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The microstructural changes and corrosion response of Resoloy®, a resorbable
Mg-Dy-based alloy, are the focus of this study. Hardness, tensile and com-
pressive, and bending tests are used to monitor the changes in the mechanical
properties of this material. The corrosion behavior is investigated by stress
corrosion of C-rings. Hot-extruded tubes are solution heat-treated at different
temperatures and times. The as-extruded condition shows a homogeneous
fine-grained microstructure with matrix long-period stacking-ordered (LPSO)
structures. Heat treatment at low temperatures and for short times does not
significantly change the microstructure but reduces the hardness. Solution
heat treatment at relatively high annealing temperatures and long annealing
times causes grain growth, resulting in reduced hardness. The microstructure
becomes inhomogeneous, medium-sized grains grow, the matrix LPSO struc-
tures dissolve, and small bulk LPSO phases develop. The matrix LPSO
structures have a positive effect on the corrosion behavior. In particular, the
short-term annealing condition shows the most uniform corrosion morphology.

Resoloy® is not free of pitting corrosion, but none of the samples fails by

cracking.

INTRODUCTION

The interest in bioabsorbable metals as implants
for temporary fixation continues to grow.'”® Mag-
nesium alloys show significant promise, and the
WE43 alloy is already used clinically.*® WE43 is a
Mg-Y-RE-based alloy, where RE represents a mix-
ture of rare earth elements containing primarily
Nd. WE43 is a high-strength alloy with an accept-
able biological response.®® The alloying, manufac-
turing route and post-heat treatment influence the
mechanical and corrosion properties of this mate-
rial. Nd, for example, is known to form stable inter-
metallic phases at grain boundaries, as Nd has a low
solid solubility in Mg and is therefore added to
provide precipitation strengthening. It has also
been reported that Nd is added to improve the
corrosion resistance of Mg alloys by reducing the
effect of galvanic corrosion between the secondary
phases and the matrix and making the surface film
more passive.” !
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Whereas WE43 was originally developed as a
creep-resistant alloy for aerospace applications, the
alloy in this study was developed specifically for
absorbable implants by MEKO Laser Materials
Processing, Germany, and the Helmholtz Center
Geesthacht, Germany.'? Resoloy® is an alloy based
on Mgl0Dy-1Nd with excellent strength and duc-
tility. Dy has a high solubility in Mg (23.5 wt.% at
561°C), which enables tuning of both the mechan-
ical and corrosion properties through the Dy content
and heat treatment. Dy has also shown good
cytocompatibility according to an in vitro study on
its cytotoxicity and inflammatory response.'® In the
as-cast condition, Mg-10Dy alloy exhibits the best
combination of mechanical and corrosion proper-
ties,’* and alloying Gd and Zr has yielded an
improvement in the mechanical properties.'® Con-
siderable age hardening is recognized in alloys with
higher Dy contents. However, in comparison to Mg—
Gd (Gd has a similar high solubility, and Mg-10Gd
is also used as a base alloy), Mg-Dy alloys are less
stable at elevated temperatures.'® In a study by Li
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et al.,'” a rapid aging response was found in a Mg-
Dy-Gd—Nd alloy. In-situ solidification exgeriments
on Mg20Dy and Mg20Dy alloyed with Zr'® revealed
Mg,,Dys as a secondary phase.

Zmn is a very common alloying element that forms
intermetallic phases with Zr, RE and Mg and
reduces the grain size. Both of these effects result
in 1mproved mechanical properties and enhanced
corrosion resistance.'® Zirconium is added to Mg
alloys as a grain refiner by providing nucleating
sites or by restricting grain growth. According to
Hall-Petch  strengthening, grain refinement
improves the yield strength The solubility of Zr at
room temperature is 0.2 wt.%. Zr is found to be
biocompatible in small amounts. Yang® has shown
that the addition of 0.2 wt.% Zr to a binary Mg-Dy
alloy increases the tensile yield strength of the alloy
by approximately 20-50% and the elongation from
5% to ~ 22% (also an important effect of grain
refinement). Considering their strength and good
biocompatibility, Mg-Zn-Zr alloys (ZK alloys) are
considered biodegradable magnesmm alloys ZK
alloys with smaller amounts of zinc and zirconium,
ZK30, show lower degradation rates and less hydro-
gen evolution than ZK60, with higher zinc and
zirconium contents.?? ZK30 alloy showed insignifi-
cant cytotoxicity against bone marrow stromal cells
compared with biocompatible hydroxyapatite (HA)
and a WE-type alloy.

With Zn and RE siting on close-packed atomic
layers, some Mg-RE-Zn systems (RE =Y, Gd, Th,
Dy, Ho, Er, Tm) form various novel long period
stackmg ordered (LPSO) structures,? which
appear in bulk, lamellar block and rod shapes and
increase 2plastlclty and toughness by significant
amounts. Furthermore, due to their barrier
effects, LPSO structures impact the corrosion resis-
tance of magnesium alloys. Evenly distributed
lamellar LPSO structures throughout the whole
grain provide better corrosion resistance than the
coarser accumulations often observed at grain
boundaries.?® In a study by Leng et al.,’ the
mechanical properties of Mg-Y-Er-Zn alloy with
LPSO structures could be maintained at a high level
under immersion in simulated body fluid (SBF) for
240 h. It has been reported that RE improved the
formation of pass1ve layers and slowed the corrosion
of the matrix.3132

In a study by Steinacker et al.,>® heat treatment
of Resoloy® (extruded EZK1110 alloy) yielded an
increased number of LPSO structures with increas-
ing heat treatment time. These LPSO structures
form either within the matrix or as bulk phases by
diffusion of alloying elements out of the intermetal-
lic phase. Their individual chemical composition is
influenced by the temperature and time of the heat
treatment. With optimized heat treatment, a uni-
form distribution of LPSO phases and thus
improved corrosion behavior can be achieved. An
optimized grain size, a fine distribution of inter-
metallics and the right amount of LPSO phase,

which acts as a barrier to the corrosion process,
have a positive effect on corrosion behavior. In the
study bag Steinacker et al.,* solution heat-treated
Resoloy™ with optimized LPSO structures reaches
low corrosion rates similar to those of the fine-
recrystallized as-extruded condition. However, the
study only covers corrosion rates for up to 7 days.
Future work should extend the corrosion test dura-
tion and ensure that the manufacturing route has
been optimized to meet the required mechanical and
corrosion properties.

Biomedical applications require a moderate,
homogeneous corrosion rate to avoid strong hydro-
gen evolution and pitting corrosion. The corrosion
morphology is often characterized by the appear-
ance of local corrosion. The amount of pitting
corrosion can be seen either by visual observation
or by calculation of the area percentage of the
corroded surface. According to ASTM guidance
pitting can be descrlbed by the shape, size, and
number of pits.** Harmful pits are deep and narrow,
causing a strong reduction in the cross- sectional
area and increased stress intensity during mechan-
ical loading, and acting as notches and therefore as
crack initiators. Harmless pits are wide and shal-
low; if these pits overlap during corrosion, a uniform
corrosion morphology develops. Furthermore, the
pitting factor resulting from the deepest corrosion
pits in relation to the average corrosion, as well as
the shape and size of the corrosion gits, is used to
describe the corrosion morphology.®® The corrosion
behavior depends on various factors, such as the
grain size, size and distribution of intermetallics,
thermomechanical history, and surface quality.

However the corrosion rate of Resoloy® is rela-
tively low.'? The alloying elements and their com-
bination cause a complex microstructure, which has
an 1mportant influence on the corrosion behavior.
Resoloy in wire form, produced by Fort Wayne
Metals,?® provides tensile strengths exceeding
500 MPa in the cold drawn state. Additional anneal-
ing reduces the strength but substantially increases
the ductility. The high elasticity of Resoloy® pro-
vides excellent fatigue life in air.?” A study still in
progress>® presents the superior in vivo handling
properties of Resoloy® as filaments for peripheral
nerve repair compared to pure Mg monofilaments;
Resoloy® filaments are more flexible and resistant
to damage than pure Mg monofilaments. Further-
more, the Dy-containing precipitates do not appear
to be toxic.

Magnesium alloys are susceptible to stress corro-
sion cracking, but certain alloying elements
1ncrease the stress corrosion cracking (SCC) resis-
tance.*"*? After hot deformation, M§-Y -Zn*? shows
good resistance to SCC, and Rokhhn reported that
Nd addition to Mg—Zn—Zr increased SCC resistance.
There are no data found in the literature on the
stress corrosion of Resoloy®. Even long-term U-bend
or C-ring tests offer advantages in terms of ease of
fabrication and methodology,?>*° but are hardly
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applied to magnesium, mostly due to the high
corrosion rate of magnesium alloys, which reduces
the sample volume rather than causing stress
corrosion. Typically, the pitting corrosion (leading
to increased stress intensity because of the notch
effect) in, and strong volume loss of, the samples are
expected to cause failure by mechanical overload
instead of stress corrosion cracking. However, since
the corrosion rate of Resoloy® is rather low, C-ring
tests with constant strain have been chosen to
investigate material extruded in tubes.

EXPERIMENTAL
Processing and Materials Testing

Resoloy® (Mg-10Dy-1Nd-1Zn-0.2Zr, where chem-
ical composition is given in weight percent) alloy
was cast using permanent mold direct chill cast-
ing*® at the Helmholtz Centre in Geesthacht, Ger-
many. After a short annealing (15 min at 500°C),
tubes were indirect hot-extruded at the Extrusion
Research and Development Center of TU Berlin at
an overall temperature of 400°C, a ram speed of
1.5 mm/s and an extrusion ratio of 19:1. The as-
extruded tubes had an outer diameter of 35 mm
with a wall thickness of 5 mm. Annealing and
solution heat treatment were performed at two
temperatures: 200°C for 4 h and 500°C for 24, 48
and 72 h. The samples were cooled in water of a
temperature of 55°C. To understand the influence of
Zr and Zn, Mg-10Dy and Mg-10Dy-1Nd tubes were
used for comparison of the mechanical properties.

The rings of the tubes for metallographic and
hardness investigations were prepared for optical
microscopy by grinding with SiC paper to a grit size
of 4000. Afterwards, the samples were polished with
water-free colloidal silica and 3, 1 and 0.04 yum
diamond paste. The samples were then cleaned with
ethanol and dried with hot air. The samples were
etched in a solution prepared with 4.2 g picric acid,
10 ml acetic acid 100%, 10 ml distilled water, and
70 ml ethanol. The samples were examined with
light microscopy (Leica DMi 8 A). IMAGIC IMS
software was used for the evaluation of the micro-
graphs, including grain size measurements using
the line intercept technique.

For analysis with scanning electron microscopy
(SEM), the specimens were prepared with the
method for optical microscopy without etching. A
TESCAN Vega3 was used for imaging, and the
attached energy dispersive X-ray spectroscopy
(EDS) system was used to analyze the chemical
composition. For transmission electron microscopy
(TEM), the specimens were first manually ground to
approximately 150 um thickness. Discs 3 mm in
diameter were cut from the prepared foil. The discs
were further thinned by electropolishing using a
Fishione twin jet polisher with 1.5% perchloric acid
at a voltage of 50 V and a temperature of — 45°C.
The TEM examination was conducted with an FEI
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CM200 transmission electron microscope with an
attached EDS system.

The Vickers hardnesses, HV1 and HVO0.2, were
tested with a ZHU2.5 by Zwick with 30 indents per
condition, and the average values are reported. The
tensile properties were measured at room temper-
ature with a TIRA mechanical testing machine at
an initial speed of 2.4 mm/min. The samples had a
gauge length of 20 mm and were 2 mm thick and
5 mm wide. Compression tests were performed on
cylindrical samples with a height of 4 mm and a
diameter of 2 mm.

C-ring tests

Figure 1la shows the geometry of the C-ring
samples. The samples were machined from
extruded tubes with an outer diameter of 34 mm.
The wall thickness was chosen to be 2 mm. Bending
tests (Fig. 1b) were performed with a TIRA testing
machine to evaluate the elastic—plastic transition,
the plastic strengthening, and the amount of stored
elastic energy. The force—displacement curves were
monitored up to a displacement of 7 mm, at which
point the geometry of the C-Ring changed into a
“closed” elliptic geometry. Because the test had
neither a uniaxial loading condition nor a standard
3-point bending test geometry, there was no calcu-
lation of stress—strain. The force—displacement
curves were only used for comparison with those
from the identical C-ring geometry.

Corrosion Tests

Two types of loading conditions were applied in
the immersion tests. (1) Plastically deformed sam-
ples (after spring-back) were corroded to investigate
the influence of work (strain) hardening, and (2)
elastic—plastic-loaded samples were corroded to
determine the influence of additional elastic loading
(stress corrosion) on the corrosion behavior. Here, a
POM setup was used to clamp the C-rings to a
certain strain (displacement), as shown in Fig. lc.
The POM setup consisted of plates and screws and
was designed to eliminate creep. In (1), the samples
were bent to 7 mm displacement, moved from the
testing machine to allow spring back and then
corroded over 7 and 20 days in 330 ml stagnant
Ringer solution (3 samples each) at 37°C in a glass
beaker with a cover. Before corrosion, the samples
were cleaned in an ultrasonic bath in ethanol.
Ringer solution, being more aggressive than HBSS
or DMEM, was chosen for the corrosion tests. The
pH value did not exceed 8.5. In (2), the C-ring
samples were elastically and plastically loaded in
the POM setup at 7 mm displacement and held for
20 days in 500 ml Ringer solution (3 samples each)
at 37°C. Figure 1lc shows the C-ring sample during
stress corrosion clamped in the POM plates of the
setup. To cover the samples in the POM setup with
electrolyte, distilled water was added every 5 days
to account for evaporative loss. The pH value did not
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Fig. 1. C-Ring samples: (a) sketch of geometry, (b) bending test, before and after, and (c) during stress corrosion in the POM setup

exceed 8.5 (measured at the end of the immersion
test).

Corrosion Morphology

The corroded C-rings, having a length of 10 mm,
were “sectioned” transversely by grinding first to
approximately 7 mm length and then to 5.0 mm
from one of the ring sides. For both steps, the
corrosion morphology is determined from the micro-
graphs and described according to ASTM G46-76,3*
a standard visual chart for rating pitting corrosion.
The depth and width of the corrosion pits were used
to describe the amount of corrosion.

RESULTS AND DISCUSSION
Microstructure

The as-extruded Resoloy® shows a homogeneous,
small-grained recrystallized microstructure; see
transverse micrographs in Fig. 2a and b. The aver-
age grain size is 9.4 + 6.62 um. In the longitudinal
micrograph (see supplementary Fig. S1), the extru-
sion direction can be seen by the alignment of the
MgDyNdZn intermetallics, which are mostly of the
composition Mgg;Dy11NdsZn;. Lamellar LPSO
structures precipitated during the recrystallization
process within the matrix (lamellar matrix LPSO)
during hot extrusion. Short annealing at 200°C for
4 h does not significantly change the microstruc-
ture, and the average grain size is 8.77 + 6.90 um
(see Fig. 2¢). There is still a significant difference
between the transverse cross-section and the longi-
tudinal microstructure regarding the alignment of
the second phase in the extrusion direction. Solu-
tion heat treatment at 500°C results in grain growth
(see Fig. 3d-f). After 24 h, the grains have grown to
33.1 + 28.25 um, and, after 48 h, to
45.63 + 41.23 um. There is still a difference
between the microstructures in the transverse and
longitudinal directions, but this difference is not as
pronounced. During solution heat treatment, the
composition of the MgDyNdZn phases changes due
to diffusion of Dy, Nd and Zn out of this phase. Bulk
LPSO phases develop at grain boundaries and
boundary triple points but also within the grains
as individual new grains in rod or block shapes. The

lamellar matrix LPSO becomes less pronounced.
With increasing annealing time, the bulk LPSO
phases become increasingly larger (also because
some of them cluster). However, these phases do not
prevent the grains from growing in general. After
72 h, the average grain size decreases slightly to
39.28 + 28.22 um. This change is based on the
higher number of small bulk LPSO phases, which
reduces the average grain size even though grain
growth occurs (average grain size without the small
bulk LPSO phases increases constantly up to 72 h).
There is no difference between the longitudinal
microstructure and that of the transverse cross-
section.

There seems to be a stronger diffusion of Dy, Zn
and Nd atoms to the existing lamellar LPSO
structures as well as being associated with the
formation of new LPSO structures within the
matrix: a higher enrichment of Dy, Zn, Nd is found
in the matrix containing lamellar LPSO than in the
bulk LPSO phases. The composition of the bulk
LPSO phase (see marked phase in TEM image in
Fig. 3a and ¢ and EDS spectrum in Fig. 3c) is 23.05
wt.% Dy, 6.87 wt.% Zn and 2.72 wt.% Nd, whereas
the lamellar LPSO structures in the matrix (see
marked structure in TEM image and EDS spectrum
in Fig. 3b) consist of 31.65 wt.% Dy, 10.32 wt.% Zn,
3,51 wt.% Nd and 0.07 wt.% Zr. The matrix areas
free of LPSO phases (see TEM image and EDS
spectrum in Fig. 3a) show a composition of 10.79
wt.% Dy, 0.86 wt.% Zn, 1.32 wt.% Nd and 0.03 wt.%
Zr.

Mechanical Properties

Force—displacement curves from the bending
tests on the C-rings are shown in Fig. 4a. These
curves offer evaluations of the elastic—plastic tran-
sition, the bending stiffness (and resulting spring-
back), and the strain-hardening amount (slope in
the plastic region). The maximum amount of dis-
placement of 7 mm was chosen. It can be seen that
annealing at 200°C for 4 h does not change the
force—displacement curve by a great amount: the
bending stiffness, strain hardening and force are
similar to those of the as-extruded sample at 7 mm
displacement. This result occurs because there are
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Fig. 2. Transverse microstructures of Resoloy®: (a and b) as-extruded, (c) 200°C for 4 h, (d) 500°C for 24 h, (e) 500°C for 48 h and (f) 500°C for
72 h
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Fig. 3. TEM images of extruded samples heat treated at 500°C for 24 h: (a) matrix and bulk LPSO phase, (b) lamellar LPSO structures within the
matrix and (c) higher magnification of bulk LPSO particle and the corresponding EDS spectra (the EDS spectrum in (a) is of the LPSO-free
matrix)

no dramatic change in grain size; see the bar residual stress from extrusion is relieved. Solution
chart in Fig. 4b. However, the hardness decreases heat treatment at 500°C causes a remarkable
slightly from 77.7 HV to 73.7 HV. Most likely, some change in the force-displacement curves: the
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Fig. 4. Mechanical properties of Resoloy®: (a) force—displacement curves of bending tests of up to a displacement of 7 mm, (b) hardness and (c)

tensile and compressive properties

bending stiffness is slightly reduced, and yielding
starts at lower forces, leading to a smaller force at
7 mm displacement (from approximately 180 N to
approximately 140 N). The increase in grain size
from below 10 ym to above 30 um is mostly respon-
sible for this result, which agrees with the Hall-
Petch relationship. Again, the hardness offers some
detailed characterization: after reduction to 67.9 HV
at 48 h, the hardness increases slightly to 68.6 HV.
Even though coarser grains develop under anneal-
ing at 500°C, the bulk LPSO phases act positively
on the hardness and are also responsible for the
even smaller average grain size after 72 h (39.3 um)
than after 48 h (45.6 ym). The large standard
deviations of the hardness and grain size values of
the heat-treated conditions are remarkable. How-
ever, the small bulk LPSO phase is smaller than
15 um, and the large grains almost reach 150 ym.
Since the elastic—plastic transitions (yield force) and
stiffness of the as-extruded samples and samples
heat treated at 200°C are the highest under bending
(Fig. 4a), the amount of spring-back is also higher
than that in the heat-treated conditions at 500°C.
Comparing the force data at 7 mm displacement
and the hardness to those of alloys Mg-10Dy and
Mgl0Dy-1Nd in the as-extruded condition, the
following can be found: 130 N for Mg-10Dy (61.0
HV) and 145 N for Mg10Dy-1Nd (67.1 HV). These
results show that adding Zn and Zr improves the
mechanical properties of the material, mainly based
on grain refinement and the formation of lamellar
LPSO structures within the matrix.

The stress—strain curves in Fig. 4c show repre-
sentative curves from the tensile and compression
tests of the as-extruded Resoloy® and after heat
treatment at 500°C for 48 h. In agreement with the
bending tests, heat treatment reduces strength;
here, for the 500°C-48 h condition, a reduction in
tensile yield strength from (TYS)
130.17 + 3.25 MPa to 94.50 & 0.71 MPa (ultimate
tensile strength from 256.33 £ 1.53 MPa to
230.00 & 1.41 MPa) can be found. The elongation
at fracture decreases from 30.66 + 4.98% to
24.01 £+ 0.23%. The compression yield strength

(CYS) decreases from 135.50 + 6.36 MPa to
102.50 £+ 26.16 MPa (ultimate compression
strength from 396.61 + 4.30 MPa to
355.68 &+ 6.04 MPa). Under compressive loading,
the strain at compression fracture increases slightly
from 17.82 + 0.45% to 18.83 + 0.16%. According to
the yield strength values, there is no pronounced
yield stress asymmetry in the as-extruded Resoloy®;
CYS/TYS is 1.04. The CYS is slightly higher and
increases in relation to the TYS for a heat treatment
of 500°C for 48 h, with CYS/TYS increasing to 1.08.

Corrosion

Figure 5a—e presents photographs of the tension
side of the corroded samples after 20 days. There is
no thick corrosion layer of white Mg-hydroxide and
no significant visual difference between the as-
extruded Resoloy®-only plastically deformed sam-
ples corroded over 7 and 20 days and the elastic—
plastic-loaded samples corroded over 20 days (stress
corrosion), the tension and compression sides, or the
different heat treatments. All the samples have lost
their metallic shine and appear gray to black with
some local white corrosion products. However, none
of the samples fail during the tests by crack
initiation and propagation. From the visual appear-
ance, a general smooth corrosion morphology with-
out large pitting corrosion is expected. The
increased amount of corrosion product in Fig. 5b
and d indicates localized corrosion, but the proxim-
ity to the edge of the sample suggests that residual
stress from manufacturing could contribute.

Figure 6a—f shows representative cross-sectional
macrographs after 20 days of corrosion to evaluate
the general morphology (there is no visual corrosion
attack in the macrographs after 7 days of corrosion).
Comparing Fig. 6a and b shows that there is no
difference between the only plastically deformed C-
Ring and the elastic—plastic-loaded C-ring. Both C-
rings show corrosion attack on the tensile side and
hardly any attack on the compression side. The pits
in the as-extruded condition are mostly elliptical
shaped and wide and shallow. Heat treatment at
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10 mm

Fig. 5. Corroded C-rings after 20 days: (a) as-extruded, (b) 200°C for 4 h, (c) 500°C for 24 h, (d) 500°C for 48 h and (e) 500°C for 72 h (b—e:

elastic—plastic-loaded)
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Fig. 6. Representative macrographs of C-rings after corrosion over 20 days: (a) as-extruded, only plastically deformed, (b) as-extruded, (c)
200°C for 4 h, (d) 500°C for 24 h, (e) 500°C for 48 h and (f) 500°C for 72 h (b—f: elastic—plastic-loaded)

200°C for 4 h (Fig. 6¢) results in no significant pit
formation on either the tensile side or the compres-
sion side. Only one large corrosion pit is found on
the compression side. This heat treatment condition
is the best among the investigated conditions. The
grain size is still small, the amount of lamellar
matrix LPSO structures is still adequate, and some
residual stress from extrusion is relieved. In Fig. 6-
d—f, heat treatment at 500°C causes large corrosion
pits after 20 days. Heat treatment at 500°C also
causes elliptical pits and undercutting pits. Most of
the pits are in the area opposite the C-ring opening,
where the highest strain is expected. Furthermore,
the as-extruded condition showed preferential cor-
rosion on the tensile side and the 500°C heat-
treated samples corroded preferentially on the
compression side. This result leads to the under-
standing that the fine-grained microstructure with
matrix LPSO structures is not able to form a dense
passive layer under tension stress when there is no
stress relief heat treatment. Here, the aligned
intermetallic phases seem to cause microgalvanic
cells under sufficient residual stress, leading to a

local porosity overlapped by tension stress and
allowing a corrosion pit to grow. On the other hand,
the coarse-grained structure with fewer matrix
LPSO structures, fewer aligned intermetallics and
more bulk LPSO phase is not resistant to pitting
corrosion under compression stress. The bulk LPSO
phases, which are greater distances apart than the
intermetallics in the as-extruded condition, cause
larger microgalvanic cells. The tensile and compres-
sive strengths seem not to be related to the change
in corrosion behavior: the as-extruded condition
corrodes preferentially on the tension side and the
heat-treated on the compression side. The yield
strength asymmetry does not change significantly,
and the compressive strength even increases in
relation to the tensile strength. Using the elonga-
tion and compression at fracture also seems not to
be related to the change in corrosion behavior: here,
the values are higher under tension, being the
highest in the as-extruded condition, precisely
where the corrosion takes place.

The highest pitting resistivity to tensile and
compressive stress is observed for the 200°C, 4 h
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treatment. The passive layer, built by the right
interplay between grain size, reduced residual
stress, matrix LPSO phase and aligned inter-
metallics, seems dense enough to avoid pitting.
Figure 7a—f shows micrographs of the largest
corrosion pits in the C-rings after corrosion of
plastically deformed Resoloy® in the as-extruded
condition (Fig. 7a) and elastic—plastic-loaded in the
as-extruded (Fig. 7b) and heat-treated conditions
(Fig. 7c—f). The corrosion pit in Fig. 7c (heat treat-
ment of 200°C for 4 h) is the only pit found in this
condition. None of the corrosion pits, neither ellip-
tical nor wide shallow nor undercutting pits, show
any crack initiation under constant loading. There-
fore, none of the alloy conditions investigated show
any hint of stress corrosion cracking on either the
tensile side, which is more favorable to stress
corrosion, or the compressive side. Figure 7e and f
reveals a rather “edgy” corrosion morphology within
the corrosion pits, which suggests an interaction
with straight-lined microstructural features. Some
of the large grains still contain lamellar matrix
LPSO structures. However, there is a much smaller
volume fraction of these structures after heat
treatment at 500°C, allowing the corrosion pit to
form in the first place. It seems that the LPSO

lamella act because of their higher composition of
Dy and Nd and their well-ordered cathodic struc-
ture and remain until the anodic LPSO free matrix
has corroded first.

Figure 8 shows cross-sectional SEM images of
corrosion morphologies in the as-extruded Resoloy®
after 7 days of immersion in the cell culture medium
(Fig. 8a) and a heat-treated condition after 1h
immersion in simulated body fluid (Fig. 8b), based
on previous research by Steinacker et al.** The
images support that the intermetallics (aligned in
the vertical direction) are more noble and act as
cathodes, causing the LPSO-free-Mg matrix to
corrode first (see the change in color to darker gray
and the cracks in Fig. 8a). Lamellar matrix LPSO
structures with small distances between LPSO
lamella slow corrosion, and the continuous network
of stacking-ordered structures with a high density of
RE and its passivating nature enable the formation
of a protective surface layer (see Fig. 8b). When the
distance between the LPSO lamella is slightly
greater, the LPSO-free matrix corrodes first, and
the LPSO lamella clearly act as cathodes.

Long distances between LPSO lamella and bulk
LPSO phases, which cause microgalvanic cells to
the LPSO-free matrix, can hinder the formation of a

(@) (b)

(d)

Fig. 7. Micrographs of pits in corroded C-Rings after corrosion over 20 days: (a) as-extruded, only plastically deformed, (b) as-extruded, elastic—
plastic-loaded, (c) 200°C 4 h, (d) 500°C 24 h, (e) 500°C 48 h and (f) 500°C 72 h showing worst case pitting corrosion
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Fig. 8. SEM imaging of cross-sectional micrographs presenting corrosion morphology of (a) as-extruded Resoloy® after 7 days of immersion in
cell culture medium and (b) a heat-treated condition after 1 h immersion in SBF

dense passive layer. These porous areas lead to
channeling and initiate corrosion pitting. Therefore,
a microstructure designed to resist pitting should
have closely spaced LPSO lamellae, fine and recrys-
tallized grains, and fine and uniformly dispersed
intermetallics.

CONCLUSION

The comparison of the mechanical properties,
microstructural features and corrosion behavior of
Resoloy® in various heat-treated conditions to those
of as-extruded conditions is the focus of this study.
Tubes with an outer diameter of 35 mm and a wall
thickness of 5 mm are hot-extruded after a short
annealing after casting. The hardness and strength
are found to be the highest in the as-extruded
condition. The microstructure is homogeneously
fine-grained recrystallized, and LPSO structures
are found within the matrix grains. Annealing at
200°C for 4 h does not change the microstructure
significantly but reduces the hardness as a result of
relieving residual work hardening. Solution heat
treatment at 500°C for 24 h and 48 h causes
average grain growth, resulting in reduced hard-
ness. The microstructure becomes inhomogeneous:
medium grains have grown, and small bulk LPSO
phases develop. While the matrix grain size
increases after 72 h of annealing at 500°C, addi-
tional formation of bulk LPSO phases leads to a
slightly increased hardness. There is no obvious
difference between the corrosion behaviors under
different loading conditions for the as-extruded
Resoloy® C-Rings over 20 days: both the “only
plastically deformed” and “elastic—plastic-loaded”
samples show a few corrosion pits on the tension
side and no pits on the compression side. The short
annealing at 200°C for 4 h improves the corrosion
behavior on the tension side: no deep corrosion pits
are found. However, annealing causes a stronger
corrosion attack on the compression side. In partic-
ular, annealing at 500°C for 72 h causes grain

growth and loss of LPSO structures in the matrix;
large corrosion pits form, mostly elliptical shaped
and wide and shallow, and some start to undercut.
All the conditions survive the corrosion tests. Ulti-
mately, Resoloy® is not free of pitting corrosion
under the condition investigated, but none of the
samples fails by cracking.
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