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Because of their low density and high specific strength, magnesium alloys have a
high potential for light weight structural
applications. Especially extruded profiles
made of wrought magnesium alloys show
superior mechanical properties compared
to cast material [1, 2]. They provide a finer
and more homogeneous microstructure
than casted materials, but on the other
hand, the formability of the extruded profiles is hampered by the development of a
strong texture during the thermomechanical processing. The texture has its origin in
the hcp lattice structure of magnesium and
its alloys, which reduces the number of slip
systems that could be activated during
plastic deformation [2].
Whilst extrusion of round bars to round
profiles, typically, a texture develops in
which the basal planes of the hcp crystals
are aligned parallel to the extrusion direction. Alloying of rare earth elements, like
Ce, to magnesium can result in a less pronounced texture and change properties of
the microstructure like grain refinement.

The corrosion fatigue behavior of extruded magnesium alloys AZ31 and ME20 was characterized by
means of load increase tests in 5 wt.-% NaCl solution.
The results were correlated with the respective corrosion behaviors investigated in immersion tests and by
means of microstructural investigations after precorrosion. ME20 exhibited a superior corrosion resistance compared to AZ31, probably as a result of an enhanced passivation tendency due to grain refinement
because of the presence of rare earth alloying elements. Accordingly, no differences in the cyclic deformation behaviors of ME20 in air and 5 wt.-% NaCl solution were observed in the load increase tests, while
AZ31 exhibited a reduction of the estimated fatigue
strengths as well as signs of embrittlement due to the
mechanical-medial load.

Grain refinement, in turn, may lead to an
improvement of the generally low corrosion resistance of magnesium alloys, which
is a major obstacle for their broad application in light weight applications [1, 3, 4].
Corrosion behavior improvement, as a
result of grain refinement, was attributed
in some studies to improved passivation behavior due to formation of a more stable
surface oxide layer [1, 3]. However, other
studies also reported deterioration of the
corrosion resistance, e. g., when the precipitation state was changed by extrusion
[4]. In the present study, the influence of
corrosion on the microstructure and the
dependent mechanical properties under
cyclic load for extruded rare earth containing magnesium alloy ME20 as well as
standard magnesium wrought alloy AZ31
were characterized and compared by
means of load increase tests (LIT) in air and
5 wt.-% NaCl solution. The reduction of the
estimated corrosion fatigue strengths was
correlated with the different corrosion behaviors in the same electrolyte.

Materials
The investigated wrought alloys AZ31 and
ME20, whose nominal compositions are
given in Table 1, were cast in a modified
gravity casting process. Billets with diameters of 50 mm and lengths of 150 mm
were prepared from the cast slaps for
the extrusion process. Extrusion tests
were carried out at Helmholtz-Zentrum
Geesthacht (HZG) (see Figure 1) using an
indirect extrusion process, as schematically shown in Figure 2. In this process,
there is no relative movement of the billet
and the container, which provides the advantage, that a constant pressing force is
applied whilst the whole process to achieve
homogeneous properties of the extruded
material along the profile. The extrusion
ratio was 1/25 as the resulting profiles had
a diameter of 10 mm. Before the extrusion
process, the billets were heated up to a temperature of 450 °C for 1800 s. The ram
speed for extrusion was constantly
3.4 mm × s-1.
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After extrusion the profiles were cut in
parts of 200 mm length for manufacturing
of specimens for the fatigue tests, according to the geometry in Figure 3. In addition, specimens from different sections of
the profiles were metallographically prepared to investigate their homogeneity in
terms of microstructure and texture (see
Figure 4).
Figure 5 shows exemplary light microscope images of the extruded profiles,
which were taken parallel to the extrusion
direction. Estimated grain sizes were found
not to vary along the extruded profile in
both cases as well as the occurrence of pre-

cipitations. The mean grain size of AZ31
was estimated to be 15.6 ± 1.6 μm, while in
case of ME20, the estimated mean grain
size was 8.9 ± 0.8 μm, respectively. Accordingly, the ME20 alloy shows a much
finer microstructure compared to the AZ31
reference alloy, as was expected before, because of the well-known grain refinement
effect of the contained rare earth elements.
For both materials, precipitation of particles can be observed. According to literature, the precipitations are expected to be
Al6Mn or Al8Mn5 particles in case of AZ31
[1] and Mg12Ce precipitates in case of
ME20 [2].

Alloy

Mg

Mn

Al

Zn

RE

AZ31

bal.

-

3

1

-

ME20

bal.

2

-

-

< 0.5

Table 1: Nominal chemical compositions (wt.-%) of AZ31 and ME20

For analysis of the textures of the extruded
profiles, specimens were polished perpendicular to the extrusion direction. The pole
figures in Figure 6 show, that there is no difference in the shape of textures between both
alloys. Furthermore, no mentionable variation of the shape of the textures along the
profiles was found. Therefore, an influence of
the texture developed during the extrusion
process on the results of the fatigue tests can
probably be excluded, making these results
more comparable.

Figure 1: Extrusion facility at HZG

Figure 3: Specimen geometry for fatigue investigations
(all dimensions in mm)
Figure 2: Schematic of indirect extrusion process

Experimental methods

Figure 4: Sampling plan of extruded profiles; specimens 1 to 10 were used for manufacturing
of fatigue specimens; specimens a to c were used for metallographic analyses

a)

b)

Figure 5: Light microscope images of longitudinal sections of a) AZ31 and b) ME20 extruded samples

The corrosion behavior was quantitatively
investigated by means of immersion tests
in 5 wt.-% NaCl solution. In the immersion tests, corrosion rates were determined according to the formed specific
hydrogen volume as a function of the immersion time, which is the most reliable
method of corrosion rate determination
for magnesium and magnesium alloys besides direct measurements of the corrosive weight loss [5]. For this purpose, the
experimental setup introduced by Song et
al. [5] was applied, in which the formed
hydrogen is collected in a burette. Specimens in initial corrosion state as well as
macrographs in a proceeded corrosion
state were taken to investigate the corrosion mechanisms.
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For the investigation of the corrosion fatigue behavior, instrumented continuous
load increase tests were performed in
5 wt.-% NaCl solution and as a reference
also in air. The specimens were subjected
to a stress ratio of R = 0.1 at a frequency of
f = 10 Hz using sinusoidal load-time functions at ambient temperature. Fatigue
strengths for a maximum number of cycles
of Nmax = 2 × 106 were estimated based on
recorded material responses [6]. For this
purpose, plastic and total strains were determined using an extensometer. In the
tests in 5 wt.-% NaCl solution, a self-developed miniaturized in-situ electrochemical
cell with a three electrode system was applied to measure corrosion potential responses as well (see Figure 7). The corrosion potential responses were recorded
with a high data acquisition rate using a
self-programmed
LabVIEW
software,
which also allows analysis of the oscillation
characteristic of the corrosion potential,
which is induced by the cyclic straining of
the specimens.

a)

b)

Figure 6: Textures of a) AZ31 and b) ME20 extruded samples
a)

b)

Results and discussion
In Figure 8, the formed specific hydrogen
volumes for AZ31 and ME20 in 5 wt.-%
NaCl solution are plotted as a function of
immersion time. ME20 exhibits a much
lower corrosion rate than AZ31, given by
the much lower hydrogen formation rate.
Corrosion rates were determined according
to the nearly linear slope of the specific hydrogen volume as a function of time after
approx. 4 × 105 s and are given in Table 2.
To investigate the reason for the differences in the corrosion behaviors on microstructural basis, micrographs in initial
state of corrosive attack as well as in a proceeded corrosion state were taken by light
microscope. In Figure 9a, a micrograph of
AZ31 after initial corrosive attack is given.
The image shows typical features of filiform corrosion. Filiform corrosion typically
occurs in the presence of a partially protective passivating film on the specimen surface and mostly in combination with pitting corrosion at cathodic active precipitates or impurity particles [7]. Once a
corrosion pit has formed at precipitates or
impurities, the anodic active corrosion
front can move along the surface. In this
context, the process is driven by the diffusion of Cl ions into the anodic active regions, which enhances dissolution of the
passive film, as well as by repassivation of
the tail of the corrosion front, having also a
cathodic function, leading to the filiform

Figure 7: Experimental setup for corrosion fatigue tests, a) photograph, b) schematic drawing

ṁcorr
(g × s-1 × cm-2)
AZ31

1.07 × 10-8

ME20

1.84 × 10-9

Table 2: Corrosion rates ṁcorr
determined in immersion tests

Figure 8: Results of immersion tests in 5 wt.-%
NaCl solution
a)

b)

Figure 9: Microstructure after initial corrosive attack, a) AZ31, b) ME20
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corrosive deterioration [7]. Figure 10a
shows a cross section of AZ31 after longterm immersion for 1 week in 5 wt.-% NaCl
solution. The specimen exhibits a pitshaped corrosive deterioration, which is a
result of the corrosion processes mentioned before.
The corresponding micrograph of ME20
in initial corrosion state in Figure 9b shows
only very localized, spot-like corrosive attack at the Mg12Ce particles (see Figure 5),
while the rest of the surface remains unaffected. The long-term corrosion morphology in Figure 10b underlines, that even after 1 week immersion the corrosive deterioration is limited to these particular spots.
Obviously, the Mg12Ce particles are undercut, leaving small pits on the surface (see

a)

b)

c)
Figure 10: Corrosion
morphologies after immersion in 5 wt.-% NaCl solution
for 1 week, a) AZ31,
b) ME20, c) detail of formed
pits on ME20

Figure 11: Strain
developments in continuous load increase
test with AZ31 in air

Figure 10c). However, the pits seem to be
repassivated afterwards, instead of acting
as initiation sites for corrosion propagation
as in the case of AZ31. Therefore, ME20
seems to have a superior passivating tendency.
For a comparative evaluation of the corrosion fatigue behaviors, continuous load
increase tests (LIT) were performed. Figure 11 presents the results of a load increase test with an AZ31 specimen in air.
In the diagram, the maximum stress σmax
(controlled variable), the plastic strain amplitude εa,p and the total mean strain εm,t
are plotted as functions of the load cycles
N. σmax was linearly increased as a function
of the load cycles with a load increase rate
of dσmax/dN = 10 MPa × 10-4, starting from

σmax,start = 10 MPa until failure of the specimen. It can be observed, that εa,p degressively increases as a function of the load
cycles over the whole test duration. This
deformation behavior is unexpected, since
continuous load increase normally causes
a progressive εa,p increase [8]. Therefore,
this behavior could be attributed, e. g., to
approaching a saturation state due to the
already mentioned poor formability of extruded magnesium profiles or to a load-dependent change in the deformation mechanism, e. g., through activation of additional
slip systems or a change in the deformation
mechanism from slip to twinning or vice
versa. εm,t increases linearly as a function
of load cycles until approx. N = 16 × 104,
followed by another linear range from approx. N = 22 × 104 with a larger slope until
exponential increase right before failure at
a maximum failure stress of σmax,f (LIT) ≈
250 MPa. The fatigue strength of AZ31 in
air was then estimated according to the
transition between both linear ranges of
εm,t, based on determination of the intersections of the asymptotes (dashed lines)
[8]. Therefore, the fatigue strength was
in this case estimated to be approx.
σmax,e (LIT) ≈ 200 MPa.
In case of ME20, the fatigue strength
was estimated in the same manner to be
σmax,e (LIT) ≈ 110 MPa. The specimen failed
at σmax,f (LIT) ≈ 150 MPa.
Subsequently, identical load increase
tests were performed in 5 wt.-% NaCl solution. Figure 12a shows the results of a load
increase test with AZ31. Besides σmax, εa,p
and εm,t, also the corrosion potential mean
value Ecorr,m and the corrosion potential amplitude Ecorr,a are plotted as a function of the
number of cycles. The progression of εm,t is
identical with that from the test in air until
earlier failure of the specimen in NaCl solution at σmax,f (LIT) ≈ 210 MPa, as displayed in
Figure 12b. In contrast, εa,p values in NaCl
solution are much lower than in air. A degressive increase can be observed again
until N ≈ 15 × 104 and afterwards εa,p starts
even to decrease. The much lower values of
εa,p could possibly be attributed to an embrittlement of the material in the corrosive
environment. With regard to the electrochemical measurands, Ecorr,a shows a linear
increase as a function of the number of cycles. Just before failure, Ecorr,a increases exponentially due to the growth of macrocracks [9]. Ecorr,m shows a very fluctuating
progression with several activation and
passivation peaks, which can probably be
attributed to breakdown of passivating layers due to the cyclic loading of the speci-
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men and subsequent formation of corrosion pits in these activated areas. At around
N ≈ 15 × 104, Ecorr,m shows a significant activation peak (dashed line), which corresponds with the angular point of εa,p. Thus,
the combined material response of Ecorr,m
and εa,p could be attributed to formation
of a corrosion pit with critical size, which
acts as an initiation site for microcrack
growth, leading to strain localization and
embrittlement of the crack tip, which is
given by the following decreasing progression of εa,p. Therefore, the corrosion fatigue
strength was estimated to be around
σmax,e (LIT) ≈ 160 MPa in this case.
Figure 13a displays the corresponding
results for the load increase test with ME20
in 5 wt.-% NaCl solution. The εm,t progression is almost completely identical to
that from the test in air, as shown in Figure 13b, and failure occurs at approx. the
same maximum failure stress of σmax,f (LIT) ≈
150 MPa. εa,p progressions are also qualitatively similar in both tests and εa,p values
are in the same magnitude. Therefore, apparently no embrittlement occurs, as observed for AZ31, which could be attributed
to the observed passivation tendency of
ME20, since embrittlement of a passivated
specimen is unlikely [10]. However, also for
ME20, εa,p shows unexpected progressions
in both tests. Altogether, εa,p exhibits a
quasi-progressive progression. However,
e. g., in the test in NaCl solution, first there
is increasing progression until an angular
point around N ≈ 3 × 104 and then decreasing progression. From N ≈ 7 × 104, εa,p
starts slowly to increase again and turns
into a linear increase until failure given by
exponential increase. The changing εa,p
progression could be attributed again to a
change in the deformation mechanism.
Ecorr,a increases along a linear base line, as
observed for AZ31, but there are several
jumps, after which Ecorr,a returns to the
base line. As mentioned before, an increase
of Ecorr,a is a specific indicator for crack initiation and propagation. Therefore, the
Ecorr,a jumps could possibly be attributed to
formation of microcracks at weak spots of
the passivating layer which are then repassivated, so that it comes to crack closure, as
a result of the superior passivating behavior of ME20 as observed in the corrosion investigations. Ecorr,m shows a much smoother
progression than for AZ31 with a first passivation plateau around N ≈ 3 × 104, which
corresponds to the first angular point of
εa,p. With decreasing εa,p values, also Ecorr,m
decreases again, which supports the assumption, that a change in the deformation

a)

Figure 12: a) Strain and
corrosion potential developments in continuous
load increase test with
AZ31 in 5 wt.-% NaCl solution, b) comparison of
plastic strain amplitude
and total mean strain
progressions in air and
5 wt.-% NaCl solution

b)

a)

Figure 13: a) Strain and
corrosion potential developments in continuous
load increase test with
ME20 in 5 wt.-% NaCl solution, b) comparison of
plastic strain amplitude
and total mean strain
progressions in air and
5 wt.-% NaCl solution

b)
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mechanism occurs, since changes of the
surface microstructure of the specimen,
e. g., through formation of slip bands or
twin boundaries, are indicated by the Ecorr,m
decrease. The Ecorr,m decrease in turn corresponds with the first Ecorr,a jump. Thus, it
can be assumed, that the activation of the
specimen surface enhances anodic dissolution of the activated areas, which act then
as stress concentration sites. After this
first decrease, Ecorr,m starts increasing
again and reaches an angular point at
around N ≈ 10 × 104, accompanied by a
large Ecorr,a plateau. After this angular
point, Ecorr,m monotonously decreases until
failure. The angular point can be probably
attributed to final breakdown of the formed
passivating layer under the high cyclic load
at this point of the load increase test, since
afterwards no repassivation can be observed again. Therefore, the corrosion fatigue strength was in this case estimated to
be around σmax,e (LIT) ≈ 110 MPa, as in the
test in air.
In the bar graph in Figure 14, the quantitative results of the load increase tests are
summarized. In case of ME20, σmax,e (LIT)
and σmax,f (LIT) are identical for both tests in
air and in 5 wt.-% NaCl solution. For AZ31,
a reduction of both parameters of approx.
20 % is found when comparing the test in
air to the test in NaCl solution.

Conclusions
The corrosion investigations revealed a
strong pitting corrosion tendency of AZ31
and subsequent filiform corrosion processes. As a result, the corrosion resistance of AZ31 is much lower than that of
ME20, given by the determined corrosion
rate, which was approx. six times higher
than that of ME20. The developed pitting
corrosion morphology of AZ31 is rather
unfavorable in context with corrosion fatigue tests, since the formed pits act as
crack initiation sites. In contrast, ME20
exhibited only corrosive deterioration at

Figure 14: Comparison of
estimated fatigue
strengths and maximum
failure stresses
determined in load
increase tests

the precipitated, cathodic particles, leaving only small pits after undercutting,
which seem to be repassivated afterwards, suggesting a very good passivation
behavior.
In the corrosion fatigue tests, AZ31
showed a reduction of the estimated corrosion fatigue strength of approx. 20 %
compared to the test in air, which can be
probably attributed to the pitting tendency, which was illustrated in the test by
the fluctuating mean corrosion potential
progression. A further possible effect of
the pitting tendency is the observed reduction of the plastic strain amplitude
compared to the test in air. Through the
pit formation bare material is exposed to
the corrosive environment, which can
lead to hydrogen embrittlement and subsequent acceleration of crack initiation
and propagation. In contrast, ME20
showed no reduction of the estimated corrosion fatigue strength compared to the
specimen tested in air. The smooth progression of the mean corrosion potential
suggests, that a stable passive layer is
formed, which only breaks down at high
cyclic loads. As a result, ME20 showed no
signs of embrittlement compared to the
test in air, since the base material of the
specimen is probably protected by the
passive layer.
In summary, the load increase test and
the measured material responses showed an
interesting material behavior of both materials, which has to be further investigated in
future mechanism-oriented tests to precisely assign the measured responses to the
corresponding microstructural processes.
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Abstract
Bewertung des Schwingungsrisskorrosionsverhaltens der stranggepressten Magnesiumlegierungen AZ31 und ME20. Das Schwingungsrisskorrosionsverhalten der stranggepressten Magnesiumlegierungen
AZ31 und ME20 wurde in Laststeigerungsversuchen in 5 Gew.-% NaClLösung untersucht. Die Ergebnisse wurden in Beziehung zum jeweiligen
Korrosionsverhalten gesetzt, das sowohl in Immersionstests als auch
durch mikrostrukturelle Untersuchungen nach Vorkorrosion charakterisiert wurde. ME20 zeigte gegenüber AZ31 einen überlegenen Korrosionswiderstand, der vermutlich einer besseren Passivierungsneigung aufgrund von Kornfeinung durch die Anwesenheit seltener Erden als Legierungselemente zugeschrieben werden kann. Entsprechend dieser
Ergebnisse zeigte ME20 in vergleichenden Laststeigerungsversuchen an
Luft und in 5 Gew.-% NaCl Lösung keine Unterschiede im zyklischen Verformungsverhalten, wohingegen für AZ31 sowohl eine Reduzierung der
Ermüdungsfestigkeit als auch Anzeichen für Versprödung aufgrund der
mechanisch-medialen Belastung beobachtet werden konnten.
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