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Summary
Magnesium represents a very attractive material for biodegradable stents since the

process of its natural and gradual dissolution into the human body by a corrosion
process would prevent restenosis risks and would allow the progressive transmission
of the mechanical load to the surrounding tissues after several months of service.
The objective of the present work is to develop a frame of mechanical and
microstructural data about several commercially available Mg alloys in view of their
use for biodegradable stents. The AZ31, AZ61, AZ80, ZM21, ZK61 and WE43 alloys
in the form of extruded bars were thus investigated to compare their mechanical
properties and corrosion resistance. Further high-temperature characterization was
carried out by compression tests at high temperature (temperature range: 260-
450C, strain rate range: 5-10 ™+ 3102 s™) in order to assess the optimal processing
window for stent precursors manufacturing (small tubes 1+2 mm in diameter) by hot
extrusion.

The experimental results made available by this investigation were adopted to
support the development of a finite element (FE) framework combining a shape
optimization procedure and a detailed model for Mg alloy mechanical and corrosion
damage behavior.
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Introduction

Biodegradable stents are attracting the attention of many researchers in biomedical
and materials research fields since they can absolve their specific function for the
expected period of time and then gradually disappear. This feature allows avoiding
the risk of long-term complications such as restenosis or mechanical instability of the
device when the vessel grows in size in peadiatric patients [1]. Magnesium and its
alloys are very promising for this application since they feature a relatively low
corrosion resistance in human-body fluids, and a good biocompatibility of both the
metal itself and the corrosion reaction products [2-5].

One of the critical issues to be improved for achieving higher performances of
biodegradable magnesium stents is the control of the corrosion kinetics in order to
widen the period of time when the scaffolding action of the stent is effectively
exerted. At present, the life-time of magnesium stents is of the order of a few months
in physiological fluid environments while the optimal temporary function is required
for a period of the order of six months [6,7]. Strategies to overcome this drawback
include changing the composition of the alloy and tailoring its microstructure to
improve the intrinsic corrosion resistance, adopting surface modification and coatings
to temporarily insulating the bulk metallic structure or changing the stent design [3,8].

Stent design based on Finite Element (FE) actually revealed to be a reliable
approach for defining innovative web shapes with improved scaffolding ability,
reduced strain during expansion and extended degradation times due to higher mesh
width of the stent [9]. Continuum damage models were also implemented in FE
analyses in order to evaluate the degradation due to uniform and localized corrosion
effects, this latter being ruled by the stress field generated during stent expansion
[10]. Among the factors of importance on stent performance, the processing route
plays a paramount role since grain size of the alloy, second-phase distribution,
mechanical properties as well as absence of structural defects strongly depends on
it. Hot extrusion is one of the most common processes used for small tube
manufacturing that represent the precursors used for stent mesh cutting by laser.
However, issues related to hot workability properties of the material for such small
devices are not fully understood and limited information has been found in recent
literature on this subject [11-14]. In this study, the room-temperature tensile
properties, corrosion behavior and hot formability properties of several magnesium
alloys have been investigated in view of their possible use for biodegradable stent
manufacturing. The data and information generated by this investigation will be of
use in future studies for the laboratory scale manufacturing of small stent precursors.

Materials and experimental procedures

A set of commercially available wrought Mg alloys were investigated in this study.
The AZ31, AZ61, AZ80, ZM21, ZK61 and WE43 alloys were considered in the form
of extruded bars with a diameter of 15 mm. All the alloys were studied in the as
extruded condition (without any additional thermal treatment) since previous
investigations already showed that no significant improvement in ductility was
achievable by a solution annealing treatment. Microstructural investigations were
carried out on longitudinal and transversal sections of the bars by grinding and
polishing the materials according to standard metallographic techniques. Etching for
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optical and scanning electron microscopy was performed by using the Nital reagent
(2% HNOg in ethylene).

Disk-shaped specimens 15 mm in diameter and 5 mm thick were used for long-term
exposure corrosion tests. Mass loss measurements were carried out under
atmospheric pressure in 250 ml jacketed glass cells, where specimens were
immersed in synthetic body fluid (SBF) solutions with tris(hydroxymethyl)
aminomethane added as buffering agent. Weight loss experiments were performed in
duplicate for each alloy and lasted 90 hours. The surface area/solution volume ratio
was about 0.03 cm™ and the temperature was controlled to +1<C. the te sts were
carried out under both static (open-air) and hydrodynamic (air bubbling) conditions.
Some experiments were also conducted under nitrogen purging. Further
electrochemical analyses were carried out to investigate the polarization and
corrosion potential of the alloys versus time. The polarization curves were recorded
potentiodynamically at 0.1666 mVs™. The temperature was kept at 37C and
controlled to +1C by a Vertex thermometer. All curves were recorded under
nitrogen. A polarization cell of the type described in ASTM G5 specifications was
used with a saturated calomel electrode (SCE) as a reference and two spirals of Pt
as counter electrodes.

Specimens for tensile tests were machined from the bars with a gauge length of 40
mm and a diameter of 8 mm. Tests were performed at room temperature with an
engineering strain rate of 1,3-10° s,

Hot compression tests were performed to evaluate hot formability of the alloys as a
function of temperature and strain rate. Samples of cylindrical geometry and aspect
ratio of 2 (diameter 15 mm and length 30 mm) were used for this purpose. Testing
was carried out with ram speed ranging from 1 mm/min to 50 mm/min, corresponding
to initial strain rates from 5,56-10* s™ to 2,78-10° s™*. Four testing temperature levels
lying in the range 260T - 450C were selected for each alloy. However, different
values were identified as a function of alloy composition, depending on specific
melting point of the alloy (experimentally measured by Differential Scanning
Calorimetry (DSC)). The samples were strained in compression down to half of their
original height (50% strain) and their flow stress curve was recorded as a function of
strain. MoS, was used on the bases of the cylindrical specimens as lubricant.

The data on hot compression were used for the application of the Dynamic Material
Model, originally proposed by Prasad and co-workers to evaluate material workability
as a function of the main process parameters (i.e. temperature, strain, strain rate)
[15,16]. According to this approach, the metallurgical phenomena contributing to the
power dissipation of the deformation process can be evaluated through a
dimensionless parameter, the efficiency of power dissipation (1), which depends on
the strain rate sensitivity (m):

2m __Alogo

n= -

m = ;
m+1 Alogé

By mapping the variation of the efficiency parameter as a function of temperature and
strain rate, it is possible to draw 3D or contour maps showing the domains of highest
efficiency for deformation. It is worth emphasizing that extensive power dissipation is
generally achieved by dynamic restoration mechanisms (e.g. recrystallization or
recovery) but also through the formation of new surfaces by cavity growth or crack
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development. Therefore, microstructural investigations have to be coupled to the
model analyses in order to draw fair interpretations of the outputs.

Results and discussions

Representative optical micrographs of the alloys investigated are shown in Figure 1.
It can be noticed that in the AZ31 and ZM21 alloys the structure is substantially made
up of the Mg-rich solid solution with negligible amounts of other secondary phases.
For other alloys, precipitates are observed both at grain boundaries and at the grain
interiors. Results of microchemical analyses revealed that in Mg—Al-Zn alloys (AZ
series), intermetallic compounds mainly consist of the Mg;7Al;»> phase. In the ZK61
alloy, Zr- and Zn-rich particles were detected whereas in the WE43 alloy, rare earth
element accumulated at the grain boundaries.
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Fig. 1 Representative optical micrographs of the alloys investigated

Table 1 summarizes the corrosion rates of the alloys investigated in SBF solution.
The data confirm that, depending on alloying elements, dramatic changes in
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corrosion behavior are achieved. An increase in Al content leads to a loss in
corrosion resistance whereas addition of rare-earths elements (WE43 alloy)
significantly improves the corrosion behaviour of the magnesium alloys.

Figure 2 depicts the potentiodynamic polarization curves recorded under static
conditions in SBF solution. Also for this test, the marked effect induced by the
presence of Al is evident since all the curves of the AZ series alloys show the
presence of a abrupt change of the slope occurring at about the same potential.

Alloy open-air (mm/year) air bubbling (mm/year)
ZK61 26,87 24,08
AZ31 10,08 9,36
AZ80 7,92 22,41
ZM21 18,50 14,51
AZ61 9,42 12,28
WE43A 6,82 (N purging) 4,18

Tablel. Corrosion rates in SBF solution of the alloys investigated
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Fig.2 Potentiodynamic polarization curves under static conditions
at 37C in SBF solution

Figure 3 depicts the tensile curves of the materials. The ZM21, AZ31 and AZ61
alloys feature fairly high elongation to fracture values that represent an important pre-
requisite for safe stent expansion. As for the strength of the alloys in the as-extruded
temper, the AZ80, AZ61 and ZK60 showed the highest ultimate tensile strength,
owing to the largest Al content in solid solution.
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Fig. 3 Stress vs. Strain curves of magnesium alloys

Thermal analyses by DSC were performed with the aim of assessing the precipitation
and melting temperatures of the alloys, considering that possible segregation and
non-equilibrium constituents could anticipate the appearance of the liquid phase
during high-temperature testing. Figure 4 summarizes the curves recorded on
heating at a rate of 20C/min of the alloys investi gated. It is confirmed that the ZM21
alloy (with the leaner amount of alloying elements) has the highest values of solidus
and liquidus temperatures. As expected, the solidification interval shifts toward lower
temperatures and becomes narrower as the concentration of Al in the alloys

increases. Based

on the above DSC results, the temperature ranges given in table 2

for the hot compression testing were set.
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Fig.4 DSC curves of the investigated magnesium alloys

recorded during heating at a rate of 20C/min
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Alloy Temperatures (T)
AZ31 350 380 410 450
ZM21 350 380 410 450
ZK61 320 350 380 410
WEA43 320 350 380 410
AZ61 290 320 350 380
AZ80 260 290 320 350

Table 2. Hot compression testing temperatures of the alloys investigated

Typical flow stress vs. strain curves recorded at different temperatures and strain
rates are depicted in Figure 5 for the AZ61 alloys. It is shown that the flow stress
dramatically increases as the strain rate increases and temperature decreases.
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Fig. 5 Representative flow stress curves of the AZ61 alloy tested at 380C as a
function of strain rate (a) and tested at 2,78-10°s™ as a function of temperature (b)

By the full set of hot-compression data, the efficiency of power dissipation according
to the Dynamic Material Model was calculated and plotted in maps as a function of
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temperature and strain rate for each alloy. Figure 6 shows examples of the maps
generated for the ZM21 and AZ61 alloys obtained by considering the peak values of
the flow stress. From the results given in Figure 6 it can be inferred that for the ZM21
alloy the peak of efficiency, and hence the optimal expected formability conditions,
can be found at about 410 and at slow strain rate s. For the AZ61 alloy the optimal
hot formability conditions are expected at a slightly lower temperature (about 380C),
still at the lowest strain rate here investigated.
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Fig. 6 Efficiency of power dissipation maps of the ZM21alloy (a) and AZ61alloy (b)

Finally, analysis of the microstructure resulting after hot compression testing allowed
drawing information about possible damage of the alloys as well as about grain size
and precipitate evolution, as shown for example in Figure 7 for the ZM21 alloy. As a
rule, no cracking or other type of damage was observed in the alloys strained within
the investigated temperature and strain rates up to 50%. It was established that the
grains kept their original equiaxed shape (suggesting that full recrystallization took
place by the end of the test) and their size significantly increased by increasing the
temperature and decreasing the strain rate.
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Fig.7 Microstructures after hot deformations of the ZM21 alloy

Conclusions

The experimental study here described was aimed at setting a frame of information
and data useful for a full comprehension of the phenomena involved in biodegradable
magnesium stent design and manufacturing. The following conclusions can be
drawn.

» Corrosion tests either in the form of mass-loss measurements and of
potentiodynamic polarization curves performed under static conditions at 37C
in SBF solution showed that, depending on chemical composition, significant
modification of the alloy behaviour can be achieved.

 The tensile properties of the six wrought alloys showed that fracture
elongation of the order of 17-20% can be achieved in the most ductile
materials. Accurate design of the stent shape should be performed in order to
limit the room temperature strain imparted to the alloy during stent expansion.

* The hot-formability temperature range of the alloys is soon limited in the upper
boundary by reaching the solidus temperature. Hot extrusion for the
production of small tubes representing stent precursors should therefore be
carried out at reasonably low temperatures to avoid risks of alloy melting.

» Calculation of the efficiency of power dissipation according to the approach
suggested by Prasad allowed drawing hot formability maps of the alloys that
were used to identify the optimal processing windows.

* Post-deformation microstructural analyses of the samples showed that in
proximity to the optimal processing conditions the alloys underwent a
recrystallization process and did not show any sign of damage. Their grain
size changed depending on actual temperature and strain rate selected.
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