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Direct extrusion of thin Mg wires for biomedical applications
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Abstract: Biodegradable wires, able to provide load-bearing support for various biomedical applications, are the novel
trends in current biomaterial research. A thin 99.92% Mg wire with a diameter of 250 um was prepared via direct
extrusion with an extreme reduction ratio of 1:576. The total imposed strain in a single processing step was 6.36.
Extrusion was carried out at elevated temperatures in the range from 230 to 310 °C and with various ram speeds ranging
from ~0.2 to ~0.5 mm/s. The resulting wires show very good mechanical properties which vary with extrusion
parameters. Maximum true tensile stress at room temperature reaches ~228 MPa and ductility reaches ~13%. The
proposed single-step direct extrusion can be an effective method for the production of Mg wires in sufficient quantities
for bioapplications. The fractographic analysis revealed that failure of the wires may be closely connected with
inclusions (e.g., MgO particles). The results are essential for determining the optimal processing conditions of hot
extrusion for thin Mg wire. The smaller grain size, as the outcome of the lower extrusion temperature, is identified as
the main parameter affecting the tensile properties of the wires.
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material for various implants [2]. These implants
are gradually replaced by human cells due to the
biodegradability of magnesium and the fact that
magnesium supports tissue regeneration [1,3].
Various porous forms of magnesium are used to

1 Introduction

Pure magnesium is principally very promising
material due to its low density, reasonable specific

strength and biodegradability in the human body.
Inferior mechanical properties of this material are
commonly overcome by alloying which allow the
optimization for various applications, such as
structural and biomedical [1]. Well-known property
of pure magnesium is biodegradability [1]. This
attribute can be employed in various ways. Since
the magnesium has similar elastic modulus as bone
tissue, it is an exceptional and biocompatible

further enhance this effect [4]. In terms of tuning
biodegradable properties of pure Mg, the most
viable elements are rare earth Y, Gd and Nd due to
precipitation hardening and their reasonable
biocompatibility [5—7]. Other widely used systems
are Mg—Zn [8], Mg—Ca [9] and Mg—Zn—Al [10].
However, alloying elements may
additional problems in terms of biocompatibility
and formability when considering very thin wires.

introduce
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Therefore,
magnesium.

To obtain the required mechanical properties
without the addition of alloying elements, it is
necessary to employ techniques which reduce grain
size or create a strong preferential orientation of
grains (i.e., texture). Among these, severe plastic
deformation techniques, such as equal channel
angular pressing (ECAP) [11,12] and high-pressure
torsion (HPT) [13], have been frequently used.
However, they are limited by low productivity.
Another way to reduce grain size to the desired
level would be expanding the limits of
high-productivity forming techniques such as direct
extrusion [14]. The advanced design of the
extrusion dies, together with recent progress in the
development of high strength steels, has enabled to
transform the conventional forming process into an
efficient production method of thin Mg wires.

In recent years, significant attention has been
paid to the possible application of thin Mg wires for
stents and suture material [15] or as a support for
phosphate cement or biodegradable polymers,
used for bone replacements and fracture fixation
devices [16,17]. For these applications, it is
necessary to obtain Mg with high strength, while
maximizing ductility, which is typically inferior for
alloyed wires produced by cold drawing
technique [18]. The main disadvantage of cold
drawing is the number of processing steps to obtain
small wire diameters. It is also necessary to anneal
the material between subsequent cold drawing steps
which is very time consuming and thus a costly
process of Mg wire production [19].

Pure magnesium wires with very good
mechanical properties could be used in a large
number of applications, ranging from the suture
material and bone support to the biodegradable
composite reinforcement. For the purpose of
magnesium bioabsorbable wire product
development, we extruded Mg wire with a diameter
of 250 um. This was achieved by single-pass
extrusion of a pure Mg billet with an initial
diameter of 6 mm via extrusion die with extreme
reduction ratio. In this work, we discuss the
resulting mechanical properties and microstructure
of the material with respect to the different
processing parameters. This work determines the
ideal processing parameters for this material and
serves as a starting point for future research of

it can be beneficial to use pure

wires intended for sternal fixation and other bone
support medical applications.

2 Experimental

The composition of the initial material, as
measured by glow discharge optical emission
spectrometry (GDOES), using the spectrometer
Spectruma GDA HR 750, is listed in Table 1. For
these measurements, a large number of certified
reference materials were used to obtain reliable
results.

Table 1 Chemical composition of pure Mg block as
measured by GDOES (wt.%)

Zn o Cu Al Fe Mg
0.04 0.02 0.006 0.004 0.003 Bal.

Electro-discharge machining (EDM) was used
to cut cylindrical specimens with dimensions of
d6 mm x 18 mm from the block of pure Mg. These
specimens were then cleaned in a 10% aqueous
solution of HNO; to remove EDM residue and
subjected to a direct extrusion process with the exit
channel diameter of 250 um. The scheme of the
direct extrusion die with the relevant coordinate
system is shown in Fig. 1, where ED and RD
denote extrusion and radial direction, respectively.
The resulting extrusion ratio for this die geometry
equals 1:576. Processing was carried out at elevated
temperatures in the range from 230 to 310 °C and at
various ram speeds, from 0.2 to 0.5 mm/s. The wire
was subsequently coiled on a 100 mm reel.

Ram

o

ED

Fig. 1 Scheme of direct extrusion die channel with
coordinate system for reference (ED—Extrusion direction;
RD—Radial direction)
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Magnesium wires with the gauge length of
30 mm were deformed on the Instron 5882 testing
machine with 100 N load cell at room temperature
(RT). Pneumatic grips for wire testing were used.
The number of measurements for each ram speed
was 3—8 to obtain statistically relevant data set.
Additional tests were conducted to characterize the
strain rate sensitivity of the extruded wires, with
initial strain rates in the range from 10~ to 107" s™".

For the purpose of microstructural analysis of
the as-cast magnesium, a light microscope
AxioObserver D1m was used. Sample preparation
consisted of cold-mounting the specimens in an
epoxy resin (Struers EpoFix), plane grinding with
progressively finer SiC papers and mechanical
polishing with diamond suspensions of particle
sizes of 3 and 1 um. Final polishing was performed
with a solution of colloidal silica (Struers OP-S). In
some cases, a 3% nital (solution of nitric acid in
ethanol) was used to provide additional grain
boundary and phase contrast. A routine examination
of the grain size of the as-extruded wires was
performed by etching the wire surface in 5%
solution of nitric acid in distilled water for 20 s. The

surface topography of these etched wires was
observed with scanning electron microscope FEI
Phenom. A scanning electron microscope FEI
Quanta 3D FEG was used for the fractographic
analysis and energy dispersive spectrometry (EDS).
For estimating the average grain size, a linear
intercept method on at least three SEM micrographs
was used with a total line length of 1000 um:
500 um in the ED and 500 um in the RD. Since the
grains were equiaxed for all wires, one average
grain size was reported for each wire. Resulting
average intercept length was multiplied by a factor
of 1.57 to obtain average grain size [20].

3 Results and discussion

3.1 Tensile properties

Magnesium wires were extruded at different
ram speeds and temperatures. Subsequently, the
wires were deformed in tension at the initial strain
rate of 1x107s™". The results listed in Table 2 show
that higher values of characteristic stresses 642, Omax
and elongation to failure 4 correspond with the
lower temperature of extrusion and vice versa.

Table 2 Mechanical properties of Mg wires in respect to processing temperature and ram speed

Extrusion temperature/°C Ram speed/(mm~sfl) 0y2/MPa Omax/MPa Al% Number of tensile samples
0.2 136+4 228+1 13.7+0.1 3
230 0.4 13243 21941 13.5£1.8 4
240 0.2 12743 21842 11.7£1.0 4
0.2 12244 223+4 12.3+£0.6 5
250 0.3 12443 22145 11.5+1.7 5
0.4 130+3 22743 13.4+0.1 4
0.2 123+3 22243 11.6+1.0 9
0.3 1214 225+1 10.3+0.6 5
260 0.4 11843 215+5 12.7£1.3 4
0.5 11844 2171 12.5+0.8 4
0.2 11544 21949 9.9+1.0 6
70 0.3 120+3 22242 11.1£0.1 3
0.4 11842 221+3 11.0£1.1 4
0.5 11844 20949 8.0+0.8 5
290 0.2 111+£5 2174 10.1+£0.4 9
0.2 1014 20843 10.1+0.8 6
0.3 1061 220+2 11.5+1.0 5
300 0.4 1011 204+2 10.3+0.8 4
0.5 107+£2 214+1 9.5+0.3 4
310 0.2 104+2 215+2 8.9+0.5 6

002 Yield strength; omx—Maximum true tensile strength; 4—Ductility
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On the other hand, mechanical properties of
the wires extruded at all temperatures are sufficient
for many applications. From the data presented in
Table 2, it is also apparent that the ram speed has
only a minor effect on tensile properties. The ram
speed can be maximized with respect to the strength
limit of the extrusion die and plunger to produce the
wires effectively and economically. It is important
to mention that for such large reduction ratio and
lower extrusion temperatures (230—260 °C) for pure
Mg, the peak load on the press plunger can reach
~2 GPa. Nevertheless, if the presence of the
inclusions in Mg ingot is controlled, the common
value of the load on the press plunger at 300 °C
reaches 880 MPa. The mechanical limit for extrusion
die and plunger used in this work is ~2.2 GPa.

The best results of maximal true stress and
ductility were achieved for the lowest extrusion
temperature of 230 °C and low ram speed of
0.2 mm/s. High maximal true stress for this
temperature is caused by lower activity of thermally
activated phenomena triggering softening processes
such us dynamic recovery, recrystallization and
grain growth [18]. Processing temperature below
230 °C has caused problems with braking of the
wire during the extrusion process.

Curves in Fig. 2 present the dependence of the
tensile properties on the initial strain rate & .
Values of o0¢, and on.x decrease with decreasing
initial strain rate and the dependence shows nearly
linear course in semi-logarithmic scale (Fig. 2(a)).
The main mechanism responsible for the changes in
mechanical properties with strain rate can be
connected with thermally activated dynamic
recovery, easily taking place in very pure Mg even
at room temperature and causing an observable
dependence. At rates, dynamic
recovery provides more time for relaxation of
internal stresses.
characteristic stresses with decreasing strain rate.
The resulting higher triaxiality of deformation
promotes easier activation of additional slip
systems and thus lowers the 6y, and o, [21].

The results also show that the ductility at a
relatively ~fast strain rate of Ix107's' s
approximately 8% which is still good value for
this material, sample geometry and dimensions
(Fig. 2(b)). Error bars in Fig. 2 do not exceed 5% of
the mean value for each data point and therefore are
not presented in the graphs.

lower strain

This lowers both values of
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Fig. 2 Mechanical properties of Mg wires with respect to
initial strain rate for two extrusion temperatures (260 and
300 °C): (a) gg and oy,y; (b) Ductility

The obtained results of mechanical properties
are interesting for biomedical applications. In this
work, we produced 250 um wires, which could be
potentially used for fixation wires after median
sternotomy in pediatrics. The physiologic loads on
human sternum are commonly considered less than
400 N for an adult [22]. Ideally, we would design
the wires to easily withstand 400 N load without the
change of shape, under the yield strength. For that,
we would need (for wires prepared at 230 °C,
002~130 MPa) no less than 63 wires. For single
wires, this is clearly not achievable. However,
usage of Mg wires with larger diameter could have
a negative impact on the exceptional bending
plasticity of these wires, as discussed by JAGER
et al [14]. Commonly, the sternal wires have
diameter larger than 700 pm. Therefore, it would be
beneficial to creat at least 6-strand rope out of the
250 pm wire produced in this work. The diameter
of this rope would be comparable to the ordinarily
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used wires and the presence of more wires
supporting each site should significantly decrease
the risk of failure during the biodegradation. It is
clear that even when using 6-strand rope at a total
of 6-8 sites, the wires do not achieve the required
load-bearing capacity for an adult. However, the
physiologic loads are significantly lower for
children and infants, where the benefit of
biodegradable sternal wires would be much higher.
Apart from the usage of Mg wire ropes, careful
biomechanical experiments and modeling are
therefore still required to set the limits, where the
Mg wire can be used from the mechanical point of
view.

Another promising application would be
biodegradable stents. For this, the wire diameter
would ideally be even smaller [23]. The one-step
method shown in this work is capable of producing
Mg wires with diameter of 150 um (at 300 °C)
without any problems. Furthermore, a 50 pm wire
was also produced in limited quantities and quality,
which is a current limit of the extrusion setup. In
this work, we focus only on the 250 um wire,
intended mainly for sternal fixation.

3.2 Fractographic analysis

After the tensile testing at RT, selected samples
with different ram speeds and extrusion temperature
were subjected to fracture analysis in SEM. The
observation of fracture surfaces revealed ductile
behavior of the material and presence of particles in
the microstructure (Fig. 3(a)). Figure 3(b) shows
electron dispersive X-ray spectroscopy (EDS) of
the particle in Fig. 3(a). EDS analysis conducted on
several particles identified their composition as
MgO.

It is worth mentioning that the majority of
fracture surfaces inspected after the tensile tests
contained these MgO particles. These particles most
likely originate from insufficient atmosphere
control during Mg casting process [24]. Presence of
these particles has a detrimental influence on the
mechanical properties of thin Mg wires because
their size is not negligible compared to the wire
diameter. It is therefore necessary to carefully
control metallurgical processes and prevent the
formation of these particles.

Figure 4 shows the fracture surfaces which
were taken in two planes: the first approximately
parallel with ED and the latter perpendicular to ED.

0 1 2 3 4
E/keV

Fig. 3 SEM image of large MgO particles on fracture
surface (a) and EDS spectrum of observed particle (b)

The extrusion temperature of Mg wires seems
to have an influence on the overall profile of the
fracture surface and associated morphology of the
ductile dimples. For samples extruded at lower
temperature (230 °C), the fracture profile of the
wire cross-section resembled a truncated cone
(Fig. 4(a)). Thus, in the middle part of the cross-
section, the equiaxed dimples were observed
(Fig. 4(a)). In contrast, samples extruded at higher
temperature (>290 °C) were sheared through the
whole cross-section and the dimples were rather
deformed and elongated (Fig. 4(b)). Moreover,
ductile dimples were not observed on the
circumference areas of the cross-section due to the
large amount of local shearing which indicates the
activation of slip systems with higher critical
resolved shear stress [21].

3.3 Microstructure

In order to explain differences in the
mechanical properties of the wires processed under
various conditions, microstructural characterization
was performed. The initial microstructure of the
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as-cast Mg ingot is composed of equiaxed grains
with sizes varying from hundreds of micrometers
up to centimeters (Fig.5(a)). An occasional
presence of other phases, identified as MgO by
EDS, was also detected in the as-cast ingot.
Figures 5(b, c) show the presence of MgO clusters
identified as possible stress concentrators which
initiate fracture in Mg wires during tensile testing
(Fig. 3). Figure 5(b) shows a detail of MgO cluster
with approximately circular shape and a larger
MgO particle present in the upper right corner of
the micrograph. Figure 5(c) shows a detail of a
group of MgO particles surrounded by fine
dispersion. It is rather difficult to remove oxide
particles from the Mg ingot since they cannot be
removed by melt settling [24].

Apart from the aforementioned initiation of the
fracture process, larger particles could also cause
geometrical irregularities of the wire cross-section.

»‘«{.
't

A typical defect of the wire circularity is depicted
by a white arrow in Fig. 5(d). Defects of this type
are generally caused by three possible reasons:
(1) The extrusion channel was damaged and a part
of the die material partially blocked the extrusion
channel; (2) Part of the 250 um extrusion channel
was blocked by MgO particle; (3) The channel is
blocked by a foreign particle contained in lubricant
or present in the extrusion channel from previous
processing step. Another common defect of the
hot-extruded wire is a diameter variance along the
wire. This can be avoided by inspecting the wire
diameter and reconditioning the extrusion die when
the wire diameter variance is too large. For this
purpose, the parts of the extrusion die, where the
actual extrusion takes place, should be easily
replaceable.

Despite the presence of oxide inclusions, the
standard deviation of mechanical properties is very

Fig. 4 Fracture surfaces of Mg wires after tensile test and details of ductile dimples from views approximately

parallel (/) and perpendicular (L) to extrusion direction at different extrusion temperatures (strain rate 1x107 s '):

(a) 230 °C; (b) 300 °C

O . . : =

~ 100 pm

20 i
1200 pm E

Fig. 5 Overview of microstructure of as-received Mg ingot (a), large cluster of MgO particles (b), detail of compact

MgO cluster (c), and Mg wire cross-section (Arrow indicates irregularity of wire, possibly caused by MgO particle

blocking die exit channel (polarized light)) (d)
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Fig. 6 SEM micrographs comparing grain size of Mg wires produced at different extrusion temperatures (ram speed is

0.2 mm/s for all wires): (a) 230 °C; (b) 260 °C; (c¢) 300 °C

small (Table 2). This may imply that MgO particles
were distributed in each tensile test sample. With
respect to the observed MgO on fracture surfaces,
removing the MgO particles could improve the
ductility. The presence of some twins on the
perimeter of the wire (Fig. 5(d)) is likely
connected with the mechanical preparation of the
sample. On the other hand, bending of the wires
produced reversible {1012} mechanical twinning
as an accommodating mechanism of plastic
deformation [14]. Since twinning is a well-defined
preparation artifact, it is possible to calculate grain
size even when the twinning occurs.

In order to qualitatively compare differences in
grain size for different extrusion temperatures, the
wires were etched in 5% nitric acid and then studied
by SEM. Figure 6 shows microstructures produced
by extruding the wire at three different temperatures,
namely 230, 260 and 300 °C. It can be seen that
with increasing extrusion temperature, the resulting
grain size is also increased. The average grain sizes
for microstructures shown in Fig. 6 were 7, 11 and
14 pm for 230, 260 and 300 °C, respectively. This
supports results in Table 2, where mechanical
properties are best for the wire extruded at 230 °C
as it approximately follows the Hall-Petch
relationship [25,26]. On the other hand, the
differences in the grain size were not noticeable for
various ram speeds used in this work. Grain size of
produced wires is quite large, considering the
extrusion ratio that was used [27]. This is caused by
the fact that the wires are exposed to elevated
temperature during their reeling. Nevertheless, the
resulting grain size is beneficial, as explained in
detail in Ref. [14].

4 Conclusions

(1) Mechanical behavior of 99.92%
magnesium wires with a diameter of 250 pm
prepared by a single-step direct extrusion, with
respect to the processing parameters and
microstructure was analyzed. For the material
processed at 230 °C, maximum tensile stress of
(228+1) MPa and corresponding ductility of
(13.7+£0.1)% obtained. Considering the
purity of Mg matrix used, and effectiveness of the
wire processing technique, this is an outstanding
result.

(2) Fractographic analysis revealed the
presence of MgO particles as a significant
contributor to failure. High strain rate sensitivity of
mechanical properties was attributed to the dynamic
recovery which easily took place in very pure Mg
and supported the development of necking at lower
tensile strain rates. Triaxiality in necking in the case
of lower strain rates facilitated activation of slip
systems with higher critical resolved shear stress.
This conclusion was further supported by the
fractographic analysis of ductile dimples, present on
the fracture surfaces.

(3) Different grain size of the as-extruded wire
was the main reason for the different tensile
properties achieved by lowering the extrusion
temperature. These results are crucial for the
ongoing development of biodegradable magnesium
wires, finally intended for sternal wiring of infants
and children, where current methods of non-
degradable sternal fixation introduce the most
severe complications.

Were
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7 OB YRR NSRRI N R A AR S, 2 B AR MR S s . I B R &
HEAR 250 um 1 99.92%8622, HrIEHIA 1:576. SN TP IR S INRIAE Y 6.36. £ iR 230~310 °C,
FRHELER 0.2~0.5 mmvs. 13304 B2 BA RIFHM 1% kee, FZ M RSB Bk, =ik N
KA FJAlik 228 MPa, BAMERTIA 13%. G5 RERW, D EERIRLE —FG 0L~ B BB IR A
FIBRLLITT 0. W EL o TR, BREL I R AT S5 2k (i MgO Rvk) &5 DIAH G o bh T4 He L BE AT 3 S50 PR dtokir
RSHRN, RS e RE R EE S
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