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The in�uence of equal channel angular pressing and rotary swaging on the microstructure and corrosion
resistance was investigated in three magnesium alloys with the addition of aluminum, lithium and rare earth
elements � AE21, AE42 and LAE442. The processing resulted in grain re�nement in all cases; nevertheless, the
e�ect on the corrosion resistance was ambiguous. A continuous increase of the polarization resistance during the
gradual equal channel angular pressing was observed in the AE42 and LAE442 alloys, whereas there was almost no
e�ect in the AE21 alloy. The rotary swaging of AE42 resulted in a decrease of polarization resistance. The increase
of polarization resistance in the alloys with the higher concentration of alloying elements was caused by the combined
e�ect of grain re�nement and better dispersion of particles in the matrix thanks to shear deformation during equal
channel angular pressing. In the AE42 alloy, the increase of the corrosion resistance after equal channel angular
pressing was also proven by chemical analysis of the solution and acoustic emission detection. This bene�cial
e�ect was not observed when the concentration of alloying elements was lower or when the deformation mode was
di�erent from shearing.
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1. Introduction

Magnesium alloys are a very attractive material for
structural components due to their excellent strength to
weight ratio. At present time, magnesium alloys are com-
monly used in the automotive industry, but their biocom-
patibility and biodegrability also provide possibilities for
biomedical applications, such as e.g. degradable stents
or bone fracture �xation pins [1�5]. For a successful ap-
plication of magnesium as a biodegradable material, the
following issues are critical:

� The lifetime of the implant;

� The strength during the degradation period;

� The corrosion resistance;

� The non-toxicity as a prerequisite for biocompati-
bility and biodegradability;

� The osteoconductivity.
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Concerning the �rst three issues, the possible ways to
achieve favorable properties are similar and related to
the manipulation of the (i) composition of the alloys and
(ii) the microstructure of the material. The surface treat-
ment is not suitable for the control of the corrosion rate in
this case, as a constant rate has to be maintained in the
whole implant during the degradation period. The last
two issues are strongly connected to the composition of
the alloy and therefore the investigated alloys should be
selected very carefully.
After Heublein successfully tested an AE21 coronary

stent in domestic pigs in 2003 [1], the research in the
�eld of bio-implants began to develop signi�cantly and
new types of the alloys were needed. In this �eld of
application, superior properties were found in the mag-
nesium alloys containing rare earths (E). Today's alloys
with the top properties from the in vivo tests are WE43
and LAE442, containing yttrium (W) and lithium (L) [2�
4, 6]. The AE42 alloy is a commercially successful high
temperature creep resistant alloy [7] and is considered for
studying because it is an interstage between the LAE442
and AE21 alloys.
AE type alloys (AE21, AE42) are well-known alloys

with a documented microstructure. Both aluminum and
rare earth additions improve the mechanical properties
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and support grain re�nement [8]. Furthermore, the
rare earth component improves the creep resistance.
The presence of aluminum and rare earth elements pro-
vides dispersoids of Al11RE3 that reduce the mobility of
grain boundaries and stabilize the �ne-grain structure [9].
These alloys were also reported as being suitably de-
formable and corrosion resistant [10]. An even better cor-
rosion resistance has been reported for LAE alloys with
the addition of lithium [11], but the microstructure and
mechanical properties have not been investigated yet.
The discussion about aluminum as a suitable alloying

element for the magnesium-based biodegradable implants
is still vital. There is a connection between aluminum
and Alzheimer's disease, but the degradation rate of the
implant is necessarily very low, and therefore the doses
of aluminum should also be negligible. There are pa-
pers showing no negative e�ect of magnesium-based im-
plants with an aluminum addition. Moreover, enhanced
osteoblastic activity was reported when the weight per-
centage of the aluminum in the magnesium alloy was not
exceeding 9% [11, 12].
The corrosion layer that develops on the surface of the

material is crucial for its corrosion properties. In the
case of larger degradable implants, it is not possible to
increase the corrosion resistance by a deposition of a pro-
tective layer since such a layer would either stop the
degradation completely or, in case of its eventual failure,
the degradation rate would be uncontrolled. The latest
research showed another way to enhance the corrosion
resistance in magnesium based alloys � to achieve an
ultra�ne-grained (UFG) microstructure. The strength of
UFG materials can be 2�3 higher than that of materi-
als with large (d > 50 µm) grains and simultaneously,
their good workability remains unchanged or is even im-
proved after the grain re�nement. In some cases, the
grain re�nement was also reported to improve the cor-
rosion resistance. There are, in principle, two ways to
produce a material with UFG structure: (i) from an at-
omized material or (ii) by thermomechanical processing.
In the second case, the methods of severe plastic defor-
mation (SPD) are very e�ective.
Many SPD techniques have been developed. The equal

channel angular pressing (ECAP), �rst reported by Se-
gal [13], is one of the most extensively used SPD tech-
niques. The sample, in the form of a rod or bar, is ma-
chined to �t within the channel and the die is placed in
some form of press so that the sample can be pressed
through the die using a plunger. Shear deformation is
introduced into the sample since the channel is bent in-
side the die. Rotary swaging (abbreviated as RS) is an-
other forming process originally designed for reducing
cross-sections of rod and tube materials in many indus-
trial applications [14]. Recently, it attracted the interest
of researchers as it allows processing rods of pure mag-
nesium and magnesium alloys more e�ciently than the
classical die-casting and extrusion. The main reason is
the lower temperature and higher velocity of processing
as compared to the extrusion [15, 16]. By optimizing

the processing conditions of RS (temperature, feeding
velocity) one may attain even �ner-grained microstruc-
ture than by direct or indirect extrusion [17]. Our earlier
study indicated enhanced strength without substantial
deterioration of ductility and enhanced fatigue proper-
ties in RS ZK60 alloy as compared to ECAP processed
material [18].
The ECAP processing was found to increase the cor-

rosion resistance in AZ31 and ZE41A magnesium al-
loys [19, 20] and AE42 alloy [21, 22]. In contradiction
to these results are papers reporting that ECAP pro-
cessing weaken the corrosion resistance with increasing
number of routes, e.g. [23]. The ideal example of such
a controversy are two papers, both reporting evolution
of the corrosion resistance of pure magnesium in NaCl
aqueous solution, where the �rst reported an increase
of corrosion resistance and the second one a diminishing
corrosion resistance with the increasing number of ECAP
passes [24, 25]. The relation of microstructure to the cor-
rosion properties is a complicated problem which still has
to be solved. The aim of this paper is to contribute to
the understanding of these phenomena.

2. Experimental methods

Three magnesium alloys with a potential for biomed-
ical applications were investigated in this study: AE21,
AE42 and LAE442. The alloys were extruded at the
temperature of T = 350 ◦C and the extrusion ratio of
ER = 22. The billets for ECAP, with the initial di-
mensions of 10 mm × 10 mm × 100 mm, were machined
from the extruded bar. ECAP processing was carried out
up to twelve passes (12P) following route Bc. The an-
gle between two intersecting channels was 90◦. The pro-
cessing was performed between 185�230 ◦C at the rate of
5�10 mm/min. In the case of the AE42 alloy, the sec-
ond part of the extruded rods was swaged at an initial
temperature of 250 ◦C. A 4-hammer rotary swaging sys-
tem was used. Swaging was performed in 5 steps with
an intermediate 5 min reheating. During swaging, the
as-extruded diameter was reduced from 16 to 7.5 mm.
The microstructure after ECAP processing was stud-

ied with the scanning electron microscope (SEM)
FEI Quanta equipped with the EDAX EBSD camera.
The specimens were cut from the billet with the investi-
gated surface perpendicular to the processing direction.
The samples were mechanically polished with a grain size
decreasing down to 0.25 µm and afterwards ion polished
using the Gatan PIPS� ion mill.
The e�ect of ECAP processing on the corrosion re-

sistance was investigated by the linear polarization
method. The measurements were performed using a
three-electrode setup and controlled by the potentiostat
AUTOLAB128N. The samples were cut perpendicular
to the processing direction and the exposed surface was
ground with 1200 grit emery paper before each mea-
surement. The measurements were performed in the
0.1 M NaCl solution with an initial pH of 7 after �ve min-
utes of stabilization. The characteristics were measured
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in the potential range from −150 mV to 200 mV with
respect to open circuit potential (OCP) with a constant
scan rate of 1 mV s−1. Additional rotation of 300 rpm was
introduced to the sample to provide better homogeneity
of the measurement. At least three measurements were
performed for each sample/condition.
Corrosion resistance was also investigated using im-

mersion tests. Samples of AE42 with and without
ECAP treatment were immersed into simulated body
�uid (SBF), pH 7.4 prepared according to Kokubo and
Takadama [26] and agitated at 37 ◦C and 125 rpm for one
week in closed vessels. Surface to volume ratio was 2 mm2

per 1 ml. Triplicates were used for all types of samples.
Thereafter, concentration of magnesium in the extracts
was measured using atomic absorption spectrometry.
The corrosion processes during the layer formation in

the same solution were further investigated by acoustic
emission (AE) method. The AE response was monitored
using a computer controlled DAKEL-CONTI-4 system
on the basis of four channel acquisition (with di�erent
ampli�cation) which allows continuous sampling (with
the frequency of 2 MHz) of the AE signal registered by
a 6 mm piezoelectric transducer MIDI-410-02 with a fre-
quency band 100�600 kHz. This makes possible a com-
prehensive post-processing of the complete stored signal
based on a standard two-threshold level detection (rec-
ommended by ASTM standard E1067-85) using various
parameters of individualization of the AE events [27].
Further information on the analysis of signal and AE pa-
rameters can be found in [28, 29].
Cytotoxicity measurement provided the information

how much the studied specimens are toxic to hu-
man body. Cytotoxicity was studied in vitro on the
cell lines. There were used THP-1 human monocytes
(human monocytic leukemia cells, ECACC 88087201),
which were maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum, 2 mM glutamine and
1% penicillin/streptomycin (PAA Laboratories) at 37 ◦C,
5% CO2. Before experiments THP-1 monocytes were
seeded into 12-well plates at a density approximately
5 × 105/ml. Measurement was performed by determina-
tion of the cell viability using the trypan blue dye exclu-
sion method (Vi-CELL, Cell Viability Analyzer, Beck-
ham Coulter). The cell culture model does not com-
pletely re�ect the situation in vivo where numerous phys-
iological mechanisms are involved, but the cell model
used has been repeatedly proven to be a good approx-
imation of the situation in the tissues [30].

3. Results and discussion

The microstructure after extrusion in all three inves-
tigated alloys was documented by EBSD and the results
are presented in Fig. 1. The extrusion conditions were
the same for all three alloys; however, a di�erence was
observed between the AE-group and the LAE442 alloy.
Grain size distribution in the AE21 and the AE42 alloy
exhibited a bimodal character with a high area fraction of

small grains of ≈ 3−6 µm in diameter, see Fig. 1a and b.
This indicates that in these alloys, the microstructure re-
sulted from partial dynamic recrystallization [31]. On the
other hand, the LAE442 alloy was formed by recrystal-
lized equiaxed grains of an average size of 20−40 µm,
see Fig. 1c.

Fig. 1. EBSD micrographs of the extruded samples
(a) AE21, (b) AE42, (c) LAE442.

Fig. 2. EBSD micrographs after ECAP processing
(a) AE21, (b) AE42, (c) LAE442 and after RS (d) AE42.

The processing by ECAP led to a signi�cant grain re-
�nement with the resulting average grain size of ≈1.5 µm
in all three investigated alloys, as depicted in Fig. 2.
The average grain size in the re�ned condition is com-
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parable to other magnesium alloys processed in the same
way, see e.g. [32]. In case of AE42 alloy, the process-
ing by RS did not result in such a grain re�nement as
observed after ECAP. Moreover, the microstructure was
not homogeneous through the cross-section of the rods.
The processing resulted in grain size homogenization in
the central area with the average grain size of ≈5 µm
(Fig. 2d), whereas the average grain size in the periph-
eral area was ≈2 µm [33]. The rotary swaging of the
LAE442 alloy resulted in substantial segmentation of the
material, and therefore it is not part of this study.
The average grain size and fraction of high an-

gle boundaries were calculated from the EBSD data.
It should be noted in Fig. 3a that major grain re�nement
was observed after the �rst pass through ECAP in both
AE-type alloys, but in the LAE442 alloy, the grain re-
�nement occurred gradually within the �rst four passes.
This di�erence resulted from the initial microstructure
(as-extruded), where a substantially higher grain size was
observed in the LAE442 alloy [34]. The evolution of
high angle grain boundaries (HAGB) is shown in Fig. 3b.
The HAGB were considered as boundaries with a misori-
entation angle higher than 15◦ [35]. In all studied condi-
tions (ECAP, RS), the length fraction of HAGB was very
high, which indicates a high degree of recrystallization.
In AE42 and LAE442, a typical decrease of the HAGB
fraction was observed after the �rst ECAP pass, which is
associated with grain fragmentation [32]. In the AE21 al-
loy, such decrease was not observed as a result of a lower
fraction of HAGB in the as-extruded condition, which
is a consequence of the fact that only partial dynamic
recrystallization took place during the processing.

Fig. 3. Evolution of (a) average grain size and
(b) length fraction of HAGB on the increasing stage
of processing.

The corrosion resistance of the investigated alloys
was studied by linear polarization measurement. This
method was used to estimate the initial corrosion attack
immediately after immersion into a 0.1 M NaCl solution.
The resulting polarization resistance RP was calculated
according to the Stern�Geary method. The linear �t near
the corrosion potential (E0) of all investigated conditions
is shown in Fig. 4.
The evolution of the calculated polarization resistance

is presented in Fig. 5. In case of the AE21 alloy, the
tests showed almost no di�erence between the extruded
samples and the samples after ECAP processing. On the

Fig. 4. Linear �t near E0 (i = 0 Acm−2) of the
linear polarization data: (a) AE21, (b) AE42-ECAP,
(c) LAE442, and (d) AE42-RS.

Fig. 5. Evolution of the polarization resistance RP cal-
culated from Fig. 4. (RP = 1/slope).

other hand, an evolution of the polarization resistance
was observed in the AE42 and LAE442 alloys, where a
continuous increase was found with the gradual ECAP
processing. Finally, the RS processing of AE42 re-
sulted in a decrease of polarization resistance from 165
to 146 Ω cm2.
The increase of polarization resistance in the alloys

with higher concentration of alloying elements is caused
by better dispersion of alloying elements in the ma-
trix [22]. In these alloys, there is present an aluminum
rich phase (Al11RE3) in the form of secondary phase par-
ticles, which are fragmented and dispersed in the matrix
by the shear deformation during ECAP [13, 22]. Better
distribution of alloying elements together with smaller
grain size resulted in faster formation of a more stable
corrosion layer that suppressed further corrosion. Bet-
ter distribution of secondary phase particles is depicted
in Fig. 6, where a comparison of AE42-Ex and AE42-
8P samples surface after 15 days of immersion is shown.
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After the extrusion, the secondary particles are aligned
in stripes parallel to the processing direction (red ellipse
marks), which are not observed after ECAP. Moreover,
the corrosion layer after ECAP is sti�er and composed
of smaller segments.

Fig. 6. Comparison of the corrosion layer formed on
the (a) AE42-Ex and (b) AE42-8P after 15 days immer-
sion. The red ellipses mark the region rich on Al11RE3

particles.

In the case of RS, the deformation mode is di�erent
from shearing and the dispersion of particles was not
substantially a�ected. The lower polarization resistance
observed in AE42 after RS supports the conclusion that
the distribution of alloying elements considerably a�ects
the resulting corrosion resistance.
Higher corrosion resistance of the AE42 alloy pro-

cessed by ECAP is also supported by results acquired
after a long time immersion in SBF. The corrosion rate
after 7 days of immersion was estimated according to
the concentration of magnesium ions in the solution.
The results showed that the corrosion rates of the AE42
alloy in the as-extruded condition and after the �nal
stage of ECAP were (1.21 ± 0.07) mg/cm2/day and
(1.09±0.03) mg/cm2/day, respectively. Higher corrosion
resistance of the alloy in the condition after ECAP in
the NaCl and SBF solutions points to a general increase
of the corrosion resistance. Therefore, it is likely that
a similar increase could also be expected in the in vivo
case.
A similar positive e�ect of ECAP was recently also

found in other types of materials, e.g. aluminum al-
loys [36]. In coarse-grained AA6061 aluminum alloy, se-
lective corrosion of the individual grains was observed,
leading to the formation of deep and large pits on the
sample surface. The ECAP processing led to the for-
mation of a shallow and uniformly corroded surface [36].
On the other hand, the lower polarization resistance ob-
served in AE42 after RS seems to be in contradiction with
the results for aluminum [37] where an improved corro-
sion resistance was observed after swaging. Nevertheless,
this di�erence can be explained by fast passivation of
the surface in the case of aluminum, contrary to magne-
sium, where the layer needs to be stabilized by alloying
elements.
Comparing the viability of THP-1 human monocytes in

the initial condition (95.4%) and the condition after 24 h
of exposure to AE42 samples (89.1% and 92.2% viability
for the as-extruded and ECAP states, respectively), it

can be concluded that the ECAP processing of the AE42
alloy resulted in substantially lower toxicity for the cells,
compared to the as-extruded samples. Since the com-
position was the same, the di�erence in toxicity can be
attributed to the lower corrosion rate of the AE42 alloy
processed by ECAP.

Fig. 7. Comparison of the AE count rate for the AE42
after extrusion and eight passes through ECAP during
long term immersion.

Acoustic emission related to the progress of corro-
sion [38] was detected during a long term immersion of
AE42 after extrusion and ECAP in a 0.1 M NaCl solu-
tion with a pH of 7. The time dependence of acoustic
activity of both samples is shown in Fig. 7. For all im-
mersion lengths, the AE activity was lower by a factor
of ≈2.5 for the ECAP state compared to the extruded
state, which con�rms a better corrosion resistance in
AE42 after ECAP. The decrease of AE activity in time for
both the as-extruded and the ECAP states is due to the
gradual formation of a protective surface layer [19, 22].
The AE measurements thus fully testify the results of
both the linear polarization and cell viability tests.

4. Conclusions

1. In all three alloys, �ne-grained microstructure was
achieved after SPD. The ECAP processing had al-
most no e�ect on the corrosion resistance of the
AE21 alloy. On the other hand, in the AE42 and
LAE442 alloys, an increase of corrosion resistance
with the increasing number of ECAP passes was
observed. The RS processing of AE42 resulted in a
decrease of corrosion resistance. The concentration
of Mg ions in the solution, the AE count rate and
the toxicity for THP-1 human monocytes decreased
in AE42 after ECAP.

2. In the AE42 and LAE442 alloys, better distribu-
tion of Al containing dispersed particles resulted in
a better corrosion resistance of the �ne-grained mi-
crostructure when compared to the extruded mate-
rial. This bene�cial e�ect was not observed in the
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case of the AE21 alloy with a lower concentration of
alloying elements and in the case of RS processing
where the dispersion of particles was not substan-
tially a�ected due to the fact that the deformation
mode was di�erent from shearing.
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