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ARTICLE INFO ABSTRACT

Keywords: Applications of metallic biomaterials such as sutures, knots, coils and certain types of stents require a compre-

Wires hensive assessment of the resulting property profiles for the intended use case. While the feasibility of wire

Magnesium production and the melting and solidification behavior are a focus for additive manufacturing processing routes,

Alloy development . . . . . . . . . .

Extrusi mechanical properties and their development during a degradation period are of primary interest for biomedical
X{rusion . . P . . . .

Corrosion applications. The development of distinct mechanical properties of magnesium wires can be controlled by the

thermomechanical treatment applied in the manufacturing process and by the alloys used. While the conven-
tional method for wire manufacturing involves drawing processes, direct extrusion using customized dies for
enabling envisioned high degrees of deformation allows a single-stage wire production. Depending on the alloy
composition different mechanical properties are achieved. This work highlights the potential for controlled
development of wires for biomedical applications, demonstrating how various alloy compositions can be opti-
mized to produce wires with the desired properties. While binary Magnesium-Yttrium maintains reasonable
mechanical properties and homogeneous degradation profile also during immersion in artificial urine solution,
alloys with Calcium as an alloying element revealed increasing brittleness as well as an alloy with sole Indium
addition.

Artificial urine

1. Introduction

The development of new materials for biomedical applications is a
rapidly advancing field, driven by the need for biocompatible, durable,
and functional materials. Magnesium (Mg) alloys have emerged as
promising candidates for such applications due to their excellent
biocompatibility, biodegradability, and mechanical properties [1-6].
Therefore Mg alloys have been recognized as suitable for use in medical
devices such as sutures, stents, and orthopedic implants. In contempo-
rary applications, such as surgical wire connections, it is a prerequisite
that the wires can be manually formed or straightened and securely
fastened by twisting or knotting which aims towards some benchmark
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properties of such wires [7,8]. Hence, a consistent and homogeneous
mechanical property profile, along with high ductility, is envisioned,
particularly during insertion and throughout service [9].

Initially, magnesium and its alloys are often considered less formable
compared to other conventional materials, a perception largely attrib-
uted to their hexagonal lattice structure [10,11]. Past efforts have
concentrated on the impact of alloying elements to pure Mg in general
on the properties of Mg-alloys [12-14]. However, when changing the
chemical composition of the respected alloy, the special impact of pro-
cessing such as extrusion, rolling or drawing on microstructure and
mechanical property development as a result of the thermomechanical
treatment needs to be addressed as it alone also influences the respective
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property profiles significantly [15,16]. For the special use of Mg wires
for medical applications, on the one hand, the wires need enhanced
formability and strength, on the other hand, corrosion/degradation
properties have to be controllable for the respective applications
[17-21]. It has also been noted, that beside of such alloying effects the
quality of the surface may quite distinctly impact the corrosion behavior
- an issue which is especially of significance for surfaces of formed
materials which undergo any massive forming process or also a
machining process [22,23]. In this regard it is considered that e.g.
referencing the roughness of a surface is of importance, which appears to
be an easily accessible property whereas other related mechanisms such
as surface related strain hardening may concurrently occur.

In acknowledgement of the requirements, the present study deals
with the impact of basic alloying concepts with Calcium (Ca), Yttrium
(Y), and Indium (In) on both the mechanical and corrosion properties of
Mg wires for an envisioned assessment against the requirements of po-
tential degradable metallic ureteral stent applications. A combination of
binary alloys (Mg-In, Mg-Y and Mg-Ca) as well as ternary alloys (Mg-In-
Ca and Mg-Y-Ca) in the form of directly extruded wires with a thickness
of 1 mm was therefore investigated.

Yin et al. [24] demonstrated that the corrosion behaviour of Mg-In
alloys in NaCl solution can be significantly retarded due to the forma-
tion of a double-layer protective film. Furthermore, an investigation
conducted by Kubasek et al. [25] in a simple simulated physiological
solution (9 g/1 NaCl) revealed that the degradation behaviour can be
substantially reduced in a Mg-1In alloy. Deng et al. proposed a lean
Mg-0.1 Ca alloy with low corrosion rate of less than 0.1 mm/y in 3.5%
NaCl solution [26]. These works use cast materials for their in-
vestigations, no grain refinement due to processing has been considered.
In contrast, Deng et al. [27] observed that the corrosion rate of the lean
Mg-0.15Ca alloy increased significantly after heat treatment due to
Fe-impurity segregation, but could be stabilized by adding indium when
the alloy was in an extruded condition. In a study by Berger et al. [28], a
promising solution for resorbable bone implants was developed for a
lean extruded Mg-Ca alloy in ultra-high purity, which combines slow
degradation, improved biocompatibility, and strong mechanical prop-
erties. For as-cast binary magnesium yttrium alloys, Liu et al. [29]
demonstrated that Y retards Mg corrosion by forming a Y203 corrosion
protection layer on the surface. In a previous study, Pacheco et al. [4]
demonstrated the suitability of an extruded binary Mg-0.8Y wire for use
in medical applications. It was also found in that work that localized
corrosion occurred on occasion. In light of these findings, lowering the
alloying content was envisioned. Furthermore, Ci et al. [30] have shown
that the addition of trace Ca to Mg-1Y has the capacity to enhance the
corrosion resistance to a significant degree. This phenomenon is pri-
marily ascribed to the formation of a protective corrosion product film
and grain refinement, which are both consequences of the addition of
Ca.

Alongside the degradation properties, the formability of such related
products from magnesium alloys needs attention. Numerous studies
have demonstrated that yttrium alters the texture [31-33], with calcium
also exerting an influence on this process [34,35]. Conversely, there is a
lack of studies on indium in the extruded state. A variety of methods
exist for the manufacture of magnesium wire; however, the most com-
mon technique for producing thin wires involves the application of
drawing processes of extruded rods [36,37]. In contrast, direct extrusion
is a method that has the potential to produce wires in only one process
step with a high extrusion ratio [38-40].

The objective of this research is to understand how different alloy
compositions affect the microstructure, texture, degradation, and me-
chanical properties of Mg alloy wires and contribute to a broader un-
derstanding of alloying effects on such properties.

2. Material and methods

Five magnesium alloys were considered in this study and were
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available in the form of cast ingots. The chemical compositions of these
alloys were measured by using X-ray micro fluorescence (M4 Tornado,
Bruker), and the results are collected in Table 1. The billets were
machined to a length of 75 mm and a diameter of 49 mm for extrusion of
wires with a 1 mm diameter. A solid solution heat treatment was carried
out for 16 h at 400 °C, followed by air cooling. The appropriate tem-
perature for this heat treatment has been revealed based on thermody-
namic data in the form of quasi-binary phase diagrams from PANDAT
2018 database. Direct extrusion of wires was achieved by conventional
extrusion, using an automatic 2.5 MN extrusion press (Miiller Engi-
neering GmbH & Co. KG, Todtenweis/Sand, Germany). The billets were
preheated for 60 min to the extrusion temperature of 400 °C in an air-
circulating furnace (Nabertherm). The die employed for the extrusion
experiments comprised four nozzles with a round shape and an identical
diameter of 1 mm. This refers to an extrusion ratio of 625 and a degree of
deformation of 6.4, correspondingly. Thus, four wires were extruded
concurrently, and an automatic coiler system was utilized to coil the
wires. The details of the setup and the experimental scheme have also
been presented in an earlier work [38].

A confocal laser-scanning microscope VK-1000 (Keyence) was used
for an optical surface characterization of the wires in the as-extruded
state in differential interference contrast (DIC) and after deformation.
To define the surface roughness, the arithmetic mean height S, was
derived from the evaluation as the area-related value of the deviation of
the surface height from its arithmetic mean value. The low-pass filter
was set to 0.8 ym, and the high-pass filter to 0.05 mm. Surface mea-
surements were conducted on three separate areas to obtain a mean
value and its standard deviation. Microstructure and texture analysis of
the wires in different conditions were carried out using electron back-
scatter diffraction (EBSD) measurements with a field emission scanning
electron microscope (SEM) Zeiss Ultra equipped with an EDAX-TSL OIM
system. An acceleration voltage of 15 kV was used and the measure-
ments were carried out with a step size of 0.5 pm for the as-extruded
wires and 1 pm for the wrapped wires. High-angle grain boundaries
(HAGB, with misorientation angles larger than 15°) are marked in black.
Furthermore, for the wrapped wires, a Kernal Average Misorientation
(KAM) analysis was conducted to quantify the extent of deformation.
KAM is a point property referring to the average misorientation between
neighboring measuring points. The use of a color scale enables the
presentation of the average misorientation in relation to a defined group
of the second neighbor points. The structure exhibits a low misorienta-
tion, indicated by a blue color scale value of 0°, and a high misorien-
tation, indicated by a red color scale value of 5°. In addition, the inverse
pole figures (IPF) are shown. Sample preparation was based on con-
ventional metallographic procedures such as grinding (#1200, #2500
and #4000) and polishing with oxide polishing suspension. Additional
electro-polishing was carried out using Struers AC2 solution cooled to
—10 °C for 20 s at a voltage of 22 V.

The mechanical properties of the wires were revealed from tensile
tests using a 5 kN universal testing machine of Zwick at ambient tem-
perature. A gauge length of 40 mm and an initial strain rate of 107> 1/s
were kept constant for the experiments. The strain was directly
measured via an extensometer. For referring to a more application
related perspective of the mechanical behavior, knot forming and
wrapping of spirals have been considered. The methods relate to pro-
cedures in bone surgery, therefore a simple ,knot test“is adopted to
analyze the ability of the wire to withstand non-uniaxial straining [21].
For this, a knot is formed manually with a diameter of 7 mm. The ends of
the wire are clamped into the above-mentioned testing machine, and
stress is applied using a strain rate of 10”2 1/s until the fracture of the
sample, which occurs in the vicinity of the knot. The ratio of the fracture
stress to the ultimate tensile stress (UTS) is a stress ratio used to analyze
the ability of the material to maintain its ductility in this more complex
forming configuration. Wrapping tests were carried out manually in
accordance with ISO 7802: 2013 at room temperature with a defined
inner diameter of 1.5 mm and at least 6 windings were wrapped. Note,
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Table 1

Chemical composition in wt% (Mg in balance).
Mg-Alloy Ca In Y Fe Cu Al Si Mn
X0 0.15 - - 0.0049 0.0006 0.0056 0.0146 0.0268
11 0.0046 0.61 - 0.0042 0.0004 0.0070 0.0151 0.0260
wo 0.0076 - 0.34 0.0048 0.0008 0.0092 0.0072 0.0263
IX10 0.15 0.61 - 0.0050 0.0006 0.0042 0.0162 0.0264
WXO00 0.15 - 0.35 0.0035 0.0006 0.0186 0.0076 0.0257

that spirals relate to an envisioned shape of a stent application for the
ureteral track, see indication in earlier work [4].

Five pieces of the original as-extruded wire of each composition with
a sample length of 11-12 cm were used for immersion tests in an arti-
ficial urine solution (AUS). The detailed composition of artificial urine is
listed in Table 2 [41]. The initial pH of the AUS was adjusted to 7.0 + 0.2
by addition of dilute NaOH solution. All samples were immersed at 37 °C
for 14 days. Only the wires of alloy I1 were immersed for 7 days due to
its faster corrosion. 0.5% Penicillin-Streptomycin [42,43] (Gibco, 10000
units/mL Penicillin (1 unit penicillin = 0.6 pg), 10000 pg/mL Strepto-
mycin) was added to the AUS for avoiding bacterial contamination. The
flow rate was 0.5 mL min~*. The total initial volume of the corrosive
solution was 5 L. It was continuously renewed by the fresh AUS, by
displacing the old solution with the new solution at the rate of 0.5 mL
min~!. After immersion, the corrosion products were removed by the
chromic acid solution (200 g/L CrOs). The corrosion rate was calculated
by the following formulas [44]:

Wo — W,

R =21 M
where CR,; is the corrosion rate (mg-cm’2~h’l); Wy and W; are the
weight before and after immersion (mg), A is the test area of the sample
(cm?) and t is the test period (h). Error bars are the standard deviation of
independent samples (n = 5). The corresponding corrosion rate P,
(mm~y’1) is obtained by Eq. (2) [45]:

P, =50.4 CR,, @

Optical micrographs of the wires after immersion in AUS were ac-
quired using Sony Alpha 7R camera. Electron micrographs were taken
by using scanning electron microscopy with a Tescan VEGA at acceler-
ating voltage of 15 kV, and current 30 pA in secondary electron detec-
tion mode. After removing the corrosion products, the surface of
metallic samples was conductive, no carbon/gold was deposited.

3. Results and discussion

Basic processing results from the wire extrusion experiments are
collected in Table 3. Although the process parameter settings were not

Table 2
Composition of Artificial Urine Solution, according to Ref. [41]. Additionally,
Gibco Pen Strep was added and the initial pH was adjusted to 7.0 + 0.2.

Molarity Quantity (g/100

(mM) ml)
Na2s04 11.965 0.17
C5H4N403 (Uric acid) 1.487 0.025
Na3C6H507-2H20 (Na citrate 2.45 0.072

dihydrate)

C4H7N30 (Creatinine) 7.791 0.0881
CH4N20 (Urea) 249.75 1.5
KcCl 30.953 0.2308
NacCl 30.053 0.1756
CaCl2 1.663 0.0185
NH4Cl1 23.667 0.1266
K2C204.H20 (K oxalate) 0.19 0.0035
MgS04-7H20 4.389 0.1082
NaH2P04-2H20 18.667 0.2912
Na2HPO4-2H20 4.667 0.0831

Table 3
Experimental data from wire extrusion and estimated exit temperature.

Alloy Wire exit speed [m/ Peak force Estimated temperature range
min] [MN] [°C]

X0 6.4 1.56 423-426

1 5.4 1.05 418-421

wo 3.6 1.81 412-413

1X10 6.4 1.72 423-426

WX00 3.9 1.86 412-413

initially changed, resulting exit speeds varied for the different alloys due
to the distinct flow behavior in this high degree of deformation envi-
ronment. Variations occur in the extrusion exit speed and the extrusion
force, contingent on the alloy composition. The occurrence of a peak
force marks the initiation of material flow, whereby the force level itself
depends on the alloy-specific flow stress of the material in its particular
condition. Additionally, a force component is included, which refers to
the friction between the billet and the container wall. Given that all
billets have the same initial length, the friction component is assumed to
be comparable. For the binary alloys, pure Y in alloy WO marks the
highest peak force level and therefore the highest increase in flow stress,
followed by Ca in alloy X0. The pure alloying with In in alloy I1 reveals
the lowest peak force. In combination with Ca in the alloys IX10 and
WXO00 this likewise increases the peak force level. With respect to the
extraordinarily high degree of deformation, none of the alloys reaches
the maximum capacity of the extrusion press at 2.5 MN, and as the
coiling of wires has been shown feasible throughout, the processability
of the alloys is confirmed.

All tests were conducted at an extrusion temperature of 400 °C. Still,
it has been shown that a variation of extrusion speeds in the forming
zone may impact the resulting property profiles of the extrudates [35].
To gain general insights into the temperature development based on
varying wire exit speeds, the exit temperature was determined and
compared using finite element analysis for the above-described extru-
sion setup (see Fig. 1). The numerical model was set up in commercial
simulation software QForm Extrusion 11.1.0, employing Arbitrary
Lagrangian-Euler formulation. Here, the model was discretized using
three-dimensional tetrahedra as building blocks. Overall, the model
consists of 1,008,758 volumetric elements with 186,531 nodes in total.
Further, the temperature calculation was discretized in the finest
available setting. The material model used for the extrusion tools is
sourced from the built-in material library. As for the billet material, the
simulations were carried out for two different alloys, namely AZ31 and
ZX10, instead of the experimental alloy selections of this study. The
material models used for these alloys have previously been validated as
published in Esterl et al. [46]. Additionally, the friction between the
billet and the tools was incorporated by applying Levanov's friction law
[47], given by:

—m P (q1_ _pon
Tpfm\/§<]. exp( L0F>> 3)

Here, the friction stress 77 is calculated based on the flow stress of the
workpiece material oF, the normal contact pressure oy, the friction
factor m and the Levanov coefficient L set to be 1 and 1.25, respectively,
following their default values. For the validation of the numerical setup,
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Fig. 1. Simulated temperature evolution in the cross section of the billet based on varying exit velocities after a ram displacement of about 45 mm for AZ31 (left) and

ZX10 (right).

previously published experimental data has been used and the simulated
billet length and exit velocities have been adapted accordingly [48].
Therefore, comparing the maximum extrusion load for the numerical
setup with the experimentally obtained maximum extrusion load, the
absolute difference is only about 8 % for AZ31 and 12 % for ZX10. Based
on varying exit speeds measured in this study, the differences in tem-
perature evolution for AZ31 and ZX10 are within the range of only
13°C, see Fig. 1. As a comparable temperature range is estimated for the
alloys investigated within this study, it is hypothesized that potential
differences in the temperature evolution will not dominate the resulting
microstructure development of the wires.

Asillustrated in Fig. 2, the surfaces of the extruded wires in this study
exhibit notable variations. Despite utilizing identical extruding param-
eters, the wires possess distinct surface characteristics, visible in the LSM
images, corresponding surface line scans and the surface roughness as
the arithmetic mean height (S;). The WO wire demonstrates the most
uniform surface characteristics, as evidenced by minimal deflections in

a) X0

d) 1X10

b) 11 e) WX00

c) Wo
Alloy Sa[um]
X0 0.58 +0.06
1 0.71+0.10
wo 0.26 +0.04
1X10 0.50 +0.03
WX00 0.370.02

both the vertical and horizontal line scans, as well as the lowest surface
roughness value with 0.26 pm. In comparison, the IX10 and WX00 alloy
wires exhibited a surface that was slightly more uneven than that of the
WO wire (Sa: 0.37 pm respectively 0.50 pm). The X0 wire shows a uni-
formly rough surface, while the I1 wire exhibits a significantly rougher
surface, showing an extremely uneven wavy surface as evident espe-
cially in the horizontal line scan along the wire direction. Also in the
surface roughness the I1 wire has the highest value with 0.71 pm. This
already reveals the influence of the alloy composition on the extrud-
ability and the influence on the surface. In this case the extraordinary
difference is marked by the rough surface of I1 alloy.

Fig. 3 collects corresponding SEM images in combination with EDX
measurement (marked by arrows and the matrix measurements (M) by
lines around the measurement areas) to reveal the chemical composition
of the matrix and second-phase particles. Compositions of the analyzed
points or areas are collected in Table 4. The applied solution annealing
of the billets at 450 °C and the selected high extrusion temperature of

f) vertical line scan

position [um]

0 100 200 300 400 500 600
position [um]

g) horizontalline scan

position [um]

T T T T T 1
0 100 200 300 400 500 600 700
position [um]

Fig. 2. Surface characterization of the as extruded wires with the average surface roughness (Sa): a-e) LSM images of the wires in DIC contrast; Line scans f) vertical

and g) horizontal.
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c) W0

Fig. 3. Scanning electron microscope (SEM)-Image in 10000 x magnification with locations of the EDX scans of the extruded wires (extrusion direction

(ED) vertical).

Table 4
Chemical analysis of the highlighted areas in Fig. 3 (Mg in balance).
Alloy in wt% Ca In Y Cu Fe Mn
X0 M1 0.14 - - -
M2 0.11 - - -
P1 0.11 - - 1.78
I M1 - 0.53 - -
M2 - 0.51 - - -
P1 - 0.41 - - 3.09 0.26
wo M1 - - 0.24 - -
M2 - - 0.25 - -
P1 - - 19.41 - 0.11
P2 - - 11.39 - -
IX10 M1 0.11 0.43 - -
M2 0.13 0.53 - -
WX00 M1 0.23 - 0.35 -
M2 0.16 - 0.23 - -
P1 0.59 - 18.94 - 0.1
P2 0.57 - 14.96 - -

400 °C aimed to maintain all alloying elements in solid solution and to
not enable precipitation of second phases. However, in WO (P1, P2) and
WXO00 (P1, P2), particles are found in the microstructure which exhibit a
notably high proportion of yttrium, ranging from 11 to 19 wt%. This is
consistent with earlier findings in Mg-Y-alloys [49], where such particles
are likely identified as thermally stable Y-hydrides. Other particles can
be attributed to impurity inclusions. X0 exhibits a Cu containing particle
P1, whereas this element is not an intended part of the alloy composi-
tion, while in I1 a particle P1 includes Fe and Mn. The matrix (M) related
area measurements by using EDX revealed only slight deviations from
the chemical analysis indicated in Table 1. The Ca-containing alloys
have a Ca content of 0.11-0.14 wt%, the indium content varies between
0.41 and 0.53 wt%, and the yttrium between 0.24 and 0.35 wt%.

The grain structures and corresponding textures of the wires
measured from longitudinal sections by EBSD are shown in Fig. 4. High-
angle grain boundaries (HAGB, with misorientation angles larger than
15°) are marked in black. The corresponding average grain sizes are
added into the orientation maps. All wires reveal a completely recrys-
tallized microstructure with equiaxed grains. The I1 wire has by far the
coarsest grain structure with an average grain size of 30 pm. Some
visible twins in the microstructure are the remains from sample prepa-
ration, which is sometimes hard to avoid especially in large grains and in
wires which ease local deformation during sample preparation. The

homogenous recrystallized microstructures exhibited only disparities in
terms of the mean grain size of the respective alloy wires.

The other alloys are much finer grained and the differences among
them are only small with average grain sizes between 8 and 13 pm. As
the forming procedure as well as the processing parameters have been
kept constant, the above mentioned impact of varying extrusion speeds
may impact the microstructure development besides the impact of the
alloying elements themselves. If small changes in the significance of
recrystallization and grain growth occur due to a rate impact of the
acting forming temperature inside the die during extrusion, 10, X0 and
IX10 compare well with similar exit speeds, whereas IX10 exhibits a
slightly finer grained microstructure compared to X0. Thus, besides the
fact that grain growth is not anyhow retarded in the binary IO alloy, a
very slight — if any-higher ability to grain growth may be visible due to
the addition of In to the X0 alloy in IX10. Likewise, only the Y-containing
alloys WO and WXO00 seem to be restricted to a lower extrusion speed,
potentially resulting in slightly lower forming temperature of both al-
loys. While such an effect can meet the lowest achieved extrusion speed
of alloy WO, it does not change distinctly with the addition of Ca into
alloy WX00 which exhibits a coarser microstructure within the small
range of grain sizes compared to W0 without Ca. In summary, Indium as
a sole alloying element does not emphasize a distinct grain refinement
during dynamic recrystallization, Ca and Y do so as sole alloying ele-
ments where Y seems to exhibit a higher propensity to such grain
refinement. While Ca maintains this role in ternary IX10, it does not add
up this tendency in WX00 which remains coarser grained.

The inverse pole figures in the extrusion direction (ED) are also
shown in Fig. 4 to represent the full texture of the wires. The presence of
a distinct <10-10> fibre texture in alloy I1 is indicative of the typical
outcome of symmetrical extrusions of magnesium alloys [50,51]. This
particular texture is known to impede the enhancement of ductility or
formability of the materials. The addition of Ca into IX10 appears to
weaken this distinctive component, thereby establishing a so-called
“rare earth texture” of such magnesium alloys, characterized by a
broader angular distribution of basal planes and a distinct tilt of basal
planes out of the dominant extrusion direction [52-54]. It is interesting
to note that a very similar texture is obtained for X0 as well as a stronger
version for W0. However, in the case of WX00, no clear alignment of
basal planes parallel to the extrusion direction is found anymore. In
comparison to previous studies [52,55], where such alterations in
texture are more readily apparent, the present investigation must
consider the extremely high degree of deformation, which may result in
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Fig. 4. Orientation maps from EBSD measurements on longitudinal section of the as extruded wires (extrusion direction (ED) vertical) and the corresponding inverse

pole figures in the extrusion direction (ED).

the predominant deformation texture (i.e. the <10-10> fibre compo-
nent) remaining more robust during the process of recrystallization. In
summary, WXO00 is the only alloy of this study which reveals a typical
texture with full tilt of basal planes whereas IX10 as well as X0 and WO
show a transitional double-fibre of <10-10> and the tilt component.
This finding meets earlier elaborations along with the extrusion of
magnesium alloys, where such texture weakening has been used to in-
crease ductility of extrudates as well as isotropy between tensile and
compressive deformation. This has been based on various effects of
balanced recrystallization mechanisms of dynamic recrystallization
mechanisms [52-54] and has been associated with the alloying with RE
elements or Ca in the past.

None of the AUSs reported so far, including those listed in the
“Standard Specification for Ureteral Stents” F 1828- 97 (2006) [56], was
specifically designed to study metals’ degradation. Thus, compounds
that significantly affect the degradation of metals might be encountered
in AUSs currently in use. For example, AUS containing sodium sulfite is
obviously not suitable for testing metallic materials, as oxygen reduction
reaction is the dominant cathodic process for Zn- and Fe-alloys [57,58]
and an important secondary cathodic pathway for Mg alloys [59,60].
Being a strong oxygen scavenger, sulfite depletes oxygen concentration
in AUS, significantly inhibiting cathodic reaction and the entire degra-
dation process [17]. In the absence of standard AUS suitable for testing
metallic materials, we choose to experiment with the AUS proposed by
Sarigul et al. [41], as their AUS composition mimics urine of healthy
individuals (as far as a single composition can mimic large variation
ranges of multiple urine components characteristic even of healthy in-
dividuals). Additionally, penicillin-streptomycin mixture was added to
minimize the microbial growth (the function that otherwise would be
largely performed by oxygen scavenger, sodium sulfite) and the initial
pH was adjusted to 7.0 + 0.2 as pH an important factor influencing the
corrosion rate of magnesium.

The weight loss results and corresponding corrosion rates of the alloy
wires are collected in Fig. 5. Four out of five alloys were immersed for 14
days. The exposure of alloy I1 wires was stopped after 7 days, as it
revealed the highest corrosion rate among the five tested alloys. The
other four alloys, including the Ca-modified Indium-containing alloy
IX10 were exposed for full 14 days in AUS and exhibit rather low similar
corrosion rates well below 0.2 mm/y. It has been previously reported
that Mg-Ca alloys show a tendency of increased corrosion rate due to
thermal processing such as hot extrusion and concurrent annealing such
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Fig. 5. Corrosion rate of different Mg alloy wires calculated based on gravi-
metric weight loss after full immersion in artificial urine solution.

alloys. This effect has been previously explained by a promotion of Fe-
precipitation in the underlying thermal driven process [27]. While In
as a sole alloying element increased corrosion rate, alloying the Mg-Ca
with In allows alleviating formation of Fe-rich precipitates. Thus,
slightly lower corrosion rate of IX10 compared to X0 is fully in line with
our previous report [27]. WO (Mg-Y) demonstrates corrosion rate similar
to that of IX10 and X0, same as alloying Mg-Y with low amount of Ca
(WXO00), does not increase corrosion rate either.

Fig. 6 shows the visual appearance of five wire types after exposure
to AUS for 7 (11) or 14 days (all other wires). Pitting-like deep defects,
characteristic to I1 and less so to X0, are pointed out by the blue arrows.
No events of strongly localized corrosion were found in three triplicates
of IX10, WX00 and WO wires. Apart from these single events of localized
corrosion, which are critically detrimental for long ureteral stents,
relatively even degradation was evidenced by closer examination by
SEM.

Stress-strain diagrams from tensile tests of the wires in the as-
extruded condition are shown in Fig. 7a. While the impact of corro-
sion in artificial urine solution is described later, Fig. 7b also collects the
mechanical behavior of the same wires after corrosion in AUS for the



M. Nienaber et al.

Materials Science & Engineering A 957 (2026) 149935

X0
after 14
days
in AUS

11
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1X10
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WX00
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days
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Fig. 6. Optical photographs (upper) and SEM micrographs of five wire types, after immersion in AUS and removing corrosion products with chromic acid. The initial
diameter of each wire was 1 mm. The arrows in the optical micrographs point to the deep, pitting-like defects, representative of I1 and X0 corrosion profile.

comparison of the original alloy behavior with respect to the develop-
ment of the microstructure during forming as well as the impact of the
corrosive environment in AUS solution. Table 5 collects the mechanical
properties of all tested wires. In the as-extruded condition, only alloy I1
exhibits clearly limited ductility with a fracture strain of 4.6% as a result
of brittle failure of the wire. Further, also the stress properties TYS and
UTS remain comparably low, especially if it is considered, that the un-
derlying strong fibre texture requires higher stresses for activation of
basal slip compared to materials with weaker textures. This can directly
be regarded to the coarse-grained microstructure of the material and the
distinct alignment of basal planes as a result of the strong texture.

The other alloy wires all exhibit a more advantageous mechanical
performance with higher uniform strain and fracture strain. The highest
strain levels are received from alloy WXO00. It's straining behavior is
associated with a certain S-shaped curve, alongside with the weakest
texture and most distinct off-basal character of the wire. This also

explains the lowest TYS of all wires of this study, still maintaining the
highest ability to strain hardening if measured as the difference between
UTS and TYS. The other wires reveal higher TYS and UTS where the
finest-grained alloy WO also exhibits the highest values. X0 reveals the
lowest fracture strain in tension (excluded I1) among these other alloys
WO, IX10 and WX00 with an intermediate texture maintaining the <10-
10> fibre component to some degree.

After an immersion of the wires in AUS, the representation of me-
chanical properties changes distinctly (Fig. 7b), especially with respect
to the fracture behavior, which remains brittle at very low levels of
strain. Only for WO is the original level of ductility maintained in the
applied tensile stress environment. The impact of the corrosion on
fracture strain is dramatic for all other alloys, with the stress levels not
changed significantly. The drop in the case of I1 appears not extremely
significant, however, the original fracture strain was already very low.
Note that the Ca-containing alloys all exhibit this drop in ductility after
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Fig. 7. Representative stress—strain diagram in ED from the wires in a) as extruded and b) after corrosion condition, n = 3 (example curves in Fig. 7b refer to those

with highest achieved strain).

Table 5

Mechanical properties from tensile tests parallel to ED (tensile yield stress (TYS), ultimate tensile stress (UTS)) with standard deviations and grain size calculated from

the EBSD measurement (Fig. 3).

Alloy Condition TYS [MPa] UTS [MPa] Uniform strain [%] Fracture strain [%] Grain size [pm]

X0 AE 153 +1 222 +1 8.7 + 0.3 11.8 £ 0.3 13+2
AUS 150 £ 5 171 £ 16 3.1+1.3 31+1.3

n AE 167 +£ 2 214+ 3 3.5+0.1 4.6 +£0.2 29+5
AUS 126 + 4 163 + 29 2.7 +1.8 2.7 +1.8

WO AE 210 + 4 256 + 4 7.6 + 0.3 13.7 + 0.5 8+2
AUS 197 £7 202 +£5 7.2+ 0.2 10.9 + 0.4

1X10 AE 154 +1 225 + 4 9.8 + 0.2 17.1 £ 1.1 11+3
AUS 165 + 8 173 +£3 1.1+0.1 1.1+0.1

WX00 AE 129 +£ 3 209 £ 5 13.4+0.1 21.4 £ 0.7 11+2
AUS 112+ 2 151 + 9 42+1.4 42+1.4

immersion in the AUS solution. While TYS remains mostly not much
affected, the stress levels up to UTS are often lower compared to the non-
corroded samples, hypothetically due to unrevealed local changes of the
accounted cross section due to localized corrosion. Lower levels for UTS
are consistent with the lower fracture stresses and the inability of the
materials to reach maximum strain hardening before a brittle fracture
occurs. This also correlates with the degradation rate as shown in Fig. 5.

Fig. 8 collects images of the wires after the knot test and a table
which includes the corresponding stress ratios in the form of the ratio
between the fracture stress during the knot test and the UTS taken from
quasistatic testing (Table 3) and the local surface roughness as mean
arithmetic height (S,). In Fig. 8f, the technical set up and the form of
sample are shown. Starting with X0, it was found that this wire could
still be knotted, but there was a deep crack in the forming zone and the
entire surface developed a rather rough structure. The I1 wire was the
only wire that could not be completely knotted, a finding which is also
clearly reflected in the lowest stress ratio. This correlates with the
strongest texture and the lowest ductility among the wires of this study.
The WO wire exhibited a less pronounced development of the surface
structure following the knot test and demonstrated a marginally higher
stress ratio. A comparison of the ternary alloys with the binary alloys
revealed higher stress ratios in both cases IX10 and WX00, respectively.
Additionally, both wires demonstrated a more compact knot structure.
The surface development clearly depends on the alloy but does not
follow a potential sequence of grain size as indicated in Table 3.
Roughness measurements (including in Fig. 8) reveal the least devel-
oping change for WX00, whereas X0 and especially 11 show a distinct
increase. Note that I1 originally also has been the material with the most
distinct surface structure as a result of the extrusion of the wires itself.
The sequence of surface structure development corresponds with the
original ductility of the alloys and the corresponding texture, leaving

WXO00 with highest strain levels as well as the weakest texture, the
smoothest of the wires and vice versa I1 the roughest.

In addition to the knot test, also wrapping tests were carried out
around a diameter of 1.5 mm (Fig. 9) which allows receiving insight into
the behavior of the alloys following stress conditions close to the envi-
sioned demonstrator of a ureteral stent shape [61,62]. Both I1 and X0
broke during the first wrapping, which excludes them from the pre-
sentation in Fig. 8 as feasibility could not be shown. This material failure
can be linked to the behavior of the wires during the knot test as well as
the ductility of the material. As previously demonstrated, I1 and X0 have
the lowest ductility and strongest <10-10>-fibre component of the
textures, which are unfavorable for enhanced formability of the wires.
This correlates with a reduced biaxial forming ability. As illustrated in
Fig. 9a, the wires W0, IX10 and WXO00 were successfully wound around a
diameter of 1.5 mm. Furthermore, a detailed analysis of the forming
behavior was conducted on these wires using local EBSD measurements
on longitudinal sections of the formed wires (as shown in the figure). In
Fig. 9b, measurements are displayed with different highlighted orien-
tation fractions as labelled in the respective legend of the corresponding
(0001) pole figure of basal plane orientations. The orange and red
fractions correspond to basal planes aligned parallel to the extrusion
direction, with the c-axis positioned either vertically or horizontally
relative to the measured mid-plane, respectively. The variation of grain
orientations is typically associated with the round shape of the wire it-
self. This orientation dominates the texture on the right side of the im-
ages which refers to the outer surface of the respective wires, thus
describes this aspect of the microstructure in a tensile strained range of
the biaxial forming procedure of wrapping grains with basal orientation
titled by approximal 90° to the extrusion direction are labelled in green.
These grain orientations do not stem from the original wire texture but
mark a change in the local orientation distribution at the inner part of
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Fig. 8. Optical images of the wires after the knot test with the corresponding stress ratios and the local surface roughness.
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the wire which in tendency experienced compressive strain in relation to
the extrusion direction as a result of bending. It becomes evident that
this affects only a small range of grains along the through-thickness
measurement.

However, it can also be seen that the different areas are pronounced
to varying degrees depending on the alloys. Under tensile strain, a
prismatic plane alignment typically forms, resulting in higher intensity
for the <1010> pole, which also describes the change in grain structure
[63,64]. In the green area (left), i.e. the inner part of the bend wire
where compressive stress mainly acts on the grains, a complete tilt of the
basal planes and the corresponding c-axis parallel to the ED can be
observed, indicating that this part of the microstructure undergoes
twinning. Note that the alloy with the least district difference of the
change in the orientation distribution is WX00 which is the one with the
weakest texture of the original wire without visible <10-10> prismatic
fibre component. The grains also appear flattened horizontally, i.e.
perpendicular to the wire extrusion direction. A consideration of KAM
measurements (Fig. 9¢), i.e. the strain distribution in the material as
measured from local point-to-point misorientations, reveals discrep-
ancies with respect to the position and for the three alloys. The structure
exhibits low misorientation, indicated by a blue scale value of 0°, and
high misorientation, indicated by a red scale value of 5°. Red areas are
deformed, while green/blue areas are not subjected to deformation. On
the one hand, the transition from compressive to tensile stress can be
clearly delineated by a neutral phase, and a texture analysis of the
neutral phase, Fig. 9d, revealed no significant difference from the initial
texture, indicating that no deformation mechanisms were active here.
On the other hand, depending on the alloy, WX00 and IX10 exhibit the
broadest neutral phase, while WO shows the highest fraction of red areas

in the KAM analysis, indicating deformation. This observation is further
corroborated by the results of the knot test, which demonstrate that
WXO00 and IX10 exhibit superiority in terms of their ability to absorb
stresses. This enhanced capacity is attributable to the high ductility of
the material, as evidenced by the texture analysis.

4, Conclusion

Extrusion of Mg alloy wires with diameter of 1 mm has been shown
feasible at high degrees of deformation. The resulting microstructures
are similar compared to typical round bar extrusions of magnesium al-
loys while favoring a stronger pronunciation of a prismatic fibre
component which limits strain properties of the materials. Only a
combination of Y and Ca in alloy WX00 can overcome the stabilization
of this deformation related texture, revealing the lowest TYS and UTS
but the highest strain properties of this alloy. A sole stabilization of
properties in a binary Mg-In alloy I1 was not found with the coarsest
grain structure at an average of 29 ym, especially the corrosion rates of
this alloy remain the highest and least homogeneous of this study with
more than 0.4 mm/y after 7 days. In combination with Ca, the properties
could be enhanced in alloy IX10. Equiaxed microstructures with typical
average grain sizes around 10 pm are obtained. All other alloys with Ca
as an additional alloying element exhibit a distinct embrittlement of the
wires after exposure to the corrosive environment. The binary Mg-Y
alloy WO was found to maintain a comparable property profile after
corrosion exposure with the lowest loss in fracture strain, highest TYS at
201 MPa and highest UTS at 256 MPa, accompanied by homogeneous
and low corrosion rate, below 0.2 mm/y in artificial urine solution.



M. Nienaber et al.

WO (wrapped 1.5 mm)

a)

1010

\

Imax: 5.7

2110 0001 2110 0001

2110

0001 2110 0001

b) Local grain
orientation

Orientation of the
EBSD measurement
marked in orange:

.
-}
]

A1

@

0001

1X10 (wrapped 1.5 mm)

Materials Science & Engineering A 957 (2026) 149935

WXO00 (wrapped 1.5 mm)

2110 0001 2110 0001 2110 0001 2110

c) KAM analyses d) Local IPF of the
different zones [m.r.d.]

5.00

4.50

4.00

3.50

3.00

2.50

2.00

1.50

1.00

Min Max

o s

Fig. 9. a) Optical images of the wrapped wires, inner diameter = 1.5 mm; b) EBSD of cross section from a wrapped section with highlighted grain orientation as
marked in the (0001) pole figure; ¢) with highlighted KAM analyses; d) local inverse pole figures (IPF) of the different zones.
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