finally reaches the global stress intensity threshold
value.

2.3 Fatigue of aluminum sheet alloys

High strength aluminum sheet alloys are a typical type II material. Their fa-
tigue behavior has been subject to various studies, dating back several decades.
Grosskreutz and Shaw [39] stated that for Nf ≈ 105 - 106 fatigue crack nucleation
in AA 2024 and AA 7075 occurs between surface inclusions, which are basically
hard intermetallic compounds containing primarily Fe and Si, and the surrounding
matrix. Systematic measurements of the S/N -curves of high strength aluminum
alloys were performed up to Nf ≈ 107 by Schijve and Jacobs [9], Williams and Sova
[40], and Edwards et al. [10] in the subsequent years.

After ultrasonic fatigue testing systems became more prevalent in the late 1990s,
further studies were performed, exceeding the previous limitations of testing cycles.
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2 Basics of fatigue

(a) Fracture surface produced by tension-
compression ultrasonic cycling. (τmax = 130
MPa, N = 2.32x108 cycles). The image
shows the crack initiation area.

(b) Magnification of (a) at a distance of 1
mm from the crack initiation site.

(c) Circumferential fatigue crack with
depth 1–1.2 mm produced by cyclic torsion
(τmax = 150 MPa, N = 1.94x106 cycles) and
static fracture (center area).

(d) Fracture surface produced by ultrasonic
cyclic torsion at low stress (τmax = 81.6
MPa, N = 1.06x109 cycles).

Figure 2.5: Fracture surfaces for AA 2024 T351 under different loading conditions
[41]. (a) and (b) Axial loading. (c) and (d) Torsional loading.

First fatigue tests on AA 2024 up to 1010 load cycles were performed by Mayer and
Stanzl-Tschegg [11, 42, 43]. Fatigue failure was observed beyond a few 107 load
cycles, which is the ultimate cycle number in most earlier studies on fatigue life.
Consequently, the S/N -curve does not approach a horizontal limit but is decreasing
up to at least 1010 load cycles. Ultrasonic fatigue testing on AA 7075 was performed
in another study by Mayer at al. [15]. Similarly, no fatigue limit was found up to
109 load cycles. S/N -curves for both alloys are presented in Fig. 2.4.

Whereas the early work by Grosskreutz and Shaw [39] on AA 2024 argues that the
formation of slip bands has no significant influence on fatigue crack initiation for
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2.3 Fatigue of aluminum sheet alloys

Nf ≈ 105 - 106, Marines et al. [19] demonstrated that for Nf < 106, crack initiation
in AA 2024 is related to slip bands whereas for Nf > 106 it is related to inclusions.
Mayer et al. [14] stated that cracks in AA 2024 in the VHCF regime are initiated
at or slightly below the surface at broken constituent particles or at agglomerations
of fractured particles. For AA 7075, fatigue cracks originate as well basically from
surface near constituent particles as proven by Harlow et al. [44].

Contrary to high-strength steels, the aluminum alloys studied in this work do not
show fish-eye cracks. Typical fracture surfaces of AA 2024 T351 for different load
types are presented in Fig. 2.5. The following descriptions are mainly from the
study by Mayer [41], where also the images were taken from. (a) and (b) show
a fracture surface for axial loading. The crack initiation area (a) exhibits a tran-
scrystalline fracture with low ductility. No crack initiation with a path in direction
of maximum shear is visible but the crack initiation fracture surface is oriented
perpendicular to the specimen’s axis, i.e. along the maximum normal stress. Fur-
thermore, crack initiation is at the surface, which, according to [41], was found
in numerous other investigated specimens that failed in the regime of load cycles
between 105 and 109. A typical feature of the fracture surfaces are oxides close
to the initiation location, which appear black in the image. Figure 2.5b presents a
magnification of the fracture surface at a distance of 1 mm from the crack initiation
site. Crystallographic cleavage fracture is visible, which is not oberserved at the
crack initiation location. Furthermore, the fracture surface appears much rougher
in high magnification.

At torsional loading (cf. Fig. 2.5c and d), the fracture has similar features as in
axial loading, even though the fracture surface looks different than before. The
fatigue fracture regime in (c) is almost circular-symmetric starting from the sur-
face. The center region shows static fracture, which was obtained by rupturing
the specimen after testing. Figure 2.5d shows in more detail the fatigue fracture
surface of a specimen which failed at relatively low stress amplitude. The fracture
surface reflects the preferential growth of fatigue cracks in the directions of maxi-
mum shear: Mainly transgranular crack propagation in circumferential direction as
well as cracks in longitudinal direction (perpendicular to the fracture surface) are
visible.

Fracture surfaces for AA 7075 T651 are presented in the study by Bonakdar et
al. [45]. They are much more cleavaged, showing a more brittle fracture behavior
compared to AA 2024. On page 16 of the present work, two fracture surfaces of AA
7075 T6 for different environmental conditions from [15] are provided in Fig. 2.11.

Due to their constituent elements, the 2000 and 7000 aluminum alloy series are quite
sensitive to corrosion and therefore frequently combined with a thin clad layer of
commercially pure (CP) aluminum. The influence of the claddings on fatigue life
was already investigated in the above mentioned early studies by Schijve and Jacobs
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2 Basics of fatigue

Figure 2.6: The three basic modes of
crack extension [47]. (left) Opening,
mode I (center) Sliding, mode II (right)
Tearing, mode III.

Figure 2.7: Dimensions for
validity of LEFM, including
the concept of stress intensity
factors: Crack tip with plastic
zone [48].

[9], Williams and Sova [40], and Edwards et al. [10], which found a significantly
reduced fatigue performance compared to bare sheets. A detailed analysis of the
different stages of fatigue of clad AA 2024 sheets was performed by Hunter and
Fricke [46], which demonstrated that fatigue cracks are, at an early stage of around
1 % of fatigue life, initiated in the cladding and subsequently grow into the substrate
where they induce failure.

2.4 Fracture mechanics and fatigue crack growth

In fracture mechanics, one distinguishes between 3 basic crack extensions modes,
i.e. opening (mode I), sliding (mode II) and tearing (mode III). A graphical il-
lustration of the modes is provided in Figure 2.6. More complex loading can be
described by superpositions of the basic modes. If the plastic zone at the crack tip
is small compared to the crack dimensions, the conditions for linear elastic fracture
mechanics (LEFM) hold and cracks can be characterized by their stress intensity
factor. The validity of the stress intensity field described by LEFM – as illustrated
in detail in Fig. 2.7 – is limited to distances rp < r < R from the crack tip, where
rp is the size of the plastic zone and R the outer range, beyond which higher or-
der terms are no longer negligible. Considering the size of the plastic zone, the
condition for applying LEFM can be expressed as rp � R.

For a mode I crack (crack tip opening), the stress intensity is calculated as

KI = Y σ
√
πa, (2.2)

with Y : geometry factor, σ: applied stress normal to the crack direction, and a: crack
length. A detailed introduction into the theory of fracture mechanics as well as a
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2.4 Fracture mechanics and fatigue crack growth

(a) AA2024 T351 [11]. (b) AlZnMgCu1.5 T6 [15] (similar to
AA 7075).

Figure 2.8: Fatigue crack growth curves and influence environment at ultrasonic
testing frequency.

list of geometry factors can be found in [47–50]. Experiments on crack growth of AA
2024 T3 and AA 7075 T6 were performed already in the study of Paris et al. [51],
where the so called Paris law was developed for mode I cracks, which describes the
medium range of fatigue crack growth curve as

da

dN
= C (∆K)m , (2.3)

with C and m: material depending constants. More recently, fatigue crack growth
data for AA 2024 T3 were provided by Mayer [43] and Stanzl-Tschegg [11], as
presented in Fig. 2.8a. This curve shows typical fatigue crack growth for metals.
As can be seen, for a finite crack growth rate, a certain threshold value (Kmax, th)
has to be overcome. For medium stress intensities, according to the Paris law, the
curve is linear in the double-logarithmic plot. For higher stress intensities, crack
propagation accelerates strongly until unstable crack propagation as the fracture
toughness (Kc) is reached. Measurements on AlZnMgCu1.5 T6 were performed in
another study by Mayer [41]. A similar behavior, but a much higher scatter of the
threshold value Kmax, th was observed (cf. Fig. 2.8b).

Whether fatigue cracks propagate or not can be illustrated by a plot of stress
amplitude vs. crack length (cf. Fig. 2.9). This kind of graph is, in the case of double-
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2 Basics of fatigue

Figure 2.9: Kitagawa-
Takahashi diagram, which
separates the σ-a space into
two regions. For short cracks
and low stress amplitudes, fa-
tigue cracks do not propagate.
For longer cracks and higher
loadings, crack propagation
induces fatigue failure.

logarithmic axes, referred to as Kitagawa-Takahashi diagram [52]. It separates the
region of fatigue crack growth from the region without fatigue failure. For cracks
shorter than an material dependent, intrinsic crack length a0, the region without
failure is limited by the fatigue strength of the material. The intrinsic crack length
is calculated as

a0 =
1

π

(
Kmax,th

Y σfat

)2

. (2.4)

For microstructurally long cracks (a > a0), the threshold level for fatigue crack
growth is

σth =
Kmax,th

Y
√
πa

, (2.5)

i.e. the stress threshold is decreasing for longer cracks (cf. Fig. 2.9). The region be-
tween short and long crack growth can be described by the approximation proposed
by El Haddad et al. [53]. The threshold level for crack growth is then

σth =
Kmax,th

Y
√
π(a+ a0)

, (2.6)

where a0 is calculated according to equation 2.4.

2.5 Factors influencing fatigue behavior

Fatigue performance is influenced by a variety of factors, which will be discussed
in the following. When comparing data from different setups, similar conditions
for experimental conduction need to be ensured. If one considers for example the
early contributions from the 1960s and 70s, the S/N -curves are generally lower
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2.5 Factors influencing fatigue behavior

Figure 2.10:
Notch effect on
AA 2024 T4 for
blunt notches
with different
radii. Experimen-
tal data from the
study by Li et
al. [12].

than in the more recent contributions. This can be attributed to improvements
in testing methodology or sample preparation, but also to improvements of the
alloy itself. Nevertheless, also a direct comparison of recently published S/N -data
yields strong discrepancy for more or less comparable measurements. Consequently,
possible influence factors have to be carefully controlled when conducting fatigue
experiments and furthermore, own reference data should be acquired.

2.5.1 Notches

Since mechanical components usually are notched, the testing of notched specimens
is an important aspect in fatigue research. The theoretical framework for the stress
concentration in notched specimens was established by Neuber [54] in the 1930s.
Likewise, notches already were an issue in the early contributions by Schijve and
Jacobs [9], Williams and Sova [40], and Edwards et al. [10], where a significantly
reduced fatigue strength of notched specimens was observed. Fatigue notch factors
for sharp and blunt notches have been predicted analytically by Du Quesnay et
al. [55]; for sharp notches based on short crack fracture mechanics, for blunt cracks
based on Neuber’s rule [54]. The predicted values are in good agreement with
fatigue experiments on AA 2024 T351, provided in the same study. Whereas at the
fatigue limit the fatigue notch factor increases with notch size for sharp notches,
for blunt notches no notch-size effect was observed. More recently, Li et al. [12]
measured S/N -curves for bluntly notched AA 2024 T4, which are presented in
Fig. 2.10. Notches significantly reduce the fatigue performance of the specimens.
Furthermore, contrary to the findings by Du Quesnay, a slight effect of the notch
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2 Basics of fatigue

Figure 2.11: Influence of sur-
rounding atmosphere on frac-
ture surfaces of AA 7075 T6 at
a cyclic stress intensity ampli-
tude of 3.5 MPa

√
m [15].

size could be observed. Talia and Talia [56] performed experiments on clad, surface
scratched AA 2024 T3 sheet material up to 2x106 load cycles. Besides the fact that
scratches significantly reduce fatigue lifetime also in this case a clear size effect of
the notches was found.

One technically important reason for the occurrence of notches is localized corrosion
(pitting), whose influence on fatigue was studied by Dolley et al. [57] on AA 2024
T3. Experiments on pre-corroded AA 7075 T6 were performed by Sakaran et
al. [58], Wang et al. [59], as well as by Genel [60]. In all cases, a significant drop
in lifetime occurred. Further publications with similar findings on notch effects
on fatigue life of other aluminum alloys are e.g. the studies by Zimmermann and
Christ [61], Pyttel et al. [62], and Berger et al. [63].

2.5.2 Surrounding atmosphere and testing frequency

Fatigue crack propagation rates might as well depend on the surrounding atmo-
sphere. The surrounding atmosphere induces time dependent damage mechanisms
at the crack tip, like surface diffusion of liquids or build up of a gaseous monolayer
might have an influence [64]. As demonstrated by Stanzl-Tschegg [11] for AA 2024
tested at 20 kHz, these effects play a role exclusively in the threshold regime, i.e.
for ∆a/∆N ≤ 10−9 m/cycle, where the exposure times are sufficiently long for a
detrimental interaction of the crack tip and the environment.

A similar study by Stanzl [65] on AA2024 T3, which compares fatigue crack growth
rates in humid air (≈ 50% relative humidity), dry air (obtained by using liquid ni-
trogen as cooling trap and silicagel crystals) and vacuum (P < 10−1 Pa) yields
different crack propagation curves as presented in Fig. 2.8a. Both, the shape of
the curves as well as the corresponding threshold values depend on the surrounding
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2.5 Factors influencing fatigue behavior

atmosphere. Furthermore, fracture surfaces are less rough and show more signs of
brittle failure after crack propagation in humid air than in vacuum [65]. Therefore,
the higher fatigue crack growth rates in the plateau region are attributed to hydro-
gen embrittlement [65]. Comparing these data to fatigue experiments performed
at 35 Hz [66], the plateau region in Fig. 2.8a lies lower by around one order of
magnitude, which can be ascribed to surface diffusion of water vapour to the crack
tip [11]. Crack propagation curves for AA 7075 T6 at ultrasonic frequencies in
different environmental conditions (cf. Fig. 2.8b) yield a similar behavior as for AA
2024 [15].

The influence of the surrounding atmosphere raises the question of the compara-
bility of ultrasonic and conventional fatigue tests. This is an important issue to
address, since the loading frequency in most technical applications is clearly below
the ultrasonic regime and fatigue tests are basically performed at higher frequencies
in order to reach very high cycle numbers within a reasonable time. Nevertheless,
as shown for example by Mughrabi [17, 30, 67], fatigue crack initiation becomes
more and more important at larger fatigue lives. Therefore, fatigue life in the
VHCF regime is dominated by crack initiation and not by crack propagation and
thus fatigue testing at ultrasonic frequencies is comparable to testing at conven-
tional frequencies. The compatibility of fatigue tests at conventional (35 Hz) and
ultrasonic frequencies (20 kHz) was recently demonstrated e.g. by Xue et al. [68]
for a cast Al-Si-Cu alloy.

2.5.3 Residual and mean stress

Plastic deformation during cold working usually induces residual stresses which
can strongly influence fatigue life [69], as reviewed in various studies [70–72]. If
components embody residual stress, loadings are superimposed to the residual stress
field. This can be accounted for by a linear superposition approach, were the stress
intensity factor calculates as

Kmax = (Kmax)L + (K)R, (2.7)
Kmin = (Kmin)L + (K)R, (2.8)

with
(
Kmax/min

)
L
: stress intensity factor resulting from external loading and (K)R:

stress intensity factor associated with the initial pre-existing residual stress field
[69]. This shift in stress intensity range shifts as well the stress ratio R, which is
defined as

R =
σmin

σmax
=
Kmin

Kmax
. (2.9)

If one considers crack propagation in residual stress fields, this quite simple super-
position approach does not take into account stress redistribution caused by cracks
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2 Basics of fatigue

Figure 2.12: Haigh dia-
gramm from the study of
Mayer et al. [14] for AA 2024
T351 illustrating the influence
of mean stress on fatigue life.

in the material. Nevertheless, as has been shown by LaRue and Daniewicz [69] by
performing FEM simulations on AA2024 T351, this approach is quite accurate to
describe the retardation of the crack growth due to residual stresses. Furthermore,
the influence of stress redistribution induced by the crack itself has only a negligible
effect on fatigue life [69, 73] and thus the superposition approach can be considered
as a good approximation of the influence of residual stresses.

A quite general approach for taking into account residual stresses is the one from
Smith, Watson and Topper [74], where residual stresses are considered as mean
stress. This requires that residual stresses are stable during exposure to external
loading. The corrected stress then calculates as

σS.W.T. =
√
σa (σa + σm), (2.10)

with σa: non-corrected stress amplitude and σm: residual stress. Nevertheless, this
approach does not account for the material specific mean stress susceptibility. This
can be done by performing fatigue experiments at different load ratios R. As
illustrated in Fig. 2.12, the mean stress sensitivity is not constant but depends on
the load ratio. Figure 2.12 is referred to as Haigh diagram [75].

2.5.4 Type of loading

As already indicated in the S/N -curve for AA2024 T351 in Fig. 2.4a, the type of
loading which a component is exposed to influences fatigue life as well. As stated
by Stanzl-Tschegg [11] and Mayer [43], torsional instead of axial loading reduces
the fatigue lifetime by around one order of magnitude in the VHCF regime if one
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2.6 Statistical evaluation methods

directly compares the axial (σmax) to the torsional stress amplitude (τmax). Using
the Mises criterion to calculate an equivalent stress level,

σeq =
√
σ2
max + 3τ 2max, (2.11)

the lifetime for torsional loading is slightly higher than expected. This is confirmed
by another detailed study on torsional fatigue of AA2024 T351 by Mayer [41], which
found a 2-10x higher lifetime for torsional compared to tension-compression load-
ing in measures of σeq. Reasons for this are discussed in detail in the associated
references [11, 41, 43].

Beside torsional loading, there is a high relevance of bending, especially regarding
the previously mentioned active drag reduction systems, where the material is ex-
posed to flexural loading. Four-point bending testing of AA 2024 was performed
by Shimokawa and Hamaguchi [76] up to 107 load cycles. The lifetime in the HCF
regime is lower then for axial loading by up to one order of magnitude. Neverthe-
less, the characteristic shape of the S/N -curve, i.e. the change in slope between 105
and 106 load cycles, is also found when specimens are exposed to bending fatigue.
The same is true for AA 2026, as proven by Li et al. [77] Furthermore, cracks are
as well predominantly initiated at Fe-containing particles in or close to the surface
[77] (cf. Grosskreutz and Shaw [39] and Mayer et al. [14] for axial loading). Further
studies which performed bending testing on aluminum alloys are the one by Fawaz
and de Rijck [78] and the one by Benachour et al. [79] which focus on crack growth
rates. Suh et al. [80] recently found a lower fatigue strength for ultrasonic axial
loading than for rotary bending fatigue testing at conventional frequencies for AA
7075 T651. The study by Wang et al. [81] evaluates the dynamic tensile fracture
behavior of AA 2024 T4 and AA 7075 T6 at flexural loading. The authors found a
higher crack initiation tolerance for AA 2024 compared to AA 7075 and a different
damage distribution in both alloys. In total, it can be concluded that while the
loading type has an influence on fatigue life, the underlying damage mechanisms
are comparable for axial, torsional and flexural loading.

2.6 Statistical evaluation methods

As described above, beside the type of loading, fatigue life strongly depends on
various factors like e.g. notches, surrounding atmosphere, but also on more factors
that were not explicitly mentioned, like surface roughness, material homogeneity,
temperature, etc. [83] These multiple influence factors cause a high scatter of the
fatigue data, especially at very high cycle numbers. Therefore, statistical methods
have to be applied to estimate the failure probability.
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2 Basics of fatigue

Figure 2.13: Statistical evaluation of fatigue tests according to Haibach [82]. N̄
is the expected cycle number for failure for a certain stress amplitude.

For that purpose, fatigue experiments for different load amplitudes have to be
performed. If one assumes a normal distribution for fatigue life on different load
levels, one can deduce a set of S/N -curves for different failure probabilities [82]. In
this context, the failure probability for a single load level is usually defined as

P =
number of failed specimens
number of tested specimens

· 100%. (2.12)

This method is illustrated in Fig. 2.13. If the normal distribution does not lead
to reasonable results, another useful concept is the arcsin

√
P -method according to

Dengel [84]. For this, a linear regression has to be performed according to

σ = a+ b · arcsin
√
P , (2.13)

where a and b are regression parameters. If the resulting fit is extrapolated to
P → 0%, it specifies the fatigue limit for run-out specimens.
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3 Testing methodology

3.1 Ultrasonic fatigue testing

One obstacle for material testing in the VHCF regime using conventional testing
equipment is the extremely long duration of the experiments. An electro-mechanical
fatigue testing machine operated at around 100 Hz would need roughly 3.8 months
to reach 109 load cycles for one single measurement. To perform a VHCF study
with significant statistics is thus impossible in reasonable time with conventional
equipment. Therefore, testing is usually performed at ultrasonic frequencies. The
first ultrasonic testing machine was constructed by Manson in the 1950s [85]. In
subsequent decades, different setups were developed in different labs [85], like the
one byWillertz [86] in the US, Stanzl-Tschegg [87] in Austria, Bathias [88] in France,
Ishii [89] in Japan, Puskar [90] in Slovakia and Eifler [91] in Germany. Whereas
the setups differ in details, they all have three main components in common [85]: a
high frequency generator which generates sinusoidal electrical signals at a frequency
of ≈ 20 kHz, a transducer which transforms the electrical signal into mechanical
vibration, and a control unit.

The testing principle for axial loading is illustrated in Fig. 3.1. The setup creates
a longitudinal standing wave with strain nodes at the connections of the different
parts and maximum strain in the gauge length of the specimen. The mechanical
vibration amplitude, generated by the transducer, is amplified by the horn due to
the reduced cross section. The feedback signal of the oscillation is registered by an

Figure 3.1: Principle of
the ultrasonic fatigue testing
equipment with distribution
of displacement (u) and strain
(ε) [92].
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(a) Overview of the testing setup. (b) Details of the specimen during testing.

Figure 3.2: Ultrasonic fatigue testing system of type BOKU Vienna.

inductive displacement transducer (’A’ in Fig. 3.1), which provides the input for
the feedback control loop. Testing is performed in resonance frequency of the setup
which is around 20 kHz. The feedback control keeps the excitation signal in phase
with the feedback signal.

In this study, an ultrasonic fatigue testing machine developed at BOKU Vienna
[87] was used. The setup is presented in Fig. 3.2. Since the system is designed to
test rotationally symmetric solid specimens, an adapter, made of stainless steel, as
illustrated in Fig. 3.3a was used for mounting the flat specimens into the setup.
Sheet specimens were adhesively connected to the adapter. To avoid imprecise
alignment of the specimen when mounted into the adapter, a simple setup for
adjusting the sample orientation was used as illustrated in Fig. 3.4. For the adhesive
connection, a commercially available two component epoxy glue was used. The glue
was hardened at 70◦C for 35 minutes. To exclude the risk of overaging, one specimen
was kept at 80◦C for one week and indentation measurements were performed before
and after this treatment. Since no change in hardness was observed, the mounting
procedure at elevated temperature was considered to not influence the subsequent
fatigue experiments. The samples were laser cut to their final geometry (cf.
Fig. 3.3b) with their longitudinal axis transversal to the rolling direction. The
volume (surface) of the gage length was 80 mm3 (112 mm2). The flat back side
of clad, riblet structured specimens was ground with abrasive paper (grade 120)
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3.1 Ultrasonic fatigue testing

(a) Adapter. (b) Sheet specimen.

Figure 3.3: Sample geometry for ultrasonic fatigue testing.

Figure 3.4: Specimen alignment setup for mounting into the adapter.

in order to remove the cladding on this side and hence avoid interference with
fatigue behavior of the riblet structure on the front side. All flat specimens were
mechanically polished along the longitudinal sample direction with abrasive paper
up to grade 1000 in order to achieve a smooth surface. The small sides of all
specimens were included in the polishing procedure. The resulting peak to peak
roughness (Rz), measured with a profilometer, was (2.5 ± 0.4) µm. The relatively
low scatter from 6 measurements was considered to have only a negligible influence
on the fatigue life. Whereas AA 2024 specimens were polished by hand, for AA
7075 an improved mechanical procedure was applied which led to a comparable
surface quality but induced much lower residual stresses. Clad and structured
surfaces (with the only exception of the flat backside of riblet structured samples,
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Figure 3.5: Strain
distribution during
ultrasonic fatigue
testing.

see above) have not been polished after the fabrication process in order to preserve
the surface layer.

Samples were calibrated using strain gages, which were removed after calibration.
The fatigue testing was performed in displacement control. Since the applied load
lies clearly below the yield strength of the tested material, a linear relationship
between stress and strain according to Hooke’s law was assumed:

σ = Eε, (3.1)

with σ: stress, E: Young’s modulus, and ε: strain. Flexural vibrations were damped
effectively by immersing the bottom part of the sample in glycerin (cf. Fig. 3.2).
The absence of bending during testing was ensured by observing the fast Fourier
transform of the feedback signal of the oscillating system. The measurements were
performed at room temperature. To avoid self-heating during testing, the specimen
were continuously cooled down by compressed air. Furthermore, the measurements
were performed in pulse-pause-mode with a typical pulse (pause) length of 100–990
ms (500 ms), depending on the applied load amplitude. All tests were performed
below a temperature of 30◦C.

Since the adapter has a much higher specific weight than the tested aluminum
alloys, the λ/2-rod has been shortened to be partially replaced by the adapter. The
resulting resonance frequency of the testing system was around 19.1 kHz. When
strain amplitudes were measured at different specimen positions, a symmetric strain
distribution along the samples direction with a maximum amplitude in the center
of the gage length was observed (cf. Fig. 3.5). This is demonstrated by a parabolic
fit to the strain data (red dashed line in Fig. 3.5).
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3.1 Ultrasonic fatigue testing

Figure 3.6: FEM model of the ultrasonic fatigue testing system. The model
consists of the specimen, the adapter, the λ/2-rod and the horn.

Figure 3.7: Frequency re-
sponse for longitudinal excita-
tion of the testing setup from
the harmonic response analy-
sis.

For a better understanding of the dynamics of the ultrasonic fatigue testing equip-
ment, a finite element (FEM) model of the setup was designed using the com-
mercially software ANSYS [93], which is presented in Fig. 3.6. The geometry was
modeled in 3D with linear elastic material behavior. For meshing, tetragonal as
well as hexagonal elements were used. The element size was 5 mm, for horn and
λ/2-rod, 2 mm for the adapter, and 1 mm for the specimen. Calculations were
performed for AA 2024 T351. In a first step, a modal analysis was conducted, cal-
culating the first 100 normal modes of the configuration. Afterwards, these modes
were superimposed in a harmonic response analysis whereat the setup was longi-
tudinally excited as indicated in Fig. 3.6. The resulting response vs. excitation
frequency is plotted in Fig. 3.7.

As can be seen, the calculated resonance frequency is in good agreement with the
experimental value. If one now exposes the system to an oscillation at the calculated
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Figure 3.8: Stress distribu-
tion during maximum load, if
the testing system is exposed
to a longitudinal oscillation in
resonance frequency.

Figure 3.9: Path for the analysis of the strain distribution in the FEM simulation.

resonance frequency, the standing wave results in a stress distribution as presented
in Fig. 3.8. Apparently, the stress is slightly increased at the small sides of the
specimen, which demonstrates the usefulness of modeling the setup by FEM: If this
region of peak stress would not be accounted for, cracks would always be initiated
in this region of peak stress. This problem can be overcome by applying a higher
force when polishing the relevant sample sites during the preparation procedure,
which induces compressive residual stresses and thus shifts crack initiation to the
specimen center.

The longitudinal stress distribution can as well be extracted from the FEM model.
Therefore, strain values during maximum load were extracted along the path in-
dicated in Fig. 3.9. The corresponding strain distribution is presented in Fig. 3.5
(blue dotted line). It is symmetric and has its maximum in the specimen cen-
ter. Compared to the experimental values, the simulated strain amplitudes have a
slightly broader distribution. Possible reasons for this are the adhesive bond con-
nection, which is not accounted for in the FEM model or small remaining misfits
when mounting the specimen into the adapter.

Beside strain distribution, another important issue is self-heating of the specimen
during testing, which is usually induced by microplasticity, i.e. dislocation glide
[94]. Fatigue experiments were performed nominally at room temperature. The
pulse and pause length during testing were chosen according to the development of
the resonance frequency for which a reference measurement was carried out. For
this purpose, a thermocouple was connected to the gauge section of a specimen by
conductive heat paste. The sample was then exposed to cyclic loading in continuous
mode. In order to increase the specimen’s temperature, the load amplitude was
raised gradually. The self-heating lowered the resonance frequency as indicated in
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Δ

Figure 3.10: Self
heating of the speci-
mens during testing
vs. resonance fre-
quency.

Fig. 3.10. Up to around 35 ◦C, a linear relationship can be assumed. A fit yields a
slope of the curve of

ΔT

Δfres
= −0.42

◦C
Hz

, (3.2)

with T : temperature and fres: resonance frequency. If the resonance frequency drops
by more than 30 Hz, the surface temperature seems to remain constant. However,
this constant temperature value is attributed to a less efficient contact between
sample surface and thermocouple at higher vibrational amplitudes: When the os-
cillation amplitudes of the specimen are too high, the thermocouple is pushed away
continuously from the specimen’s surface. Nevertheless, if the drop in resonance
frequency does not exceed 15 Hz, specimen temperatures will not exceed 30◦C.

3.2 Bending fatigue

The type of loading in the previously described active drag reduction approach is
not axial but bending loading. Therefore, bending fatigue tests are of high interest
in order to compare axial with bending fatigue data.

Tests in this study were performed with a modified version of a setup which was
developed at the Central Institute for Engineering, Electronics and Analytics (ZEA-
2, FZ Jülich) and originally used to investigate aerodynamic drag reduction in a
wind channel as described in [95, 96]. For fatigue testing, the setup was adapted to
test narrow, strip-like specimens. The setup is presented in Fig. 3.11. It principally
allows for the simultaneous testing of 7 specimens, which are fixed at both ends
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3 Testing methodology

Figure 3.11: Setup
for bending testing,
using a modified ver-
sion of a setup for
wind channel experi-
ments as described in
[95, 96].

and actuated at 3 different points. The sinusoidal actuation was performed electro-
magnetically by using aircoils. The setup was calibrated by a laser vibrometer prior
to testing. Specimens had a size of 120 mm x 5 mm and a thickness of 1.6 mm. The
setup was controlled during testing using the software Matlab. The displacement
amplitudes were found to be stable during cyclic loading. Tests were performed at
testing frequencies of around 100 Hz.

In order to convert the displacement amplitudes into stress amplitudes, an FEM
model was developed as presented in Fig. 3.12. Since the applied stress amplitudes
were below the yield strength of AA 2024, the material was considered to be linear-
elastic. The specimen was fixed in the setup at both ends with a distance of 19.5 mm
to the outer actuation units. A displacement was set at 3 different sample locations
(at 19 mm, 39 mm, and 69 mm from the left side), as indicated in Fig. 3.12a. The
Oscillation of the inner and the two outer displacements was in opposite phase.
Meshing was performed using cubic elements of 0.5 mm edge length. The mesh
at sample parts which were subject to external displacements was refined to an
edge length of 0.25 mm. The resulting stress distribution during maximum load is
presented in Fig. 3.12b.

For setting the appropriate displacement amplitudes during testing, a parameter
study was carried out, which is summarized in Fig. 3.12c and yielded a linear behav-
ior of stress amplitude as a function of the displacement amplitude. Displacement
amplitudes were measured from zero position. The analysis considered the normal
stress at maximum loading. A fitting procedure yielded

σ(MPa) = 1.30453 x(μm), (3.3)
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3.2 Bending fatigue

(a) FEM model of the bending testing setup.
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(b) Stress distribution during maximum load. The displacement in this graph
is over scaled by a factor of 68. The stress amplitude was adapted to 100 MPa
normal stress in this case.

(c) Stress amplitude as a function of displacement amplitude
during bending testing.

Figure 3.12: FEM calculation for adjustment of the displacement amplitude.
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3 Testing methodology

with σ: normal stress, and x: displacement. The bending testing setup was designed
during this study at the Central Institute for Engineering, Electronics and Analytics
(ZEA-2, FZ Jülich) and tested successfully during first measurements where a stable
amplitude was observed at a testing frequency of around 100 Hz.

3.3 Micro indentation

Micro indentation measurements were performed on polished cross sections using
a setup delivered by CSM equipped with a Berkovic type indenter. Polished cross
sections were prepared using epoxy embedding at room temperature. The required
flat surfaces were obtained by grinding in different steps up to grade 2500, sub-
sequent mechanical polishing with diamond paste of 3 and 1 µm grain size, and
finally chemical polishing. In order to achieve a sufficient lateral resolution, small
testing forces were necessary to keep the size of the indentations – and therefore
the influenced area of the sample surface – sufficiently small. For evaluating the
influence of the small testing forces, an indentation series at 6 different load levels
in the range from 1 to 50 mN was performed. For each force 10 measurements were
carried out. A summary of this pretest is presented in Fig. 3.13 which shows a
clear indentation size effect: Measurements at small testing forces result in higher
measured hardness values – which can be assumed as an artifact – as well as a

Figure 3.13: Measured hardness of the soft CP Al clad layer of Alclad 2024 as a
function of applied testing force. A clear indentation size effect can be seen.

30



3.4 X-ray diffraction

(a) Flat material. (b) Riblet structured material.

Figure 3.14: Indentations in flat and riblet structured material. The small testing
force of 1 mN allows for a sufficient lateral resulution.

higher scatter of the data. This effect – which occurs in a variety of materials [97] –
is also observed for the alloys studied in the present work, as reported by Iost and
Bigot [98] who performed measurements on AA 2024 T351. Further discussions
on the underlying mechanism of the indentation size effect in aluminum alloys are
provided e.g. in [99–101].

In order to achieve a sufficient lateral resolution, a testing force of 1 mN was
chosen in the present work. Indentations in flat material were performed within a
dot-matrix (cf. Fig. 3.14a). In the case of riblet structured material, measurements
were conducted on paths from the surface to the interior of the material, starting
from the riblets’ tops or bottoms (cf. Fig. 3.14b). In both cases, a distance of 5
µm was chosen between two indentations. The indentation size was between 1 and
2 µm in the clad layer and significantly smaller in the substrate as well as in bare
material.

3.4 X-ray diffraction

Near-surface residual stresses were determined by X-ray diffraction (XRD), using
the sin2 (Ψ)-method according to Macherauch [102, 103]. Experiments were per-
formed using an Phillips X’Pert diffractometer type MRD 3050/65 with an Cu-Kα

X-ray tube. For the determination of residual stresses, the shift of the aluminum
(4 2 2) diffraction peak was observed as a function of sample orientation assuming
a bidirectional elastic residual stress state.
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3.5 Scanning electron microscopy

Fracture surfaces as well as polished cross sections were examined using a Zeiss
Merlin scanning electron microscope (SEM). The detection of secondary electrons
(SE) was applied to study the sample topography. Electron backscatter diffraction
(EBSD) was used to analyze the grain orientation. The chemical composition of
different phases in the material as well as of inclusions was studied by energy
dispersive X-ray spectroscopy (EDX).

3.6 Optical microscopy

Polished cross sections were studied using a Zeiss metallographic microscope. In
order to improve the contrast between substrate and clad layer, specimens were
etched according to Dix and Keller [104, 105] or Kroll [105].
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4 Material

The two high strength wrought aluminum alloys AA 2024 and AA 7075 were in-
vented in the 1930s (2024) and 1940s (7075) and – as mentioned earlier – became
extensively used in airplane construction because of their high specific strength
[106]. The following section summarizes the relevant material properties as well as
a comprehensive characterization of the supplied material.

The high strength of both alloys results from precipitation hardening, i.e. the pres-
ence of precipitates hinders the movement of dislocations and therefore increases
yield strength. A schematic overview of the required heat treatments is provided in
Fig. 4.1. In a first step, the material is solution annealed, leading to a homogeneous
solid solution. Subsequent quenching in water or air causes a disequilibrium state
with the material being supersaturated by both substitution atoms and vacancies.
During aging, the dissolved atoms form precipitates whereat the high concentration
of vacancies facilitates diffusion. In the Al-Cu system, a sequence of four different
precipitates occurs [107]: Guinier-Prestion zones (GPI), θ′′ (GPII), θ′, and θ. While
GP zones form during aging at room temperature, the others require artificial ag-
ing. The strongest effect of precipitation hardening is achieved by GPII zones. In
the Al-Zn-Mg system, at elevated temperature the GP zones transform into η′ and
subsequently into η (MgZn2) phase precipitates [108].

Figure 4.1: Schematic tem-
perature profile for precipita-
tion hardening of high strength
aluminum alloys.
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Table 4.1: Chemical compo-
sition of the substrate from
inductively coupled plasma
optical emission spectrometry
(ICP/OES). Mass fractions
≥ 1% are highlighted.

Element Mass fraction (%)

AA 2024 AA 7075

Cr - 0.20
Cu 4.58 1.18
Fe 0.21 0.098
Mg 1.48 2.07
Mn 0.47 0.015
Si 0.073 0.054
Ti 0.016 0.037
Zn 0.098 5.04

The chemical composition of both alloys was measured by inductively coupled
plasma optical emission spectrometry (ICP/OES) and is summarized in Fig. 4.1.
All element concentrations are within the respective ASTM standard for the alloys
[109, 110]. Details on the effects of the different alloying constituents can be found
e.g. in [111].

4.1 AA 2024

Most experiments in this study were performed on AA 2024 T351. The mechanical
properties of this alloy are summarized in Tab. 4.2. The Young’s modulus was
determined by pulse excitation measurements. Yield stress and ultimate tensile
strength were taken from tensile tests. The resulting stress-strain-curves for differ-
ent sheet orientations with respect to the rolling direction are presented in Fig. 4.2,
where 3 measurements were performed for each sheet orientation. In general, the
material strength is higher in longitudinal (L-direction). Since riblets produced by
the later described rolling process are always oriented along the rolling direction,
the load in the previously described system for aerodynamic drag reduction is al-
ways in T-direction. (Riblets are normal to the load direction.) For tensile testing,
the specimens had to be slightly notched in order to keep the extensometer in a
defined position. Therefore, the elongation at fracture can not be taken from the
stress-strain-curves. Nevertheless, the remaining parameters are reliable. Hardness
measurements in this chapter were performed at a testing force of 5 N.

As described in the next chapter, the riblet rolling process in some cases requires
assistance by heat treatments. Therefore, a closer attention should be payed to
material changes which occur during these processes. Relevant process parameters
for the heat treatments are provided e.g. in [112]. The parameters chosen for this
study are summarized in Tab. 4.4. The aging conditions for the T6 state were
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4.1 AA 2024

(a) T-direction. (b) L-direction.

Figure 4.2: Tensile testing of 2 mm thick AA 2024 sheets.

Table 4.2: Key mechanical properties of AA 2024.

Young’s modulus 72.5 GPa
Yield strength, 0.2%, T-direction 319 MPa
Yield strength, 0.2%, L-direction 376 MPa
Ultimate tensile strength, T-direction 431 MPa
Ultimate tensile strength, L-direction 488 MPa
Hardness 137 HV0.5

Table 4.3: Heat treatments for precipitation hardening. Parameters were chosen
according to [112]. Artificial aging to the T6 state was performed according to
[113].

Temper

O (soft annealed) Annealing at 400◦C for 2.5 h, slow cool down
(30◦C/h) to 250◦C.

T4 Solution annealing at 500◦C for 80 min,
quenching in water, natural aging for 8 d.

T6
Solution annealing at 500◦C for 80 min,
quenching in water, artificially aging at
205◦C for 3 h.
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Table 4.4: Mechanical properties of the AA 2024 material after heat treatments.

Temper Tensile strength Hardness

T351 431 MPa (127 ± 3) HV0.5
O 198 MPa (58 ± 1) HV0.5
T4 442 MPa (137 ± 4) HV0.5
T6 434 MPa (144 ± 4) HV0.5

chosen according to the study by Alexopoulos [113] who compared a variety of
ageing conditions, i.e. different temperatures and aging durations, for AA 2024. As
the material was received in the T351 state, it was considered to be the initial state
for the heat treatments. All heat treatments therefore had to start with a sufficiently
long solution annealing process. To ensure an sufficiently long holding time, the
pretests were carried out with clad sheets, since it requires longer holding times
than bare material [112]. If the process successfully works, the same parameters
can be used for both, clad and bare material, since a longer solution annealing than
required does not harm the bare sheets [112]. After the treatments, the different
states were compared by tensile testing, indentation measurements, as well as by
EBSD imaging of the microstructure.

The results of mechanical testing are presented in Tab. 4.4. One tensile test was
conducted for each heat treatment in T-direction, whereas five indentations were
performed to quantify the hardness. While the soft annealed state shows – as
expected – a much smaller tensile strength and hardness than the age hardened
material, all 3 precipitation hardened material states are comparable regarding
their tensile strength and hardness. In the T4 state, the tensile strength is only
slightly higher than for the T351 and the T6 temper. Referring to the hardness, the
T6 is slightly harder than T4 which is slightly harder than T351. Considering the
limited statistics, it can be stated that the mechanical properties are in a reasonable
range and that the chosen parameters for age hardening were appropriate.

Figure 4.3 summarizes topographic and EBSD measurements of polished cross sec-
tions of the different tempers. Whereas the age hardened states have a similar
appearance, the soft material shows an accumulation of precipitates at the grain
boundaries. The larger bright phases in all four images are basically Cu rich phases,
as determined by EDX. The EBSD maps are comparable for all four measurements.
Generally, the grain size of the cladding is much larger than the one of the sub-
strate.

An overview of the as-received flat precursor materials is presented in Tab. 4.5,
the respective polished cross sections are shown in Fig. 4.4. Beside the bare ma-
terial, two different types of clad sheets were studied. A short introduction to
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4.1 AA 2024

(a) As-received Alclad 2024 (T351).

(b) Soft annealed Alclad 2024 (O).
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(c) Precepitation hardened Alclad 2024 (T4).

(d) Precepitation hardened Alclad 2024 (T6).

Figure 4.3: Electron microscopy on polished cross sections of the Alclad 2024
substrate after different heat treatments.
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4.2 AA 7075

Table 4.5: Key parameters of the studied AA 2024 material. Per cent values
for the cladding thickness are relative thickness values with respect to total sheet
thickness.

Material Temper Sheet thickness Cladding thickness

Bare material T351 2 mm -
Clad material T351 2 mm (59 ± 4) µm / 2.9%
Clad material T351 1.6 mm (69 ± 3) µm / 4.1%

Figure 4.4: Polished cross sections of studied AA 2024 specimens. (a) 2 mm thick
bare sheet. (b) 2 mm thick clad sheet. (c) 1.6 mm thick clad sheet.

claddings can be found later in this chapter. In order to evaluate different mate-
rial parameters, two different sheet thicknesses with two different cladding thick-
nesses were evaluated. The 2 mm thick clad sheets have a relatively thin clad
layer (2.9%), whereas at the 1.6 mm thick sheets it is relatively thick (4.1%). The
cladding thickness was measured on different positions on polished cross section
images (e.g. Fig. 4.4).

4.2 AA 7075

Characterization of the AA 7075 material was conducted comparable to the AA
2024 alloy, including determination of Young’s modulus, tensile testing, and hard-
ness measurements. The stress-strain-curves are provided in Fig. 4.5, for both L-
and T-direction. A summary of the key results is provided in Tab. 4.6. The ma-
terial shows a significantly higher yield and tensile strength than AA 2024. While
for AA 2024, we found a significant difference in strength for the different sheet
orientations, this effect is not observed in AA 7075, where both, yield and ultimate
tensile strength are comparable for both directions.

The material was available only on the Alclad version, as indicated in Tab. 4.5 and in
Fig. 4.6. For experiments on bare material, the cladding was removed mechanically
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(a) T-direction. (b) L-direction.

Figure 4.5: Tensile testing of 2 mm thick AA 7075 sheets.

Table 4.6: Key mechanical properties of AA 7075.

Young’s modulus 70.9 GPa
Yield strength, 0.2%, T-direction 487 MPa
Yield strength, 0.2%, L-direction 494 MPa
Ultimate tensile strength, T-direction 551 MPa
Ultimate tensile strength, L-direction 547 MPa
Hardness 187 HV0.5

by grinding with sand paper.

4.3 Claddings

Whereas Aluminum alloys of the 1000, 3000, 5000, 6000, and 8000 series show a
relatively good resistance to corrosion in marine, urban and industrial environments
[114], AA 2024 and AA 7075 are quite sensitive to different forms of corrosion [115].
A detailed study of the electrochemical characteristics of intermetallic phases in

Table 4.7: Key parameters of the studied AA 7075 material. Per cent values
for the cladding thickness is relative thickness values with respect to total sheet
thickness.

Material Temper Sheet thickness Cladding thickness

Clad material T6 2 mm (67 ± 4) µm / 3.2%
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4.3 Claddings

Figure 4.6: Polished cross sections of studied AA 7075 specimens. The sheets
were clad and of 2 mm thickness.

aluminum alloys was conducted by Birbilis and Buchheit [116]. Both, AA 2024 and
AA 7075 contain a high amount of Cu which, incorporated in intermetallic phases,
is cathodic with respect to the matrix and thus promotes the dissolution of the
surrounding matrix [115, 116]. On the other hand, Mg and Zn rich intermetallics
are usually anodic with respect to the matrix and hence dissolve first, which leads
to localized corrosion [115, 116]. To prevent corrosion damage, the aluminum alloys
studied in the present work are frequently cladded with a thin layer of commercially
pure (CP) Al of few 10 µm thickness to separate the reactive phases from harmful
environmental influences.

For deposition of protective coatings, there exists a variety of processes like physical
or chemical vapor deposition [117, 118], thermal spraying [115, 119, 120], laser
cladding [121–123], explosive welding [124–126], or roll welding [127–129]. In this
work, the material was cladded by the latter technique, namely hot roll bonding.
In roll bonding, both layers are jointly passed through a pair of rolls which imposes
a sufficiently high pressure to bond the material by adhesion [129, 130]. The bond
strength of such a joint approaches the strength of the surface material, if the
surface expansion is large enough to cause the oxide layer to break-up and to allow
the fresh metal in between the cracks to weld [129, 131]. As demonstrated by Yan
and Lenard [129], the bonding process can be facilitated if carried out at elevated
temperatures.

The manufacturing process of multi-layered aluminum alloy sheets is referred to as
Alclad process and is described in detail in the study by Liu et al. [127]: The center
layer, termed core, is usually prepared from cast ingot, whereas the outside layers,
termed liner, are rolled plates. The liner-core-liner assembly is heated up in a
furnace and then hot rolled in multi-passes to bond the different layers together. A
comprehensive literature overview on influencing factors on the bonding quality, like
surface cleaning, rolling pressure, temperature, speed, and friction at the interface
is provided as well in [127, 128]. The hot roll bonding process is considered the
most economical and therefore the primary method for large-scale manufacturing
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of Alclad material [127, 128].
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5 Riblet rolling

The efficiency of a riblet structure with respect to drag reduction strongly depends
on its geometry. In this study, a semi-circular riblet shape was chosen since it
offers a good compromise between drag reduction properties and producibilty. The
sheets were structured in a flat rolling process which allows for riblet production
on a larger industrial scale. Riblet rolling was performed by the Institute of Metal
Forming (IBF, RWTH Aachen University). Details on the rolling process can be
found in [132, 133].

5.1 Rolling procedure

An overview of the rolling process is presented in Fig. 5.1. Before rolling, a fine
high-strength steel wire is tightly wound around the upper roll to structure it with
the negative riblet imprint. Afterwards, the riblet structure is formed into the
sheet by riblet rolling. A detailed study of influencing factors during riblet rolling
is provided by Pöplau et al. [134].

In total, four different riblet geometries were produced, as summarized in Tab. 5.1.
Polished cross sections of structured material are provided in Fig. 5.2. Alclad 2024
specimens were riblet rolled in the as-received state (T351). 2 mm thick clad sheets
were structured with a riblet diameter of 80 µm, whereas for 1.6 mm thick clad
sheets a diameter of 300 µm was chosen. Sheets with 300 µm riblets had to be
stretched after rolling to remove a rolling induced longitudinal curvature of the

Table 5.1: Key parameters of the studied specimens.

Material Temper Sheet thickness Cladding thickness Riblet diameter

AA 2024 T351 / T4 2 mm - 100 µm
Alclad 2024 T351 2 mm (59 ± 4) µm 80 µm
Alclad 2024 T351 1.6 mm (69 ± 3) µm 300 µm

Alclad 7075 T6 2 mm (67 ± 4) µm 100 µm
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5 Riblet rolling

Figure 5.1: Rolling proce-
dure for semicircular riblet ge-
ometry [134, 135]. (a) Prepa-
ration of the rolling equip-
ment. (b) Rolling procedure.

sheets. Alclad 7075 was structured with a riblet diameter of 100 µm, as well in the
as-received state (T6).

Contrary to the well suited rolling behavior of the clad material, the bare material is
much harder than the CP Al cladding. Consequently, rolling of bare material in the
T351 temper led to poor riblet geometry and high wear of the rolling equipment.
To overcome this problem, sheets were rolled in the soft-annealed O state. The
respective heat treatment was performed by annealing at 400◦C for 3 hours and
subsequently controlled cooling (30◦C/h) to 250◦C. Afterwards, the furnace was
turned off, leading to a faster cooling rate down to room temperature. In this
soft material state (O) riblet rolling was performed with satisfying riblet quality.
Subsequently, the material was precipitation hardened to the T4 state by solution
annealing at 500◦C for 80 minutes, quenching in water and natural aging for 8 days.
The T4 state was chosen because it does not require additional cold working after
the riblet structuring process. As stated before (cf. Tab. 4.4, p. 36), the T4 and
the T351 state can be considered comparable.

The chosen riblet dimensions are in the range of practical relevance for active drag
reduction systems [95, 96]. The choice of specimen types allows for comparison
between bare and clad material with different riblet dimensions. Furthermore, con-
sidering clad material, it provides a solid basis for evaluating the general influence
of (i) CP Al claddings, (ii) cladding thickness, (iii) sheet thickness, and (iv) core
material (AA 2024 vs. AA 7075). In a first step before fatigue testing, material
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5.2 Micro indentation

Figure 5.2: Polished cross sections of riblet structured material. (a) and (b) 2
mm thick AA 2024 T4. (c) 2 mm thick Alclad 2024 T351. (d) 1.6 mm thick Alclad
2024 T351. (e) 2 mm thick Alclad 7075 T6.

changes due to the rolling process were analyzed by micro indentation and residual
stress measurements which will be discussed in the following.

5.2 Micro indentation

Micro indention of flat and riblet structured bare AA 2024 yielded a homogeneous
hardness distribution as presented in Fig. 5.3. There is no evidence for a depen-
dency of hardness as a function of distance to the outer edge neither for the flat,
nor for the riblet structured case. The structured material is with 215 HV slightly
harder than the flat material with 194 HV. Considering the different states of the
specimens (T351 for clad vs. T4 for riblet structured material) this small differ-
ence is attributed to the slighty higher hardness of the T4 compared to the T351
state (cf. Tab. 4.4, p. 36). Since the material was heat treated after the struc-
turing process, the absence of work hardening in the riblet structured case is not
surprising.

Hardness measurements for Alclad 2024 are summarized in Fig. 5.4. Indentations
on structured material were started from riblets tops and bottoms. The distance
from the outer edge was defined as the distance from the riblet tops in both cases.
The most obvious feature in both graphs is the clearly different hardness if one
compares the clad layer with the substrate. The riblet structuring itself only slightly
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5 Riblet rolling

Figure 5.3: Micro indentation measurements of flat and riblet structured bare AA
2024.

rises the hardness of both, the cladding and the substrate. For the 2 mm thick
sheet, the cladding hardness changes from 68 to 78 HV. For the 1.6 mm thick
sheets this change is from 75 to 83 HV. Considering the quite large scatter of the
measurements, measured values for flat and structured material overlap in the range
of one standard deviation and thus this change is not considered to be significant.
The same is true for the work hardening of the substrate below the clad layer. The
change from 223 to 232 HV (2 mm thick sheets) and from 219 to 246 HV (1.6
mm thick sheets) is clearly within the standard deviations. Therefore it can be
concluded, that Alclad 2024 material does not show a significant raise in hardness
due to work hardening during riblet rolling. Furthermore, another measurement
on a riblet structure in Alclad 2024 on a semi-circular path a few µm below the
surface (cf. Fig. 5.6) yielded a homogeneous hardness distribution along different
positions on the structured surface.

In the case of Alclad 7075 (Fig. 5.5), the difference in hardness is only slightly larger
than in the Alclad 2024 case. The raise in micro hardness of the clad layer is with
a change from 71 to 93 HV slightly outside the range of one standard deviation.
Nevertheless, the hardening of the substrate from 279 to 296 HV very clearly does
not exceed one standard deviation.

A summary of the micro indentation measurements is provided in Tab. 5.2. Con-
sidering the results for all sample types, it can be concluded that there is generally
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(a) 2 mm thick sheets with a riblet diameter of 80 µm.

(b) 1.6 mm thick sheets with a riblet diameter of 300 µm.

Figure 5.4: Micro indentation measurements of flat and riblet structured Alclad
2024.
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Figure 5.5: Micro indentation measurements of flat and riblet structured Alclad
7075.

Figure 5.6: Lateral hardness distribution in the riblet structured case for Alclad
2024.
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Table 5.2: Vickers hardness from micro-indentation tests at a testing force of 1
mN. N is the number of indentations.

Hardness (HV0.001) N

A
A

20
24

2 mm thick bare sheets
Flat material 194 ± 17 1,143
Riblets 215 ± 21 184

2 mm thick clad sheets
Flat clad layer 68 ± 9 200
Riblets 78 ± 6 47
Substrate before riblet rolling 223 ± 14 381
Substrate after riblet rolling 232 ± 16 22

1.6 mm thick clad sheets
Flat clad layer 75 ± 10 171
Riblets 83 ± 11 39
Substrate before riblet rolling 219 ± 26 174
Substrate after riblet rolling 246 ± 19 26

A
A

70
75

2 mm thick clad sheets
Flat clad layer 71 ± 10 59
Riblets 93 ± 10 45
Substrate before riblet rolling 279 ± 26 129
Substrate after riblet rolling 296 ± 40 59

no significant work hardening of the material due to the rolling process.

5.3 X-ray diffraction

While work hardening does not play a big role in the structuring process, the
induced residual stresses are more considerable. The results of the corresponding
XRD measurements are summarized in Table 5.3.

For the clad sheets, both 2024 and 7075, small compressive residual stresses were
found in the clad layer. In those specimens, the riblet rolling generally increased
the compressive stresses parallel to the rolling direction. For the 2 mm (1.6 mm)
thick Alclad 2024 sheets, the measured residual stress changed from -17 to -44 MPa
(-14 to -52 MPa), which means an increase by a factor of 2.6 (3.7). Normal to the
rolling direction, a slight decrease in residual stresses from -17 to -13 MPa (-14 to
-8 MPa) was observed. The same is true for Alclad 7075, where a change from -24
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5 Riblet rolling

Table 5.3: Surface-near residual stresses determined in XRD experiments.

Residual stress (MPa)
A
A

20
24

2 mm thick bare sheets
Flat material -12 ± 8
Flat material after mechanical polishing -35 ± 7
Riblets (parallel orientation) -1 ± 7
Riblets (normal orientation) -

2 mm thick clad sheets
Flat material -17 ± 10
Riblets (80 µm), parallel orientation -44 ± 7
Riblets (80 µm), normal orientation -13 ± 1

1.6 mm thick clad sheets
Flat material -14 ± 9
Riblets (300 µm), parallel orientation -52 ± 11
Riblets (300 µm), normal orientation -8 ± 1

A
A

70
75

2 mm thick bare sheets
Flat material after mechanical polishing 1.5 ± 14.5

2 mm thick clad sheets
Flat material -24 ± 1
Riblets (100 µm), parallel orientation -60 ± 11
Riblets (100 µm), normal orientation -25 ± 3

to -60 MPa (factor 2.5) occurred parallel and from -24 to -25 MPa normal to the
riblet structure. Nevertheless, since the yield strength of CP Al is only few 10 MPa
(depending on the amount of deformation), the residual stresses are considered not
to be stable during cyclic loading and therefore not to have an effect on fatigue
behavior.

In the case of bare AA 2024 sheets, small compressive residual stresses were found as
well. Theses stresses completely vanish during the heat treatment after the rolling
procedure, which was expected since the material was solution annealed before and
precipitation annealed after the structuring process. (Measurements normal to the
riblets could not be performed due to a texture, which strongly affected the XRD
measurement.) Nevertheless, a different aspect in this context are residual stresses
induced by the sample preparation procedure (cf. p. 23) Since for fatigue testing
non-structured, bare faces were polished by hand additional compressive stresses
were induced. Theses residual stresses, which were measured to be -35 MPa, were
found to be stable during cyclic loading during a fatigue experiment at 130 MPa
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for 4.25x109 load cycles in a run-out specimen. Therefore, residual stresses have
to be taken into account for the bare material when dealing with results of fatigue
testing on bare AA 2024.

For bare AA 7075, a different polishing procedure was applied since the clad layer
had to be mechanically removed first. The applied procedure, which uses a pol-
ishing table, exerted a smaller pressure on the surface than the preparation by
hand. As presented in Tab. 5.3, induced residual stresses are negligible in this case,
considering the relatively large error bar.
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6 Ultrasonic fatigue

The key aspect of this study is the material behavior under ultrasonic fatigue tests
in the HCF and VHCF regimes. The following chapter gives an overview on the
experimental results as well as a discussion of the findings. It begins with the
fatigue behavior of bare material, followed by the clad versions. The focus of this
study lies on the 2024 alloy. Nevertheless, also measurements on AA 7075 were
performed to demonstrate the transferability of the results to other high strength
Al alloys. Beside the S/N -curves, a detailed examination of the underlying damage
mechanisms was conducted in this context.

6.1 Bare material

The following sections describe the fatigue behavior of both bare AA 2024 and AA
7075 material in the flat as well as in the riblet structured case.

6.1.1 AA 2024

The S/N -curve for bare AA 2024 is presented in Fig. 6.1 and compared with litera-
ture data. The material shows a continuous transition from the HCF to the VHCF
regime without an ultimate fatigue limit. Fracture occurs even up to some 109
load cycles. The S/N -curve shows a relatively small scatter, which is comparable
with that of corresponding literate data. Mayer et al. [14] performed experiments
on cylindrical specimens (gage diameter = 4 mm) taken from a sheet of 16 mm
thickness parallel to the rolling direction. These results are in perfect agreement
with measurements from Stanzl-Tschegg [11] on similar specimens. However, the
S/N -curve for sheet material lies above these literature values.

One possible reason for this is the much smaller sheet thickness resulting in a differ-
ent microstructure. Furthermore, also the different sample orientation compared to
the rolling direction could have an influence on fatigue strength. Measurements in
the present work were performed in transversal direction to be consistent, since ri-
blet structures – which are studied later on – are always oriented in rolling direction
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6 Ultrasonic fatigue

Figure 6.1: S/N -curve for flat AA 2024 bare sheets compared to literature data
from Mayer [14] and Stanzl-Tschegg [11].

and load in active drag reduction systems is applied perpendicular to the riblet ori-
entation. A third possible reason for the increased fatigue strength are the residual
stresses after sample polishing (cf. p. 49). To estimate this influence, the Smith-
Watson-Topper approach (cf. equation 2.10, p. 18) can be applied where residual
stresses are considered as mean stress. As stated before, the residual stresses in
flat bare material are stable during cyclic loading. The corrected data points (light
blue points in Fig. 6.2) lie closer to the literature values.

Another option beside this quite general approach for the mean stress influence is
the consideration of experimental data for the mean stress sensitivity from the study
of Mayer et al. [14], who performed fatigue experiments on AA 2024 specimens at
different load ratios. A Linear extrapolation of the values in the Haigh diagram
(Fig. 9 in [14]) between R = −0.1 and R = −1 to σm = −35 MPa resulted in
fatigue limits for 107, 108, 109, and 1010 load cycles which are indicated in Fig. 6.2
by horizontal red lines. Whereas the Smith-Watson-Topper approach shifts the
experimental S/N -curve downward, the consideration of mean stress susceptibility
shifts the literature values upwards. As can be seen, both approaches are in good
agreement with each other and suggest that residual stresses cause around one half
of the deviation between literature for cylindrical specimens and the results from
the present study for flat AA 2024 sheet material.
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6.1 Bare material

Figure 6.2: Correction of residual stress for flat AA 2024 bare sheets and compar-
ison with literature data from Mayer [14] and Stanzl-Tschegg [11].

As a next step, the flat material is compared with the riblet structured one (riblet
diameter = 100 µm). The respective S/N -data are summarized in Fig. 6.3 for
both, riblets normal and parallel to the load direction. If riblets are oriented along
the specimen, no notch effect occurs and the data are in good agreement with the
mean-stress corrected values of the flat material. Nevertheless, riblets normal to
the load direction show a distinct notch effect, which rises the local stress in the
riblet valleys. Therefore, crack initiation in the HCF regime takes place in the riblet
valleys and fatigue life is reduced by around one order of magnitude. However, in
the gigacycle regime the notch effect does not have a strong influence. This becomes
obvious, if a simple power-law is fitted to the S/N -data, i.e.

(σa)
nNf = c, (6.1)

with σa: stress amplitude, Nf : number of cycles for failure, and n, c: parameters
of the power-law approximation. For the fitting procedure, the log of equation 6.1
was used. The results are summarized in Fig. 6.4 and in Tab. 6.1. As both fitting
parameters are comparable, it is evident that riblets along sample direction do not
affect fatigue behavior. Nevertheless, the S/N -curve for riblets perpendicular to
the load direction declines much slower than the others pointing out the reduced
sensitivity to notch effects at very high cycle numbers.
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Figure 6.3: S/N data for flat and riblet structured bare AA 2024.

Table 6.1: Fit of power law to S/N data of bare AA 2024 material.

n log c

Flat material 14.2 ± 1.7 89.4 ± 8.3
Riblets along load direction 13.5 ± 1.4 85.8 ± 6.8
Riblets normal to load direction 32.6 ± 8.4 176.0 ± 6.8

Table 6.2: Data for fatigue limit evaluation according to the arcsin
√
P -method.

σ σS.W.T. # experiments # fatigue failures

non-structured
material

135 MPa 116.2 MPa 2 2
130 MPa 111.1 MPa 3 0

riblets normal to
sample direction

120 MPa - 2 2
110 MPa - 3 1
100 MPa - 3 0

riblets along
sample direction

120 MPa - 2 2
110 MPa - 3 2
100 MPa - 3 1
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6.1 Bare material

Figure 6.4: Fit of a simple power law (equation 6.1) to the S/N data for bare AA
2024 sheets.

Figure 6.5: Statistical analysis according to the arcsin
√
P -method.
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The reduced sensitivity to the notch effect becomes clear as well if one considers
the failure probability according to the arcsin

√
P -method. The corresponding data

are presented in Tab. 6.2 and graphically illustrated in Fig. 6.5. The stress level for
100% failure probability is nearly the same for flat and riblet structured material,
irrespective of the riblet orientation. Nevertheless, if riblets are oriented along
the load direction, i.e. in the absence of any geometrical notch effect, the failure
probability at equal stress levels is even higher than for riblets normal to the load
direction. Considering the limited statistics, it might appear to be doubtful that
this effect will hold if significantly more measurements would be carried out in this
region of the S/N -curve. Nevertheless, it clearly shows that – contrary to the HCF
regime – the geometrical notch effect of the riblet structure does not govern VHCF
life significantly.

Crack initiation in all specimens occurred at or near the specimens’ surfaces. Typ-
ical surfaces planes are presented in Fig. 6.6 for flat and riblet structured material.
In structured specimens, crack initiation always occurred on the riblet side. Cracks
are of elliptical shape with quite low roughness compared to the tensile rupture
which occurs when the two sides of the specimen are separated after testing. The
characteristics of the fatigue crack are not influenced by the riblets and in both
cases comparable with the observations by Mayer et al. [41] (cf. Fig. 2.5a, p. 10).
In order to gain further insight on the failure mechanism, the surfaces of the gauge
sections of the run-out specimens were carefully mapped by electron microscopy
to identify possible crack initiation sites. At none of the specimens, microcracks
could be observed. Therefore, a similar analysis was performed on failed specimens
slightly above the fatigue limit (red encircled data points in Fig. 6.4). SEM pictures
of the sample surfaces for a representative flat sample are given in Fig. 6.7a and b.
Beside the fatal fracture, many other cracks were found in the gauge section of all
four specimens, preferentially initiated at intermetallic phases which appear white
in the images. EDX analyses at three different positions (indicated in Fig. 6.7b) are
presented in 6.7c. The nearly identical EDX-patterns yield a chemical composition
of the intermetallic phase of Al2(Cu,Fe,Mn). The crack initiation at intermetallic
phases at the surface agrees again with the findings of Mayer et al. [14].

Riblet structured specimens show a similar behavior, as presented in Fig. 6.8. Also
the EDX spectra are comparable, even though a certain amount of oxygen was
detected in addition, which could be attributed to the conducted T4 heat treatment
in air. As can be seen in Fig. 6.7b for riblets along the load direction cracks are
initiated all over the sample surface, which means also in the riblet tops. This
is reasonable since there is no notch effect expected in this type of specimens.
Nevertheless, also if riblets are oriented normal to the load direction, crack initiation
is not limited to the riblet valleys but also occurs in the vicinity of the riblet tops
close to intermetallic phases (cf. Fig. 6.7a). This fits well with the observation that
there is no significant notch effect on the lifetime in the VHCF regime.
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6.1 Bare material

(a) Overview of fracture surface. (b) Fatigue fracture from (a) at higher
magnification.

(c) Overview of fracture surface. (d) Fatigue fracture from (c) at higher
magnification.

(e) Overview of fracture surface. (f) Fatigue fracture from (e) at higher mag-
nification.

Figure 6.6: Fracture surfaces of bare flat AA 2024 specimens. (a) and (b) Flat
specimen tested at σa = 135 MPa (σS.W.T.=116.2 MPa), Nf = 1.38x109. (c) and
(d) Structured specimen with riblets normal to load direction tested at σa = 110
MPa, Nf = 2.07x109. (e) and (f) Structured specimen with riblets along load
direction tested at σa = 140 MPa, Nf = 1.21x108.
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(a) Surface of the gauge length close to the fatigue fracture.

(b) Cracks at inclusions at
higher magnification. The num-
bers indicate positions for EDX
analysis.

(c) EDX spectra of the surface inclusions, posi-
tions indicated in (b).

Figure 6.7: Analysis of crack initiation sites for a bare flat AA 2024 specimen
tested at σa = 135 MPa (σS.W.T.=116.2 MPa), Nf = 1.38x109.
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6.1 Bare material

(a) Bare AA 2024 specimen with riblets
normal to load direction, σa = 120 MPa,
Nf = 1.0x109.

(b) Bare AA 2024 specimen with ri-
blets along load direction, σa = 120 MPa,
Nf = 9.2x108.

(c) EDX spectra for points indicated in (a). (d) EDX spectra for points indicated in (b).

Figure 6.8: Surface cracks at riblet structured bare AA 2024 specimens with
different riblet orientation.
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6 Ultrasonic fatigue

Figure 6.9: S/N -curve for flat AA 7075 compared to literature data for a similar
alloy from Mayer et al. [15].

While the microcracks are possible crack initiation sites of macrocracks, they are of
only very limited size. Polished cross sections were prepared from the same speci-
mens and subsequently ground stepwise – where only a small amount of material
was removed – in order to make the cracks visible. Despite careful preparation, in
none of the four specimens any surface crack could be made visible. This leads to
the conclusion, that fatigue life is dominated by one single fatal fracture which is
in good agreement with the observation of single crack initiation on the fracture
surfaces (cf. Fig. 6.6).

6.1.2 AA 7075

The S/N -data for flat AA 7075 bare sheets is presented in Fig. 6.9. As for AA
2024, a continuous transition from the HCF to the VHCF regime is observed.
Furthermore, the scatter of the data is relatively small. The S/N -curve is slightly
above the one for AA 2024 and slightly below measurements from Mayer et al. [15],
who performed fatigue testing on the similar alloy AlZnMgCu1.5 on solid cylindrical
specimens with a gauge diameter of 5 mm. Since specimens were prepared in
another way than the 2024 material, residual stresses were only 1.5 MPa and can
thus be neglected in this case. The fatigue limit for 1010 load cycles is around 140
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6.2 Clad material

(a) Overview of fracture surface. (b) Fatigue fracture from (a) at higher
magnification.

Figure 6.10: Fracture surface of a bare AA 7075 specimen tested at σa = 250
MPa, Nf = 1.83x105.

MPa. As demonstrated in Fig. 6.10, fracture surfaces are less flat than for AA
2024. As for the 2024 alloy, fracture surfaces show only one single crack initiation
site for all performed tests.

6.2 Clad material

Because of their high relevance in aerospace applications and easy producibilty
in the applied flat rolling process – as stated earlier – three different types of clad
sheets structured with a different riblet geometry were tested in the present work.

6.2.1 Alclad 2024

For Alclad 2024, two different types of clad sheets were studied. The sheets differed
in thickness of the clad layer, in riblet dimensions, as well as in total sheet thickness
(see Tab. 5.1, p. 43).

2 mm thick sheets

The first type of specimen was of 2 mm thickness with a relatively thin clad layer
(cf. Fig. 4.4b, p. 39). The obtained S/N -curve for the non-structured material
is presented in Figs. 6.11. The obtained data are in good agreement with the
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Figure 6.11: S/N -curve for 2 mm thick flat Alclad 2024 sheets and comparison
to literature data from Talia and Talia [56].

study by Talia and Talia [56], who performed fatigue testing of Alclad 2024 sheets
up to around 106 load cycles. The clad material generally shows a much shorter
lifetime compared to bare material in the HCF regime. Furthermore, the S/N -
curve decreases much faster. While for the bare specimens we found a continuous
transition to longer lifetimes at lower stress levels (cf. e.g. Fig. 6.1), the clad material
showed a sharp transition from early failure at around 3x106 load cycles to run-outs
beyond several gigacycles at 107.5 MPa (orange dashed line).

The riblet structured specimens (riblet diameter = 80 µm), presented in Fig. 6.12,
showed a similar behavior. In the regime of up to around 106 cycles to failure,
lifetimes are comparable with the flat clad samples and a similar sharp transition
from early failure to life beyond 109 cycles occured. However, in this case the
transition threshold lied above the one of flat material (red dashed lines). This is
at a first glance a surprising result since the notch effect of the riblets should result
in a contrary behavior. The reasons for the opposite behavior are discussed below.
Furthermore, the fatigue threshold level depended on the riblet orientation. It is
higher for riblets in normal orientation (σ = 125 MPa) than for riblets along the
specimens (σ = 115 MPa).

Representative fracture surfaces of failed specimens are presented in Fig. 6.13. Typ-
ically, cracks were initiated at the clad side, leaving an elliptical pattern with quite
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6.2 Clad material

Figure 6.12: S/N -curve for 2 mm thick riblet structured Alclad 2024.

low roughness. Multiple crack initiation was observed in all conducted experi-
ments.

If one compares run-outs with fractured specimens, as in Fig. 6.14, the failure
mechanism for clad material becomes obvious. As stated in various studies on clad
material [9, 10, 46, 136], cracks are observed to be initiated at the surface of the
cladding and subsequently grow to the interface (substrate/cladding). In case of
run-outs, cracks are blocked at the interface, even after several 109 load cycles. If
the applied stress is high enough for fracture at some 106 load cycles, cracks can
cross the interface and grow further into the substrate, where they induce failure.

In the case of flat material, no specific crack initiation point at the surface can be
determined. Cracks occur at various locations at the cladding surface (cf. 6.14a
and b). If the surface is riblet structured normal to the sample direction, cracks
are exclusively initiated at the riblet valleys due to the notch effect. Apart from
this, the failure mechanism is comparable with that of the flat material.

In addition to the standard S/N -curves, measurements of non-structured clad spec-
imens at relatively low load amplitudes, as presented in Fig. 6.15a, were performed
up to at least 2x109 cycles in order to determine the threshold for crack initiation
in the clad layer. Surface cracks were identified by optical and electron microscopy.
As illustrated in the graph, the threshold for crack formation in the cladding lies
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6 Ultrasonic fatigue

(a) Overview of fracture surface. (b) Fatigue fracture from (a) at higher
magnification.

(c) Overview of fracture surface. (d) Fatigue fracture from (c) at higher
magnification.

(e) Overview of fracture surface. (f) Fatigue fracture from (e) at higher mag-
nification.

Figure 6.13: Fracture surfaces of 2 mm thick Alclad specimens. (a) and (b) Flat
specimen tested at σa = 160 MPa, Nf = 9.58x105. (c) and (d) Structured specimen
with riblets normal to load direction tested at σa = 140 MPa, Nf = 1.09x106. (e)
and (f) Structured specimen with riblets along load direction tested at σa = 120
MPa, Nf = 2.22x106.
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6.2 Clad material

(a) Run-out flat specimen tested at
σa=105 MPa for N=1.19x1010 load cycles.

(b) Failed flat specimen tested at σa=150
MPa for Nf=1.13x106 load cycles.

(c) Run-out structured specimen with ri-
blets normal to load direction tested at
σa=120 MPa for N=4.94x109 load cycles.

(d) Failed structured specimen with riblets
normal to load direction tested at σa=140
MPa for Nf=1.09x106 load cycles.

Figure 6.14: Polished cross sections of 2 mm thick Alclad 2024 material.

67



6 Ultrasonic fatigue

(a) Surface crack initiation in the clad layer.

(b) Surface cracks on specimen
tested at σa= 40 MPa for 2.07x109

load cycles.

Figure 6.15: Initiation of surface cracks in Alclad 2024 material.

between σa= 30 and 40 MPa. The surface of the specimen tested at 40 MPa is
presented in Fig. 6.15b. The observed cracks have lateral dimensions of around 30
µm. Furthermore, for higher stress amplitudes surface cracks in the clad layer are
initiated at a very early stage of fatigue loading. One sample tested at 100 MPa
showed an undamaged surface at 1.1x104 cycles but many small fatigue cracks were
found in the clad layer at 2.1x104 load cycles. Surface cracks are thus initiated at
around 2% of total lifetime if the applied stress is close to the fatigue threshold level
for failure. The early crack initiation in the cladding fits well with the observations
by Hunter and Fricke [46], who observed crack initiation at around 1% of total
lifetime in nominally the same material.

1.6 mm thick sheets

The second type of Alclad 2024 specimen was of 1.6 mm thickness with a relatively
thick cladding layer (cf. Fig. 4.4c, p. 39). The respective S/N data are presented in
Fig. 6.16 and again fits nicely to the study by Talia and Talia [56]. The qualitative
behavior is similar to that of the thicker sheets, i.e. there was a strongly decreasing
S/N -curve in the megacycle regime, followed by a sharp transition to life beyond
several gigacycles. Quantitatively, the threshold value was with 95 MPa slightly
lower than in the previous case. The riblet structure again did not affect fatigue
life in the megacycle regime but, as before, raised the fatigue threshold by around 5
MPa to 100 MPa (cf. Fig. 6.17). Contrary to the 2 mm thick sheets, the threshold
value for structured material did not depend on the riblet orientation.

Fracture surface, as presented in Fig. 6.18, are comparable to the thicker material in
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6.2 Clad material

Figure 6.16: S/N -curve for 1.6 mm thick flat Alclad 2024 and comparision to
literature data from Talia and Talia [56].

Figure 6.17: S/N -curve for 1.6 mm thick riblet structured Alclad 2024.
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(a) Overview of fracture surface. (b) Fatigue fracture from (a) at higher
magnification.

(c) Overview of fracture surface. (d) Fatigue fracture from (c) at higher
magnification.

(e) Overview of fracture surface. (f) Fatigue fracture from (c) at higher mag-
nification.

Figure 6.18: Fracture surfaces of 1.6 mm thick Alclad 2024 specimens. (a) and (b)
Flat specimen tested at σa = 105 MPa, Nf = 1.71x106. (c) and (d) Structured
specimen with riblets normal to load direction tested at σa = 100 MPa, Nf =
1.06x106. (e) and (f) Structured specimen with riblets along load direction tested
at σa = 110 MPa, Nf = 1.78x106.
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(a) Run-out flat specimen tested at σa=95
MPa for N=2.07x109 load cycles.

(b) Failed flat specimen tested at σa=120
MPa for Nf=1.31x106 load cycles.

(c) Run-out structured specimen with ri-
blets normal to load direction tested at
σa=90 MPa for N=3.02x109 load cycles.

(d) Failed structured specimen with riblets
normal to load direction tested at σa=120
MPa for Nf=8.01x105 load cycles.

Figure 6.19: Polished cross sections of 1.6 mm thick Alclad 2024 material.
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the appearance of the fatigue fractures as well as in the fact that they typically show
multiple crack initiation. Cracks were again initiated in the clad layer. Considering
the polished cross sections as presented in Fig. 6.19, the same damage mechanism
is observed for the 1.6 mm thick specimens. During cyclic loading, cracks grow
from the cladding surface to the interface. Below the fatigue threshold stress in the
S/N -graph, cracks are blocked at the interface. If the threshold stress is exceeded,
cracks further propagate into the substrate, where they induce fatigue failure.

6.2.2 Alclad 7075

The third type of clad material evaluated in the present work were 2 mm thick
Alclad 7075 sheets. The respective fatigue data is presented in Fig. 6.20. To the
knowledge of the author, there is no S/N -data for comparison available in literature
yet. As in the case of Alclad 2024, a steep decrease of the S/N -data in the megacycle
regime was observed. Likewise, below a certain threshold value only run-outs up to
several gigacycles occurred. Compared to both Alclad 2024 sheet types, the fatigue
threshold for Alclad 7075 lies significantly lower between 75 and 80 MPa. In case
of riblet structured material, presented in Fig. 6.21, no change in the megacycle
regime occurred but a quite significant raise in fatigue threshold is observed. The

Figure 6.20: S/N -curve for 2 mm thick flat Alclad 7075.
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structured material did not fail below a stress amplitude of 115 MPa, which means
an increase in threshold stress by around 48%.

Typical fracture surfaces of Alclad 7075 are presented in Fig. 6.22. In all cases, mul-
tiple crack initiation, originating from the cladding surface, was observed. Cracks
are of elliptical shape and of relatively low roughness. Generally, the forced frac-
ture when breaking the samples after testing in tension are much rougher than for
Alclad 2024. Fig. 6.23 presents polished cross sections of Alclad 7075, both run-
outs and fractured specimens. It is obvious, that the same failure mechanism is
present as in Alclad 2024. Cracks are initiated at the cladding surface and grow
until the substrate. Only if the applied stress lies above the threshold value in the
S/N -curve, they can cross the interface and induce failure in the substrate. Below
the threshold value, cracks are blocked at the interface.

Figure 6.21: S/N -curve for 2 mm thick riblet structured Alclad 7075.
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(a) Overview of fracture surface. (b) Fatigue fracture from (a) at higher
magnification.

(c) Overview of fracture surface. (d) Fatigue fracture from (c) at higher
magnification.

Figure 6.22: Fracture surfaces of Alclad 7075 specimens. (a) and (b) Flat spec-
imen tested at σa = 120 MPa, Nf = 1.09x106. (c) and (d) Structured specimen
with riblets normal to load direction tested at σa = 150 MPa, Nf = 5.55x105.
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(a) Run-out flat specimen tested at σa=75
MPa for N=4.21x109 load cycles.

(b) Failed flat specimen tested at σa=80
MPa for Nf=4.22x106 load cycles.

(c) Run-out structured specimen with ri-
blets normal to load direction tested at
σa=115 MPa for N=3.13x109 load cycles.

(d) Failed structured specimen with riblets
normal to load direction tested at σa=120
MPa for Nf=1.33x106 load cycles.

Figure 6.23: Polished cross sections of 2 mm thick Alclad 7075 material.
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(a) Flat material. (b) Riblet structure normal to load di-
rection.

Figure 6.24: Definition of the crack length as equal to the local cladding thickness.

6.2.3 Fracture mechanics approach

The different fatigue threshold values for different types of clad specimens can be
understood by applying the Kitagawa-Takahashi approach as described in section
2.4 (p. 12). As stated above, cracks in clad material emerge at a very early stage of
fatigue life at the outer surface of the cladding. During cyclic loading, these cracks
propagate to the interface. Material failure only occurs, if cracks can overcome the
interface and further propagate into the substrate.

For crack propagation, threshold values for different materials can be found in
literature, as summarized in Tab. 6.3. Since the threshold value for the AA 1050
clad layer is relatively low compared to the substrates’ values, crack propagation to
the interface is observed in any case, if the applied load is close to the threshold value
in the S/N -graph. The resulting crack length then equals the local thickness of the
clad layer at the crack location, as indicated in Fig. 6.24. In the non-structured case,
this is simply the cladding thickness. For riblet structured specimens, the cladding
thickness at the riblet valley has to be taken as crack length. Experimental data
for the cladding thickness are summarized in Tab. 6.4.

The resulting Kitagawa diagram for Alclad 2024 is presented in Fig. 6.25. For the
specimen types, the same symbols are used like in the S/N -graphs. The El Had-
dad parameter was calculated according to equation 2.4 (p. 14) as 86.25 µm. For
crack lengths below this value, the threshold stress for crack propagation equals

Table 6.3: Threshold values from literature for crack propagation for mode I cracks.

Kmax, th Reference
AA 2024 2.1 MPa

√
m 11

AA 7075 1.55 MPa
√
m 15

AA 1050 0.75 MPa
√
m 137
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Table 6.4: Thickness of clad layers.

Flat Alclad 2024, 2 mm thick (59 ± 4) µm
Riblet structured, 80 µm (29 ± 5) µm

Flat Alclad 2024, 1.6 mm thick (69 ± 3) µm
Riblet structured, 300 µm (38 ± 4) µm

Flat Alclad 7075, 2 mm thick (67 ± 4) µm
Riblet structured, 100 µm (53 ± 4) µm

the fatigue limit (taken here at N ≈ 1010) of the bare material, since it is compa-
rable to the substrate. For the fatigue limit of the substrate, the residual stress
corrected values from Fig. 6.2 are used and therefore a value of 113.7 MPa is as-
sumed. For crack lengths higher than the El Haddad parameter, the fatigue limit
is continuously decreasing, as described by equation 2.5 (p. 14). The transition
between microstructurally short and long crack growth can be described by the
approximation proposed by El Haddad et al. [53] (equation 2.6, p. 14).

As can be seen, the experimental data is in good agreement with the theoretical
predictions. For both sheet thicknesses, the riblet structure leads to an increased
fatigue threshold level, which is in good agreement with the prediction using a
locally reduced cladding thickness according to Tab. 6.4. Moreover, the influence
of riblet orientation can be explained in the following way: in perpendicular riblet
orientation, cracks are always initiated in the riblet valleys. Contrary, for riblets
along the sample direction, cracks occur across the riblets at many locations in
the gauge length. Therefore, one cannot calculate the stress intensity of through-
cladding cracks using the remaining cladding thickness below the riblet valleys.
Instead of this, an effective cladding thickness has to be used, which will be higher
than the local thickness in the valleys, resulting in a higher stress intensity. If one
assumes that for structured and flat specimens the same stress intensity threshold
(Kmax,th) has to be exceeded for crack propagation into the substrate, the effective
cladding thickness calculates as

aeff =

(
σf, flat
σf, riblets

)2

aflat, (6.2)

with: σf, flat and σf, riblets: fatigue threshold for flat material and riblets along the
sample direction, respectively and aflat: cladding thickness of the flat material. The
resulting effective cladding thickness is 51.4 µm for 80 µm riblets and 58.8 µm
for 300 µm riblets, respectively. As expected, these values and therefore also the
fatigue thresholds lie between the ones for riblets normal to sample direction and
the flat material. As presented in the Kitagawa-Takahashi diagram (Fig. 6.25), this

77



6 Ultrasonic fatigue

Figure 6.25: Kitagawa-Takahashi diagramm for Alclad 2024.

Figure 6.26: Kitagawa-Takahashi diagramm for Alclad 7075.
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6.2 Clad material

explanation holds nicely for the 80 µm riblets, where the observed threshold value
perfectly fits to the predicted value. For the 300 µm riblets, theoretical prediction
and experimental data still show an acceptable agreement.

A corresponding analysis for AA 7075 is presented in Fig. 6.26. The fatigue strength
of the substrate is with 140 MPa significantly higher than for the 2024 alloy. Nev-
ertheless, the lower stress intensity threshold value (Kmax, th = 1.55 MPa

√
m, cf.

Tab. 6.3) reduces the El Haddad parameter to 27.06 µm. As before, the threshold
values in the S/N data are in good agreement with the predicted values in the
Kitagawa diagram. Furthermore, also here the tendency is obvious, that the riblet
structure reduces the local cladding thickness and therefore leads to a shorter crack
length in the the Kitagawa diagram.

The stress intensity, calculated as KI = 1.122σ
√
πa, is obviously strongly influ-

enced by the crack length. Nevertheless, it also depends on the occurring local
stress amplitude at and close to the cladding/substrate interface. This issue will
be addressed in the following chapter by performing finite element calculations of
the induced stress levels at the interface.
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7 Finite element simulations

The analysis of fatigue failure can be further supported by a finite element (FEM)
analysis. On one hand, it can assess the geometrical influence of the riblet structure.
On the other hand, it can account for the influence of the different layers in the case
of clad material where the interaction of both surface structure and the different
material layers plays an decisive role. The results of the FEM simulations are shown
and discussed in the following sections.

7.1 Assumptions and modeling

FEM calculations were performed using the commercial software ANSYS [93]. The
modeling covered four aspects: (i) the material data, (ii) the geometry, (iii) the
meshing, and (iv) the boundary conditions.

Concerning the material data, Young’s moduli from pulse excitation measurements
were taken from Tabs. 4.2 and 4.6. Since fatigue testing was performed well below
the yield strength of the bare material linear elastic behavior was assumed for non-
plated sheets as well as for the substrates of clad material. Nevertheless, the CP Al
clad layer was expected to show strong plastification at such amplitudes, since its
yield strength lies between only 20 and 45 MPa, depending on the amount of cold
working [139]. Therefore, for the soft Al cladding isotropic hardening was assumed
as presented in Fig. 7.1 using the data from Ref. 138 which assumes a yield strength
of 28 MPa. For small strain values, this resulted in a bilinear isotropic hardening
behavior, as illustrated in Fig. 7.1b.

The geometry was modeled in 2D assuming plane strain conditions. For each
specimen type the surface near region including one riblet was represented in the
model. The depth to which the substrate was calculated was adapted to the riblet
dimension. In the structured clad case it was twice the riblet diameter. Figure 7.2
presents the geometry model for both clad and bare material. In both cases the
riblet shape was fitted to the shape observed on polished cross sections, which means
a high form filling for clad and a lower one for bare material [134]. Furthermore,
also the cladding thickness was extracted from polished cross sections (cf. Tab. 6.4,
p. 77). Calculations were performed for all tested riblet geometries. For the meshing
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7 Finite element simulations

(a) Overview. (b) Stress strain data for small strain val-
ues.

Figure 7.1: Literature data for stress-strain curves [138].

(a) Geometry and boundary conditions. (b) Meshing.

Figure 7.2: Finite element model for influence of cyclic loading on stress redistri-
bution in the cladding and substrate during cyclic loading. (left) Riblet structured
2 mm thick Alclad 2024 sheet. (right) Bare 2 mm thick bare sheets.
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7.2 Riblet structured bare AA 2024

Figure 7.3: Local stress concentration
due to the notch effect of the riblet struc-
ture.

quadrilateral elements with an edge length of 2 µm were used. In the vicinity of the
interface (cladding/substrate) as well as in the riblet valleys of the bare material
the edge length of the elements was refined to 1 µm (cf. Fig. 7.2b).

The specimens were exposed to an oscillating displacement on one side, assuming
symmetric boundary conditions on the other side. For taking into account cyclic
hardening and stress redistribution at the beginning of the test, 500 load cycles
were calculated, which was sufficient for saturation in both the substrate and the
clad layer as demonstrated in Fig. 7.7. The calculation in total used 10,000 it-
eration steps. The x component of the stress (σx) was used for analysis, since it
is the relevant component for crack propagation. Stress levels were considered at
maximum load during the corresponding load cycle. The stress amplitude in the
substrate, sufficiently far away from the cladding/substrate interface, is referred to
as ‘nominal’ stress amplitude. It was adjusted by choosing an appropriate displace-
ment amplitude. Initial residual stresses in the cladding as determined by XRD
measurements were neglected because of their instability due to the high plastic
deformation (cf. section 5.3, p. 49).

7.2 Riblet structured bare AA 2024

The resulting stress distribution for structured bare AA 2024 is presented in Fig. 7.3.
The displacement amplitude was chosen to adjust the nominal substrate stress to
100 MPa. As a consequence of the surface structure a local increase in stress
by around 67.4% occurs. Therefore, cracks are preferentially initiated in the riblet
valleys, as observed in the HCF regime during ultrasonic fatigue testing. The choice
of 100 MPa nominal stress was arbitrary here, but since the bare material behaves
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7 Finite element simulations

Table 7.1: Effect of stress redistribution on effective interface stress.

Specimen Riblet Nominal substrate stress Effective inter-
type diameter =̂ fatigue threshold stress face stress

Alclad 2024 80 µm 125 MPa 114.6 MPa
Alclad 2024 300 µm 100 MPa 121.6 MPa
Alclad 7075 100 µm 115 MPa 107.0 MPa

macroscopically fully elastic in the VHCF regime only the relative rise in stress is
of potential interest. Especially in the HFC regime, the occurrence of the notch
effect is well observed in the fatigue experiments. Nevertheless, despite this good
agreement in the HCF regime stress concentration in the riblet valleys becomes less
important after several gigacycles because – as discussed earlier – the existence of
surface-near inclusions governs the fatigue behavior (cf. p. 54 ff.).

7.3 Riblet structured clad material

More complex than for bare sheets is the behavior of plated material where in
addition to the geometric notch effect an interaction between the two layers comes
into play. Since the yield strength of the CP Al clad layer lies far below the applied
loadings during testing, plastification is expected. The resulting stress distribution
in the cladding is presented in Fig. 7.4 for all three tested structured specimen types.
The applied norminal stress was adjusted to the corresponding fatigue threshold
levels in the S/N -curves (σmax= 125 MPa for 80 µm riblets in Alclad 2024, σmax=
100 MPa for 300 µm riblets in Alclad 2024, and σmax= 115 MPa for 100 µm riblets
in Alclad 7075). The repeated mechanical loading induces a stress redistribution
as a function of the cycle number. Fig. 7.4 summarizes the findings for N = 1, 5,
20, 50, 100, and 500 load cycles. As can be seen in all three cases, at some distance
to the surface, below the riblet valleys a region of peak stress occurs. In case of
relatively thick claddings (cf. Fig. 7.4a and c), the region of peak stress lies at a
significant distance to the interface. Nevertheless, for the relatively thin cladding of
the 300 µm riblets in Alclad 2024 (cf. Fig. 7.4b) this maximum coincides with the
interface, which is quite harmful for fatigue performance as will be demonstrated
in the following.

Since cracks in the cladding are initiated after a few 104 load cycles (cf. Fig. 6.15,
p. 68) it is a valid assumption that the described stress redistribution in the cladding
occurs well before crack initiation and is therefore not influenced by fracture of the
material. As for bare sheets, the stress in clad material is locally raised in the
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7.3 Riblet structured clad material

(a) 80 µm riblets in Alclad 2024.

(b) 300 µm riblets in Alclad 2024.
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7 Finite element simulations

(c) 100 µm riblets in Alclad 7075.

Figure 7.4: Stress redistribution in structured clad layer during cyclic loading. N
is the number of load cycles.

riblet valleys where consequently the highest surface stress is located. Since cracks
are always initiated at the surface [46, 56, 136], crack initiation occurs exclusively
at the riblet valleys and – as demonstrated by fatigue testing – grow easily to the
interface. For further crack propagation from the cladding into the substrate the
stress at the interface below the riblet valleys has to be considered. This stress is
strongly influenced by the stress modification in the cladding and therefore referred
to as ’effective’ interface stress in the following. The resulting stress arrangements of
the substrates of all three specimen types are summarized in Fig. 7.5 for maximum
load during the 500th load cycle. For the relatively thick claddings in Fig. 7.5a and
c, the region of peak stress is located sufficiently above the interface and therefore
lowers the effective interface stress. Nevertheless, if the cladding is relatively thin
(as in Fig. 7.5c), the region of peak stress coincides with the interface where it
causes a local stress increase.

The effect of stress redistribution on the effective interface stress is summarized in
Tab. 7.1. If these corrected stress threshold values are considered in the Kitagawa-
Takahashi diagram (cf. 7.6), an even better agreement between measurements and
predicted values is achieved. The fact that in one case, a change by more than 20%
occurred demonstrates the significance of the stress correction by FEM simulations.
One last question address in this context would be how many load cycles are

required in the simulation to reliably describe the influence of stress redistribution
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7.3 Riblet structured clad material

(a) Alclad 2024 with 80 µm riblets. (b) Alclad 2024 with 300 µm riblets.

(c) Alclad 7075 with 100 µm riblets.

Figure 7.5: Effect of stress redistribution in the structured clad layer on substrate
and interface stress during maximum load during the 500th load cycle.
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7 Finite element simulations

Figure 7.6: Kitagawa-Takahashi diagram accounting for correction of stress redis-
tribution according to FEM calculations.

in the clad layer. To provide an answer to this issue, the evolution of the effective
interface stress is presented in Fig. 7.7. As can be seen, the highest portion of the
total change already occurs during the first 20 load cycles, followed by a further
change of a few MPa during the next few 100 cycles. Nevertheless, after 300
loadings, saturation is achieved in all three cases. Therefore, the consideration
of the first 500 load cycles – as done in this work – is sufficient to fully consider the
stress redistribution due to the plastification of the clad layer.

7.4 Riblet optimization for Alclad material

The influence of cladding thickness and riblet geometry on stress redistribution
raises the question of an optimum riblet geometry with respect to fatigue life.
Therefore, a parameter study on the previously used FEM model was conducted
as presented in Fig. 7.8. For each specimen type, the nominal substrate stress was
adjusted to the fatigue threshold level. Then, the remaining thickness of the clad
layer below the riblet valley – considered equal to the crack length (a) – was varied
and the effective stress at the interface was calculated after 500 load cycles.

Fig. 7.9 summarizes the effective interface stress as a function of cladding thickness.
For very thin clad layers, the interface stress is dominated by the notch effect of
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7.4 Riblet optimization for Alclad material

(a) Alclad 2024 with 80 µm riblets. (b) Alclad 2024 with 300 µm riblets.

(c) Alclad 7075 with 100 µm riblets.

Figure 7.7: Saturation of stress redistribution in clad layer during cyclic loading.
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7 Finite element simulations

Figure 7.8: Modified
FEM model for opti-
mization of the riblet
geometry for clad ma-
terial.

the riblets, i.e. significantly higher interface stresses occur compared to the nominal
substrate stress. If the cladding thickness below the riblets reaches around 1/4 of
the riblet diameter, the interface stress equals the nominal substrate stress. For the
80 µm riblets in Alclad 2024 (Fig. 7.9a), there is a plateau region up to around 60
µm cladding thickness under the riblet valley where the interface stress is lowered
by around 8.4%. For thicker clad layers, the interface stress rises again, even above
the nominal level.

The 300 µm big riblets in Alclad 2024 have a slightly different influence on the
effective interface stress. Again, for very small cladding thicknesses, the notch
effect dominates and strongly raises the interface stress, and – as for the smaller
riblets – the interface stress reaches the nominal substrate stress at a remaining
cladding thickness of 1/4 of the riblet diameter. The minimum interface stress level,
which is 2.3% below the nominal substrate stress, is reached at a cladding thickness
below the riblet valley of d = 120 µm. For higher cladding thicknesses the interface
stress asymptotically approaches to the nominal stress level.

The stress curve for the 100 µm large riblets in Alclad 7075 is qualitatively com-
parable with the one for the smaller riblets in Alclad 2024 (cf. Fig. 7.9c). In this
case, the stress plateau lies around 7.5% below the nominal value. The stress raises
again at around 80 µm and exceeds the nominal value when the cladding thickness
approaches the riblet diameter. The difference in the shape of the stress curves
(and thus the strength of the effect of stress redistribution) might be caused by
the different nominal stress amplitude that leads to a different level of cladding
plastification, which induces a different stress level in the clad layer and results in
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7.4 Riblet optimization for Alclad material

(a) Alclad 2024 structured with 80 µm
large riblets.

(b) Alclad 2024 structured with 300 µm
large riblets.

(c) Alclad 7075 structured with 100 µm
large riblets.

Figure 7.9: Effective interface stress (σx) at nominal maximum stress during the
500th load cycle as a function of cladding thickness below the riblet valley. Red
arrows indicate the cladding thickness of the material used in the experimental
part.
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7 Finite element simulations

(a) Alclad 2024 structured with 80 µm
large riblets.

(b) Alclad 2024 structured with 300 µm
large riblets.

(c) Alclad 7075 structured with 100 µm
large riblets.

Figure 7.10: Resulting stress intensity of cracks in the clad layer ranging from
the riblet valley to the interface. Red arrows indicate the cladding thickness of the
material used in the experimental part.
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7.4 Riblet optimization for Alclad material

a different degree of stress modification at the interface.

The resulting stress intensities at the crack tip, calculated as KI = 1.122σx
√
πa,

are plotted for the three specimen types in Fig. 7.10. As mentioned before, a was
assumed to be equal to the thickness of the clad layer below the riblet valleys. For
σx, the effective interface stress from the FEM calculation was chosen. For both
Alclad 2024 specimen types, the Kmax, th-value for the cladding thickness from the
experimental part (indicated by red arrows) lies significantly below the literature
values for crack growth in AA 2024 (2.1 MPa

√
m, c.f. Tab. 6.3, p. 76) which fits

well to the fact that the cladding thickness is well below the intrinsic length in the
Kitagawa-Takahashi diagramm (a0 = 86.25 µm, cf. 6.25, p. 78) and therefore fatigue
crack growth is limited by the fatigue strength of the substrate (horizontal line in the
Kitagawa diagram). For the tested Alclad 7075 specimens, the cladding thickness
exceeds the intrinsic length (a0 = 29.03 µm, cf. 6.26, p. 78) and therefore, contrary
to the tested Alclad 2024 material, the Kmax, th-value extracted from the simulation
is in perfect agreement with the literature value of 1.55 MPa

√
m (c.f. Tab. 6.3,

p. 76).

Having a closer look at the shape of the KI-a curves, a notable influence of the
effective interface stress is observed. In all three cases, the stress intensity has a
plateau value for a = 1/4 of the riblet diameter (d). If the cladding thickness if
further increased, the higher stress intensity leads to an easier fatigue crack prop-
agation into the substrate. Nevertheless, thinner remaining cladding thicknesses
than 1/4 d are not recommended due to the previously discussed notch effect and
therefore, the optimum cladding thickness below the riblet structure is a = 1/4 d.
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8 Bending fatigue

Most fatigue tests of the present study were performed in axial loading at ultrasonic
frequency. Nevertheless, material loading in active drag reduction system is not
axial but flexural, and at a lower frequency of several 100 Hz. Therefore, the 5-
point bending testings device, described in detail in section 3.2, was developed at
the Central Institute for Engineering, Electronics and Analytics (ZEA-2, FZ Jülich)
to ensure comparability with service relevant loadings. First bending fatigue tests
were performed on 1.6 mm thick Alclad 2024 sheets with a riblet diameter of 300
µm (cf. Fig. 8.1). This type of specimen was chosen because bending actuation of
thin sheets is easier than for thicker sheets.

Testing was performed at a frequency of around 100 Hz in pulse-pause mode to
avoid overheating of the setup. During cyclic loading the displacement amplitude
was found to be stable, as proven by a laser vibrometer. To prove the feasibility
of the bending testing in the described setup, two measurements – at symmetric
bending with a nominal surface stress amplitude of σa= 150 and 130 MPa – were
performed. As can be seen in Fig. 8.2, the lifetimes fit well with the values from
axial testing. Since both stress amplitudes are clearly above the fatigue threshold
value, an early failure at slightly below 106 load cycles occurred.

The fracture surfaces of both specimens are presented in Fig. 8.3. As in the axial
case, multiple crack initiation in the clad layer was observed. Since the applied
stress amplitude is quite high in both cases, the clad layer is broken all along the
complete sample width.

Figure 8.1: Polished cross sec-
tion of a specimen used for bend-
ing testing. Experiments were
performed on riblet structured
1.6 mm thick Alclad 2024 sheets
with a riblet diameter of 300 µm.
The specimens were of the same
type like in Fig. 5.2d (p. 45).
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8 Bending fatigue

Figure 8.2: Bending fatigue data for riblet structured 1.6 mm thick Alclad 2024
sheets and comparison to fatigue data from axial testing as well as to literature
data [56]. Bending testing was performed at 100 Hz.

One advantage of the bending testing compared to axial testing is the fact that
the stress is not homogeneously distributed but there are different stress levels at
different axial sample positions (cf. Fig. 3.12b, p. 29). Therefore, the stress level
for crack initiation in the clad layer can be extracted by observing the surfaces of
failed specimens. This analysis was conducted on the flat backside of the specimens
(where differently to the axial fatigue tests the clad layer was not removed) since
stress values did not have to be corrected by possible notch effects. Close to the
fracture surface, many other surface cracks are observed. Nevertheless, at a higher
distance to the maximum stress position, the surface crack density is drastically
reduced until crack initiation does not occur anymore. The surface cracks most
distant from the stress maximum are presented in Fig. 8.4. In both cases, they
have a length of some 10 µm at the surface. Beside the crack, imprints of the riblet
rolling equipment can be seen as well as surface scratches due to the low strength
of the cladding.

Since the cracks are of quite small elongation, it is very likely to miss them when
performing the same analysis on polished cross sections. Surface cracks were found
up to a distance of 8.0 mm from maximum load for the specimen tested at 150
MPa and at 7.2 mm for the specimen tested at 130 MPa. The corresponding local
stress levels at different specimen positions were determined in a FEM calculation
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(a) Overview of fracture surface. (b) Fatigue fracture from (a) at higher
magnification.

(c) Overview of fracture surface. (d) Fatigue fracture from (c) at higher
magnification.

Figure 8.3: Fracture planes of failed specimens from bending testing. (a) and (b)
Specimen tested at σa= 150 MPa, Nf = 7.27x105. (c) and (d) Specimen tested at
σa= 130 MPa, Nf = 5.67x105.
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8 Bending fatigue

(a) Specimen tested at 150 MPa. (b) Specimen tested at 130 MPa.

Figure 8.4: Surface cracks found at most distant position from stress maximum.

(a) Overview. (b) Region near the maximum stress.

Figure 8.5: Longitudinal stress distribution at maximum load in bending testing.
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as presented in Fig. 8.5. The stress level at the observed crack was 52 MPa for the
specimen tested at the higher load level and 55 MPa for the specimen tested at the
lower load level. This value is slightly higher than the one found for flat 2 mm thick
Alclad 2024 in axial loading, which showed crack initiation at a stress level between
30 and 40 MPa. Beside the different type of loading (axial vs. flexural), another
reason comes into play: whereas the flat material in axial loading was a run-out
specimen, tested up to 2x109 load cycles, in bending testing the experiments could
only be conducted until failure at some 105 load cycles. It is therefore possible that
a significantly higher number of load cycles (several orders of magnitudes) would
also lead to crack initiation at smaller stress amplitudes and therefore cracks could
be observed at higher distances from the stress maximum in the specimen center.

A third bending test was performed at a load amplitude of σa= 120 MPa. No
failure occurred up to N= 1.1x108 load cycles. This clearly points at a threshold
behavior as for axial loading. The resulting fatigue threshold stress is between 120
and 130 MPa and therefore a few 10 MPa higher than for axial loading.

To sum up, it can be stated that the failure mechanisms as well as the fatigue life
time in the HCF regime are comparable for both, axial and bending loading. In
both cases, cracks are initiated at the cladding surface and subsequently grow to the
substrate where they induce failure, resulting in a threshold behavior of the S/N -
curve. Also the crack initiation threshold for the cladding is comparable considering
the mentioned reasons for the small deviation. It can therefore be concluded that
the results from axial loading are of high relevance for the question of feasibility of
aluminum alloy thin sheets in active drag reduction systems.
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9 Summary and conclusions

The present work focuses on the fatigue behavior of the two wrought aerospace Al
alloys AA 2024 T351 and AA 7075 T6. By using a flat rolling process developed
at the Institute of Metal Forming (IBF, RWTH Aachen University) it is possible
to produce riblet structured surfaces on a larger industrial scale. This process is
designed to produce semi-circular riblets, which show a good performance for drag
reduction. Whereas for clad material, the soft CP Al layer can be structured quite
easily, bare material is too hard and the production process thus has to be aided by
a further heat treatment, where the sheets are soft annealed prior the rolling process
and subsequently precipitation hardened. The T4 state chosen for this purpose in
the present work is comparable with the T351 temper with respect to hardness and
tensile strength. By choosing the appropriate wire diameter, riblet dimensions can
be adapted to the desired cruising speed of the aircraft. Possible riblet dimensions
range from several 10 µm to a few 100 µm.

The structuring of clad material causes only slight work hardening and induces com-
pressive residual stresses. Nevertheless, theses stresses were considered to not be
stable because of the small yield strength of the CP Al clad layer. The work hard-
ening shows a homogeneous lateral distribution along the riblets for clad material.
For the bare material, the heat treatment during riblet production completely elimi-
nates work hardening as well as residual stresses. Only small differences in hardness
are observed which are attributed to slightly higher precipitation strengthening of
the T4 compared to the T351 state.

Ultrasonic fatigue testing shows a continuous transition from HCF to VHCF for
both bare alloys. A correction of residual stresses, induced during specimen prepa-
ration, according to Smith-Watson-Topper works well for AA 2024 and is in good
agreement with an alternative correction approach which considers the mean stress
sensitivity taken from literature. The S/N -curve for AA 2024 thin sheet material
lies slightly above literature data for solid cylindrical specimens. Cracks are initi-
ated at near-surface inclusions. On the surfaces of specimens which failed in the
VHCF regime, various microcracks are observed, which are not found on polished
cross sections and are therefore considered to not have further propagated during
cyclic loading.
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9 Summary and conclusions

A riblet structure normal to the loading direction significantly reduces the fatigue
strength of bare AA 2024 in the HCF regime. This geometric notch effect is most
pronounced at lower cycle numbers (N ≈ 106 − 107) and becomes less important
with longer specimen lifetime, because in the VHCF regime, crack initiation is
no longer limited to the riblet valleys but cracks are initiated everywhere on the
surface, predominantly at inclusions.

For AA 7075, a different polishing procedure was applied which did not induce
residual stresses. Also for this alloy, a good agreement with literature data is
observed. Fracture surfaces show – as in the case of AA 2024 – only one single fatal
crack but are – apart from the flat fatigue crack – generally of higher roughness
than in AA 2024.

Especially clad material is of high technical relevance because of its improved re-
sistance to corrosion. Plated sheets of both alloys – Alclad 2024 and Alclad 7075
– show comparable characteristic S/N -curves which strongly differ from those of
bare sheets. In the HCF regime (N ≈ 106 − 107), a steep decrease is observed.
Nevertheless, below a certain stress threshold level, fatigue failure does not occur
any longer up to several gigacycles. The crack initiation behavior for Alclad 2024
is in good agreement with literature up to a few 106 load cycles. Surface cracks
are initiated at a very early stage of total lifetime and subsequently grow to the
substrate where they induce failure. The threshold behavior can be understood by
a fracture mechanics approach, where the cladding thickness is considered to equal
the length of the surface cracks. Only if the stress intensity – which is a function of
crack length and applied stress – exceeds the threshold for crack growth in the core
material, cladding cracks can further propagate beyond the interface and induce
failure of the specimen. The occurrence of surface cracks in the cladding is ob-
served not only at low cycle numbers (N ≈ 104) but as well at relatively low stress
levels. For 2 mm thick Alclad 2024 sheets, crack initiation in the gigacycle regime
is observed down to a stress amplitude of 40 MPa. The total sheet thickness only
plays a minor role for clad material since the cladding – and therefore the length of
the surface cracks – is much smaller than the overall sheet thickness and therefore
the geometry factor of stress intensity – which is a function of crack length to sheet
thickness ratio – can be assumed as constant.

The riblet structure in clad material does not negatively affect the lifetime in the
HCF regime. Instead, it even increases fatigue performance of the specimens by
raising the stress threshold level for fatigue failure. This behavior can be understood
by the same fracture mechanics approach used to quantify the behavior of the flat
clad material, since the fatigue threshold is governed by the cladding thickness. The
riblet structure locally reduces the cladding thickness – and therefore the crack
length – in the riblet valleys (which are the locations where cracks are induced)
and therefore a higher nominal stress is required to overcome the stress intensity
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Figure 9.1: Summary of fatigue testing results for flat specimens.

threshold. The raise in threshold value was most pronounced for the Alclad 7075
sheets.

Beside the direct effect of cladding thickness, a second influencing factor on fatigue
life is stress redistribution in the clad layer which is subject to pronounced plastic
deformations during cyclic loading. An FEM calculation of stress evolution in the
clad layer yielded that before cracks are initiated, a region of peak stress – located a
few 10 µm below the surface of the riblet valleys – is induced. This region of higher
stress contrary leads to a stress reduction further below the surface. Depending
on the thickness of the clad layer, this stress arrangement can significantly modify
the effective stress at the interface. In case of the studied 80 and 100 µm riblets
it lowers the effective interface stress whereas for the 300 µm riblets it leads to
a stress raise and therefore facilitates crack propagation into the substrate. The
consideration of the stress distribution achieves an even better agreement of the
observed fatigue threshold levels with predicted values from the fracture mechanics
approach.

The thickness of the CP Al layer on clad material effects both, crack length and
stress redistribution. While the crack length is equal to the total cladding thickness
in case of flat, and equals the remaining clad thickness under the riblet valleys
in case of the structured material, the stress redistribution is determined by the
relative cladding thickness in comparison to the riblet dimensions. The interaction
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9 Summary and conclusions

Figure 9.2: Summary of fatigue testing results for surface structured specimens
with riblets normal to the loading direction.

of both effects raises the question of an optimal remaining cladding thickness below
the riblet valleys. On one hand, if the cladding would be extremely thin, the crack
length would be very short, keeping the stress intensity at a low level. Nevertheless,
the local stress would be strongly increased in this case – even exceeding the fatigue
strength of the bare material – which would effect crack initiation in the substrate.
On the other hand, if the cladding would be too thick, the higher crack length in the
cladding would result in high stress intensity factors and an easier crack penetration
into the substrate. FEM simulations in the present study show that for all three
tested specimen types, an optimum for the cladding thickness is achieved, if the
remaining cladding thickness is 25% of the riblet diameter.

Beside the fatigue tests in axial loading a bending testing device was developed to-
gether with the Central Institute for Engineering, Electronics and Analytics (ZEA-
2, FZ Jülich) which simulates the bending loading in the active drag reduction
application. It turned out, that fatigue lifetime in the HCF regime is comparable
with axial loading. Furthermore, the same damage mechanisms occur leading to a
comparable threshold behavior in the S/N -curve.

As a final conclusion, a suggestion should be made which type of sheets should be
preferred for the use in active drag reduction systems. Fig. 9.1 summarizes the S/N -
curves for flat material. It is obvious, that the bare material has a higher fatigue
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strength and should therefore be the preferred choice. Nevertheless, if one considers
the riblet structured sheets – as in Fig. 9.2 – this suggestion can change if one
focuses on the fatigue performance in the VHCF regime. If riblets are designed in a
poor way, like the 300 µm large riblets which result in a quite low relative cladding
thickness below the riblet valleys, the fatigue performance is still much below the
structured bare sheets. Nevertheless, if riblets are designed in a optimized way, like
the 80 µm large riblets, the stress redistribution lowers the effective interface stress
and therefore reduces the interface stress intensity factor. Consequently, riblet
structured clad material can outperform even riblet structured bare material. It is
therefore a clear suggestion to use clad instead of bare sheets not only because of
the easier producibility of riblet surface structures but also because of the higher
fatigue performance in the VHCF regime if cladding dimensions are designed with
care.
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