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On the origin of fatigue corrosion cracking in A1I7075

Uber den Ursprung von Schwingungsrisskorrosion in AI7075

R. Masendorf', S. Dahle3, L. Wegewitz3, S. Korte3, G. Lilienkamp3, F. Voigts**, W. Maus-Friedrichs*3

The fatigue corrosion cracking of the AI7075 alloy has been investigated by Scanning Electron
Microscopy (SEM) and Auger Electron Spectroscopy (AES). Specimen exposed to cyclic load at
room temperature until crack initiation show a significant increase of magnesium within a dis-
tance of about 1 um around the crack, while almost no aluminum was left. This segregation
effect has been investigated in detail, yielding that the diffusion should most likely be driven by
the gradient of the chemical potential through the oxidation of magnesium at the surface,
while the required mobility for the diffusion process was gained by the mechanical stress of the
cyclic loading.

Keywords: Fatigue Corrosion Cracking / Crack initiation / Auger Electron Spectroscopy / Aluminium /
Al7075

Die Schwingungsrisskorrosion der Aluminiumlegierung 7075 wurde mit Rasterelektronemikro-
skopie und Augerelektronenspektroskopie untersucht. Proben, die bei Raumtemperatur bis zur
Rissbildung einer zyklischen Last ausgesetzt waren, zeigen eine signifikante Erh6hung des Mag-
nesiumgehalts in der Umgebung um den Riss, wahrend fast kein Aluminium {ibrig bleibt. Dieser
Segregationseffekt wurde im Detail untersucht. Dabei ergibt sich, daf die Diffusion héchstwahr-
scheinlich vom Gradienten des chemischen Potenzials durch die Oxidation von Magnesium an
der Oberflache getrieben wird. Die notige Mobilitat fiir den Diffusionsprozess liefert die mechani-
sche Spannung durch die zyklische Last.

Schliisselworter: Schwingungsrisskorrosion / Rissbildung / Augerelektronenspektroskopie / Aluminium /

Al7075

1 Introduction

In a specimen subjected to a cyclic load, a fatigue crack nucleus
can be initiated on a microscopical scale, followed by cracks
growing to macroscopic size, finally leading to specimen failure.
Fatigue life is usually split into a crack initiation period and a
crack growth period. It is accepted, that extrusions and intru-
sions in slip bands are the reason for crack initiation at surfaces
under cyclic load [11]. Another important aspect is the interaction
with the environment. A slip step at the free surface implies that
fresh material is exposed to the environment. In a non-inert envi-
ronment, most technical materials are rapidly covered with a
thin oxide layer, or chemisorption of atoms from the environ-
ment occurs. An exact reversibility of slip is then prevented [2].
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The combined influence of cyclic load and corrosion on crack ini-
tiation and propagation is called fatigue corrosion cracking
(FCC). The initiation period is supposed to include some micro-
crack growth, but the fatigue cracks are still too small to be visi-
ble. In the second period, the crack grows up to complete failure
of the specimen [3]. Two sequential processes during crack prop-
agation have been identified, namely water vapour adsorption on
crack tip surfaces and hydrogen embrittlement of cyclically
deformed material within the plastic zone. These phenomena
account for environmentally-assisted fatigue crack propagations
[4]. Whereas the period of crack growth has been frequently
investigated, only little knowledge on the initiation period exists,
even though this period can account for up to 90% of the fatigue
life of mechanical components parts [5]. In the case of static load
the stress corrosion cracking (SCC) has been shown to be
dependent on precipitation of a magnesium-rich B phase
(AlsMg;) at grain boundaries of aluminium-magnesium alloys
AA5083 [6]. This magnesium segregation leads to accelerated
hydrogen enrichment and thus accelerated crack propagation in
case of the aluminum alloy 7050 [7]. These processes require
additional energy to achieve sufficient fast diffusion rates. Ther-
mal treatment is one possible way to provide this energy, but also
cyclic strain amplitudes might supply sufficient activation
energy, i.e. during FCC. Since the cracking is affected through
magnesium-enrichment after thermal annealing at less than
200 °C the energy supplied by cyclic stress load appears sufficient
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Figure 1. Schematic drawings of the specimen production and stress distrubtion: (a) specimen extraction from round Al7075-T6 bar (g 40 mm),
at the top fatigue specimens, at the bottom tensile test specimen (not used here), (b) specimen mount and specimen, blue = specimen, green =
load application, (c) inhomogeneous stress distribution in the specimen due to punctual load application, local stress oy and o, in y-direction,

half model.

Bild 1. Schematische Darstellung der Probenherstellung und Spannungsverteilung: (a) Probenherstellung aus einem runden Stab aus Al7075-T6
(2 40 mm), oben Proben fiir die zyklische Belastung, unten Proben fiir Zugversuch (hier nicht verwendet), (b) Probe (blau) und Probenhalterung
(griin), (c) inhomogene Spannungsverteilung in der Probe aufgrund der punktférmigen Belastung, lokale Spannung o, und oy in y-Richtung,

Halbmodell.

Table 1. Composition of AI7075.

Tabelle 1. Zusammensetzung von Al7075.

element Al Zn Mg Cu Fe Si Cr Mn Ti other
mass-% rest 5.10-6.10 2.10-2.90 1.20-2.00 0.50 0.40 0.18-0.28 0.30 0.20 0.15
at.-% rest 2.19-2.62 2.43-3.36 0.53-0.88 0.25 0.40 0.10-0.15 0.15 0.12 0.10

for the activation of magnesium transport [8, 9]. Whereas the
crack propagation and its relation to magnesium diffusion have
been investigated for some time, no investigations on the effect
of magnesium on the crack initiation has been published until
now [6, 10-17].

The modifications of the specimen composition during crack
initiation were investigated in the case of cyclic load applied to
flat, notch-free specimen by applying Scanning Auger electron
Microscopy (SAM). The use of Auger electrons excited by a well
focused electron beam combines chemical information for all
elements heavier than Lithium with a high spatial resolution.
Auger electron energies are element specific and give a certain
indication of the chemical environment of detected elements
providing discrimination between e.g. metallic and oxidized
aluminum and magnesium [18, 19]. The fraction of the speci-
men which accounts for the Auger signal has a lateral extension
which is mainly determined by the diameter of the primary
electron beam. Perpendicular to the surface it is limited by the
energy dependent mean free path of the Auger electrons which

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is for example about 1.2 nm for a kinetic energy of 1000 eV.
Thus, the volume probed in SAM is up to five orders of magni-
tude smaller than for X-ray fluorescence techniques such as
EDX. In combination with ion sputtering elemental depth pro-
files with a resolution of a few atomic layers can be recorded.
This is extremely important for segregation processes at surfa-
ces. Results are presented for the aluminum alloy 7075-T6.

2 Experimental

2.1 Configuration of the test bench

Square, flat specimens (10 x 10 x 2 mm?*) were machined from a
round bar of 7075-T6 aluminum with the chemical composition
given in Tab. 1in a manner depicted in Fig. 1a[20, 21]. The speci-
mens’ lower side is rested on two line supports 8 mm apart. The
punctual test load is applied to the upper side of the specimen
using a hemispherically shaped stamp, Fig. 1b. Due to the point-
shaped load application an inhomogeneous stress distribution
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arises, which is calculated by a Finite Elemental Method (FEM).
Compared to the theoretical mean stress for bar-shaped geome-
tries Spnax the local stress oy yax is raised. The resulting notch
factor is defined by

Op,max

Kt =
S b,max

The progression of stress along a path on the underside of the
specimen shows the elevation of stress in the center of the speci-
men, Fig. 1c. For the most stressed point in the center of the
specimen, two direction dependent notch factors can be deter-
mined:

y-direction: K;, = 1.55

x-direction: K , =1.17

The fatigue testing loads are generated on an electromagneti-
cal resonance testing machine at atmosphere. The excitation is
applied with a resonance frequency which depends on the stiff-
ness of the combination specimen-testing machine. In this case
a testing frequency of around 60 Hz was applied. Any fracturing
of the specimen leads to a loss of resonance system stiffness, the
resonance frequency of the whole system falls off. This falloff is
used to terminate the test. A frequency drop of 1 Hz corresponds
to a crack length of roughly 3 mm on the surface of the speci-
men.
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Figure 2. AES survey spectrum (@) and detail spectra of the Al (b) and
Mg (c) contributions of a non-stressed Al7075 specimen.

Bild 2. AES Ubersichtsspektrum (a) und Detailspektren der Al- (b) und
Mg-Anteile (c) einer unbehandelten Al7075-Probe.

After fatigue testing the specimen is removed from the
machine and the crack surfaces are analyzed.

2.2 Microscopy and Spectroscopy

A scanning Auger electron microscope (Omicron NanoSAM)
with a base pressure below 107° mbar is used for spectroscopic
and microscopic investigations [22]. Scanning Electron Micro-
scopy (SEM) is applied to image details of the crack and deter-
mine the spot positions for Auger Electron Spectroscopy (AES)
measurements. The beam current during operation was 1.5 nA
at a primary electron energy of 5 keV and a spot size diameter of
3-5 nm. Thin surface layers can be removed by Ar* ion sputter-
ing. This allows for Depth Profile Analysis (DPA) by alternating
sputter cycles and Auger analysis. The focused Ar*ion beam is
scanned across an area of about 1400 x 1400 pm? to achieve a
homogenous abrasion in the investigated area during depth
profiling. This procedure enables access to the stoichiometry as a
function of depth. The vertical resolution is merely limited by the
mean free path of the Auger electrons and disorder introduced
by ion bombardement such as roughening and mixing [23]. To
calculate the sputter depths from the known sputter times a con-
version factor for oxidic systems based on SiO, references is
applied (1 nm depth corresponds to a sputter time of 40 s). The

www.wiley-vch.de/home/muw

313



314

R. Masendorf et al.

sputter rate for pure Al,O; is about 0.46 times lower [24]. Thus,
1 nm Al,Os is removed after 87 s with our ion gun system. As the
composition of the examined structures is strongly dependent
on the depth below the surface it is not possible to figure out a
correct calibration factor to convert sputter times to depth. For
the oxidized top layer the correspondence of a sputter time of
87 sto 1 nm which is valid for Al,O; may serve here as an approx-
imate value.

3 Results

In Fig. 2a an Auger survey spectrum of the unstressed Al7075
specimen after polishing is shown. The differentiated Auger
amplitude % is displayed as a function of kinetic energy E of the
emitted electrons. Besides aluminum, magnesium and zinc as
metallic alloying constituents are detected. Furthermore, oxygen
from the oxidized metallic surface and as part of surface conta-
minations such as carbonates is detected. The oxygen concentra-
tion, however, is far below the value for stoichiometric aluminum
and magnesium oxides. The large amount of carbon is mainly
due to surface contaminations.

More chemical information can be obtained from the detail
spectra in Fig. 2b and 2c. In Fig. 2b the higher energetic alumi-
nium peak at 1396 eV (minimum position) can be attributed to
metallic aluminum from the specimens bulk. It is covered by a
native oxide layer which is responsible for the energetically lower
aluminium Auger transition at about 1390 eV. This chemical
shift is typical of native oxide layers. For comparison: the shift in
stoichiometric alumina with respect to metallic aluminum is
about 16 eV.

Fig. 2c shows details of the magnesium spectrum. Even
though single crystalline magnesia has a larger chemical shift
than observed here, the peak shape indicates that the detected
magnesium is in an oxidized state. The reasons for the small
chemical shift compared to the well ordered oxides may be
caused by the disordered oxide layer, understoichiometric oxygen
concentration and the integration of carbon into the oxide layer.

Carbon can be detected throughout the whole oxide layer. The
oxide film thickness on aluminium and Al7075 surfaces were pre-
viously determined to be about 2.1 nm on the basis of XPS studies
for in vacuo oxidized specimens and about 4 nm maximum for
atmospheric oxidation [25]. The mean free path of aluminium
Auger electrons with nearly 1400 eV energy is about 2 nm. Thus,
our Auger data, where metallic aluminum is visible through the
native oxide layer, suggest an oxide thickness of about 2 nm.
Besides the carbon contamination, a substoichiometric oxygen
concentration and a doubled magnesium concentration (7.6 at.-
% of the metals in the alloy, i.e. without considering oxygen and
carbon) in comparison to the nominal value was found.

An Al7075 specimen with same composition has been
exposed to mechanical stress in a resonance testing apparatus as
described in chapter 2. A fatigue crack has been initiated in the
center of the specimen where the maximum strain occurs under
biaxial stress, according to our FEM analyses.

Fig. 3 shows a SEM image of this crack taken with an in-lens
detector under 30° impact angle. On the right side of the figure
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Figure 3. SEM image showing a typical part of the crack on a stressed
Al7075 specimen; for details of the mechanical handling see text.

Bild 3. Rasterelektronenmikroskopische Aufnahme eines typischen
Teils des Risses auf einer zyklisch belasteten AI7075-Probe; siehe Text
fiir die Details der mechanischen Behandlung.

an enlarged image of the area marked by the white rectangle is
shown. The bright features peeled off during crack formation,
their contrast is mainly determined by topography. With the
exception of a few spots the crack is surrounded by a dark rim.
The darker color might be due to chemical contrast which is one
of the dominant contrast mechanisms when using SEM in-lens
detectors. Accordingly, Auger electron microscopy has been per-
formed to investigate the spatially resolved composition of the
specimen.

Fig. 4a shows an Auger survey spectrum taken at a primary
energy of 5 keV during scanning the beam in a reduced raster of
145 x 175 nm? size placed in the darker rim close to the crack.
The main constituents are magnesium, carbon and oxygen. Sur-
prisingly, the aluminum signal is in the range of the noise level.
Following the arguments given with Fig. 2c for the magnesium
peak, magnesium is found to be completely non-metallic, again.
After sputtering with 4 keV Ar*ions for 20 s, which is enough to
remove the surface contamination due to adsorption in atmos-
phere further Auger spectra were recorded, Fig. 4b and Fig. 4c.
Besides changes in the relative intensities of the detected ele-
ments aluminum can be detected to a distinct amount, Fig. 4b.
The carbon line shape corresponds rather to graphite than to car-
bide, carbonate or CO adsorption. See for comparison the compi-
lation of peak shapes of carbon in several compounds in [26].

To investigate any possible mass transport in the neighbor-
hood of the crack, an Auger depth profile has been recorded. In
Fig. 5, the corresponding amplitudes of the differentiated Auger
lines are plotted as a function of sputter time. The inset in
Fig. 5 shows the splitted aluminium KLL peak after a sputter
time of 300 s. The measured shift of 6 eV between metallic and
oxidized aluminium is much smaller than literature values for
the chemical shift of AL,Os. This corresponds to a partial oxida-
tion of Al, which is also supported by the low oxygen concentra-
tion of the order of 20% that was found from the surface on up
to a sputter time of 400 s. For magnesium, no chemical shift
and no peak shape modifications as a function of sputter depth
have been detected. This may correspond to partially oxidized
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magnesium. The concentration of magnesium exceeds that of
aluminum up to a sputter time of 200 s. The oxidized alumi-
num reaches its maximum at 300 s and the metallic aluminum
is dominant beyond 400s. After an initial drop due to the
removal of the adsorbate layer the carbon component remains
on a nearly constant level before it falls off with the upcoming
metallic aluminium. For the first 100 s of sputtering the carbon
peak shape agrees well with that of graphite. After longer sput-
ter times the maximum of the differentiated carbon peak splits
which is typical of amorphous graphite [26]. After the removal
of the partially oxidized layer the intensity is too low for a peak
shape analysis.

A few SEM images for different sputter depths, show the
removal of the oxidized layer with high carbon content (corre-
sponding to the dark color) and the transition to a dominant met-
allic Al concentration (bright regions) by significant contrast
modifications, Fig. 6. The spectrum in Fig. 5 was recorded at the
spot marked in Fig. 6. Farther away from the crack the dark color
is removed already after a few seconds sputtering. Closer to the
crack a few hundred seconds are needed. A similar behavior of
the depth profile has been found all along the crack in the dark-
colored rim. To evaluate the extension of this zone of remarkable
material transport Auger spectra have been recorded after 100 s
Ar* sputtering at distances of about 3 mm and close to the crack,
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Figure 4. AES survey spectrum of a stressed Al7075 specimen (a) and
detail spectra of the Al (b) and Mg (c) contributions of the same speci-
men after 20 s surface cleaning by Ar*sputtering.

Bild 4. AES Ubersichtsspektrum einer zyklisch belasteten Al7075-
Probe (a) und Detailspektren der Al- (b) und Mg-Anteile (c) derselben
Probe nach Oberflachenreinigung mit Ar*-lonen (20 s).

at the marked positions in Fig. 7. 3 mm apart from the crack, a
Mg concentration of the order of 5 at.-% is found when only met-
allic components are considered. This is still more than the aver-
age magnesium concentration in Al7075 of about 3 at.-% but
less than the maximum local magnesium concentration found at
the surface of the untreated reference specimens which have
only been cut and polished. After 200 s Ar* ion sputtering the car-
bon contamination vanished and only some oxygen as non-met-
allic constituent is detected. The concentration of the metallic
components (93.8 at.-% aluminium, 3.5 at.-% magnesium and
2.7 at.-% zinc) are close to nominal bulk values.

In the dark region directly adjacent to the crack, no aluminium
is detected at all, Fig. 7, position 1. The surface consists only of
carbon and oxidized magnesium. In the brighter regions, the car-
bon contribution is less pronounced, Fig 7, position 2. The mag-
nesium and oxygen concentration is much higher, but still no
aluminium is detectable. Only farther away from the crack, alu-
minium can be detected, and the sample is almost free of carbon,
Fig. 7, position 3. In contrast to the reference region 3 mm apart
from the crack, the sample shows a significantly reduced magne-
sium concentration at position 3. This indicates a magnesium
depletion in the intermediate region.

In summary, three different regions can be detected at the sur-
face:
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Figure 5. Depth profiles of Al and Mg for the stressed Al7075 speci-
men at the position marked in the SEM images in Fig. 6, the analyzed
area is 145 x 175 nm?, the sputter area is much larger and exceeds
the image size, it amounts to about 1400 x 1400 um? the inset
shows the splitted aluminium KLL peak after a sputter time of 300 s.

Bild 5. Tiefenprofile von Al und Mg fiir eine zyklisch belastete AlI7075-
Probe, aufgezeichnet an der in Fig. 6 markierten Stelle, die analysierte
Stelle ist 145 x 175 nm? groB, der gesputterte Bereich ist sehr viel
grofRer als der dargestellte Bildbereich und betragt etwa 1400 x 1400
um?, die Einfiigung zeigt den geteilten KLL-Ubergang an Aluminium
nach 300 s Sputterzeit.

1. A strong magnesium enrichment at the crack with very carbon
rich regions directly adjacent to the crack at positions 1 and 2.

2. An intermediate region some micrometers apart from the
crack, that exhibits a magnesium depletion.

Mat.-wiss. u. Werkstofftech. 2013, 44, No. 4

3. The region some millimeters away from the crack, where the
surface shows a composition close to nominal bulk values.
Summarizing these results, this shows a segregation of the

magnesium towards the crack. The affected region seems to be

some micrometers wide.

4 Discussion

A significant magnesium transport from bulk to surface is found
in the crack region. In SEM images this zone is highlighted by its
dark color and extends up to 1000 nm to either sides of the crack.
At a few 100 um distance from the crack, the magnesium concen-
tration at the surface drops down to values below 10 at.-% of the
metals in the alloy. An increase of the magnesium concentration
by a factor of up to 3 is typical of polished specimens as seen at
the untreated reference specimen. Whereas in the farther sur-
rounding the magnesium concentration drops down to bulk val-
ues after 100 to 200 s sputtering the same magnesium content is
reached at an equivalent depth of more than 600 s close to the
crack.

The quite high carbon concentration runs plateau like up to a
sputter time of 300 s and then drops down to below the detection
limit. The plateau like behavior is similar to the characteristics of
the magnesium concentration. The aluminium concentration
exceeds that of magnesium from 300 s on when metallic alumi-
nium becomes dominant and the oxidized aluminum is nearly
removed.

What is the nature of this modified crack zone? A simple stoi-
chiometric oxide film can be ruled out for the first 300 s in the
depth profile because of the low (< 25 at.-%) oxygen concentra-
tion, which is within the limits of accuracy nearly constant. As

Figure 6. SEM images taken during the depth profiling, the white rectangles mark the positions where the Auger spectra are obtained as

described in Fig. 5, the image sizes are given respectively.

Bild 6. Rasterelektronenmikroskopische Aufnahmen, die wahrend der Tiefenprofileanalyse aufgezeichnet wurden, die weilen Rechtecke
bezeichnen die Position an der die Augerspektren aus Fig. 5 aufgenommen wurden, die dargestellten BildgroRen sind jeweils angezeichnet.
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Figure 7. SEM image of the crack and the surrounding area along with Auger survey spectra of the positions (1), (2) and (3) after 100 s Ar*
sputtering.

Bild 7. Rasterelektronemikroskopische Aufnahme des Risses und der Umgebung nach Oberflachenreinigung mit Ar*-lonen (100 s), zusammen

mit Augerspektren, die an den Positionen (1), (2) und (3) aufgezeichnet wurden.

mentioned above, the shape of the carbon peaks fits rather to
graphite than to carbonate or adsorbed CO. It is also not carbidic.
Carbides are easily identifiable in AES by two well resolvable side
peaks at the lower energy side. What is the origin of the carbon?
Two sources may be considered: atmospheric carbon and resid-
ual carbon in Al7075. The concentration of the latter is quite
small in comparison to the carbon concentration at the surface
due to adsorption of atmospheric carbon. Thus, the carbon
enrichment in the crack zone is considered to be due to direct
adsorption from the atmosphere or due to surface transport of
adsorbed carbon. In recent papers the interaction of oxygen and
carbon dioxide on calcium and CaO surfaces has been investi-
gated and a formation of CaO, Ca-C-O complexes and adventi-
tious carbon was found [27, 28]. This is similar for many min-
eral-like surfaces [29]. Especially, similar results can be expected
after exchanging calcium with the chemical similar magnesium.
The energy input by the periodic load promotes the carbon trans-
port deeper into the bulk. This is in particular true for the disor-
dered crack zone.

So far the possible role of hydrogen has not been discussed.
Hydrogen cannot be detected by AES. Thus, the discussion can
only be held by adapting findings from other work. Song et al.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

discussed the role of hydrogen in fatigue of the 7050 aluminum
alloy [7]. The authors pointed out that hydrogen has a higher
affinity to magnesium than to aluminium. Thus, a notable
amount of hydrogen might have reacted with the segregated
magnesium close to the crack.

In the literature also the precipitation of the magnesium-rich
B phase (Al;Mg,) as SCC determining effect has been reported as
a result of thermal aging [6]. In our case (FCC) no such phases
could be detected.

The metals (aluminium and magnesium) in the crack zone
surface are partially oxidized. Throughout the whole depth that
shows magnesium enrichment, graphite like carbon can be
detected, which suggests a rather open structure enabling carbon
agglomeration or an intercalation like structure.

What is the mechanism leading to the crack zone? It is well
known, that aluminium- magnesium alloys show magnesium
enrichment after annealing even at temperatures of less than
200°C, which results in a strong magnesium enrichment at the
surface [8, 9]. This is even observed on aluminium-silicon alloys,
where magnesium with a concentration of 0.15 at.-% is only a
minor component [9]. Since magnesium is supposed to segre-
gate at grain boundaries at such temperatures magnesium cati-
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ons obviously have a sufficient mobility probably at grain boun-
daries to reach the surface [7]. The fatigue load was applied at
room temperature. Thus, the energy supplied by the materials
deformation is obviously sufficient to mobilize the magnesium.
Driving force for the enormous magnesium enrichment in the
crack zone is in part the formation of magnesium oxide because
the heat of formation is higher for magnesium oxide than for alu-
mina [8, 9]. But also the formation of a carbon-magnesium com-
plex might favor the process.

The mechanical strength of such a region with modified com-
position and especially a high, graphite-like carbon concentra-
tion is probably low. Thus, a crack of a few nm depth will form
easily. The disordered structure of such segregated material will
also favor atmospheric corrosion by an increased access of corro-
sive molecules below the surface in particular, because the mag-
nesium oxide is known to be less stable in comparison to alu-
mina [30].

5 Summary

Scanning electron microscopy has been employed to image the
surfaces of Al7075 specimen before and after exposure to
mechanical stress in a resonance testing apparatus. The chemi-
cal analysis of these surfaces via Auger electron spectroscopy
with a lateral resolution down to 5 nm has been alterated with
Ar* ion sputter etching cycles, thus obtaining chemical depth
profiles. The unstressed specimen revealed a slight Mg enrich-
ment induced by the mechanical treatment. The stressed speci-
men showed a crack with a total length of approximately 3 mm.
Within a distance of up to 1 um to either side of the crack, a
severe Mg enrichment was found, where the Mg concentration
even exceeds the Al concentration by far.

The depth of the Mg concentration layer has been determined
to amount to at least 19 nm according to sputter rate for the
Al,O; reference. The concentration layer was found to be partially
oxidized, thus suggesting the concentration gradient due to the
oxidation reaction might possibly be the driving force of the Mg
diffusion towards the surface. Nevertheless, the repeated
mechanical stress from the cyclic load must be strongly enhanc-
ing the magnesium atoms mobility and thus be the origin of the
diffusion rate required for the described segregation effect.
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