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Twinning-induced plasticity (TWIP) steels are considered excellent materials for manufacturing products
requiring extremely high mechanical properties for various applications including thin medical devices, such as
biodegradable intravascular stents. It is also proven that the addition of Ag can guarantee an appropriate
degradation while implanted in human body without affecting its bioactive properties. In order to develop an
optimized manufacturing process for thin stents, the effect of Ag on the recrystallization behavior of TWIP steels
needs to be elucidated. This is of major importance since manufacturing stents involves several intermediate
recrystallization annealing treatments. In this work, the recrystallization mechanism of two Fe-Mn-C steels with
and without Ag was thoroughly investigated by microstructural and mechanical analyses. It was observed that Ag
promoted a finer microstructure with a different texture evolution, while the recrystallization kinetics resulted
unaffected. The presence of Ag also reduced the effectiveness of the recrystallization treatment. This behavior
was attributed to the presence of Ag-rich second phase particles, precipitation of carbides and to the preferential
development of grains possessing a {111} orientation upon thermal treatment. The prominence of {111} grains
can also give rise to premature twinning, explaining the role of Ag in reducing the ductility of TWIP steels already
observed in other works. Furthermore, in vitro biological performances were unaffected by Ag. These findings
could allow the design of efficient treatments for supporting the transformation of Fe-Mn-C steels alloyed with Ag

into commercial products.

1. Introduction

Biomaterials for medical devices have saved or improved the life and
its quality for millions of patients around the globe in the last decades.
Biodegradable metals are a new class of metallic biomaterials that open
new horizons for revolutionising advanced surgical treatments. For
example, metallic biodegradable stents, temporary devices used to
restore blood flow in obstructed vessels [1], are expected to dissolve into
the body after 1-2 years from their implantation [2]. The first com-
mercial vascular device was based on a Mg - rare earth element alloy,
and was approved by the European regulatory agency in 2016 [3]. While
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this stent meets the requirements in terms of resorption in the human
body and biological performances [4-6], its low mechanical properties
limit device miniaturization and, as a consequence, its deliverability in
smaller vessels [7,8]. To fill this gap and satisfy cerebral and pediatrics
needs, the development of biodegradable alloys suitable to produce
reduced strut thickness devices is urgently required.

Twinning-induced plasticity (TWIP) steels, mainly composed of Fe,
Mn and C, represent candidates of choice to manufacture small stents.
This alloy family possesses equivalent mechanical properties to Co-Cr
alloys [9,10] and their high amount of Mn stabilizes austenite at room
temperature  [11], whose paramagnetic  behavior favors
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post-implantation imaging [2]. At the same time, the degradation
behavior of such steels is inappropriate in the long-term: several in vitro
and in vivo studies found that a stable corrosion layer is formed during
the first weeks of implantation, reducing corrosion rate [12-14]. The
addition of Ag to TWIP steels showed the ability to accelerate the
short-term corrosion of these alloys [15-17]. In addition, the choice of
Ag is of great interest because of its antibacterial properties [18];
furthermore, it was proven that Ag does not reduce the mechanical
properties of TWIP steels below acceptable values [19,20].

In order for TWIP steels to be used as biodegradable stents, the
material must be processed in the final shape through high plastic
deformation processes, most commonly hot extrusion followed by cold
drawing [21]. A recrystallization annealing treatment is normally per-
formed after each drawing pass to restore the mechanical properties of
the material. Successively, laser cutting and acid pickling are performed
to obtain a stent from the drawn tubes and, after most of these steps, a
further recrystallization annealing is again conducted. Finally, electro-
polishing is carried out to give the stent the final surface roughness,
adequate for implantation.

It can thus be seen that recrystallization annealing treatments
represent a critical step in manufacturing biodegradable stents. In fact,
recrystallization of TWIP steels is in general a fast process, leading to
nucleation of twin-free grains that grow over time [11,22]. When ele-
ments capable of forming second phases are added to TWIP steels, they
impact significantly their recrystallization mechanism, as demonstrated
in the case of V or Pd [23,24]. Ag is also known to form second phases in
TWIP steels [19,20], potentially affecting their recrystallization
behavior. Such a potential effect, unknown at the actual state of the art,
can strongly influence the processing parameters that are the most
suitable for the production of small devices such as stents, including the
need to adjust thermal treatments to ensure that the final product can be
manufactured with the appropriate dimensional, microstructural and
mechanical specifications. This work aims at understanding the impact
of Ag on the recrystallization mechanism of a Fe-Mn-C TWIP steel, and
to assess its implications on plastic deformation processes. The recrys-
tallization behavior of two TWIP steels (one with and one without Ag) as
a function of treatment temperature and time was assessed in terms of
microhardness, microstructure and texture evolution. Furthermore, the
effect of Ag on both cytocompatibility and hemocompatibility was
studied in order to validate the biological potential of such alloys for
vascular implants. The steels produced during the work were cast and
cold rolled in order to simulate the production process of a stent with a
simplified laboratory setup.

2. Materials and methods
2.1. Material preparation and processing

Two alloys, with nominal composition Fe-16Mn-0.7C (wt. %) and Fe-
16Mn-0.7C-0.4Ag (wt. %) and named 0Ag and 0.4Ag, respectively, were
produced and processed as described elsewhere [20]. After hot rolling
the cast billets at 800 °C from a size of 12.5 mm down to plates of
thickness 1.33 mm, thin sheets of both alloys were cold rolled imposing
a 25% thickness reduction. This condition constituted the starting point
for recrystallization annealing treatments.

Coupons of 10 mm x 10 mm x 1 mm were cut from cold rolled sheets
in order to understand the recrystallization behavior as a function of the
annealing temperature. Each coupon underwent a thermal treatment of
10 min in a resistance furnace operating in air (Lenton AWF 13/25, UK)
and a subsequent water quenching to freeze the microstructure and
precisely stop the treatment time. The selected temperatures varied from
500 °C to 950 °C with a step of 50 °C.

In order to evaluate the effect of the annealing time on the recrys-
tallization behavior, other coupons of both alloys underwent thermal
treatments at 700, 800 and 900 °C for 2, 5, 10, 15, 20, 30, 60 min, and
subsequently water quenched.
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2.2. Microstructural characterization

Before performing any analysis, all samples were mechanically pol-
ished with SiC abrasive papers up to 600 grit. Successively, fine pol-
ishing was performed with diamond paste of 3 pm and 1 pm. Final
polishing was carried out with a 0.05 pm colloidal alumina suspension.

The recrystallization curve was built by means of at least 5 Vickers
microhardness indentations, using a load of 4.9 N and a dwell time of 15
s on each sample (FM-810, Future-Tech Corp., Japan). The phases pre-
sent in each alloy as a function of the recrystallization treatment were
evaluated by X-ray diffraction (XRD, SmartLab, Rigaku, Japan). XRD
analyses were performed at a scanning rate of 3°/min in the range of
20-100° (stepsize 0.020°), using Cu K, radiation (A = 1.5406 10\) at 40 kv
and 40 mA with a Bragg-Brentano geometry. Peak identification was
performed using the SmartLab Studio II software (Rigaku, Japan).

The microstructure of both alloys as a function of the thermal
treatment was evaluated by scanning electron microscopy (SEM), using
a field emission gun SEM (FEG-SEM, Sigma 500, Zeiss, Germany). Prior
to observation, samples were chemically etched with the Picral reagent
(4 g picric acid in 100 ml ethanol). The composition of second phases
was evaluated by energy dispersion x-ray spectroscopy (EDS, Ultim Max,
Oxford Instruments, UK). Their average size and fraction were quanti-
fied by means of the ImageJ software (National Institute of Health, USA)
using a scan area of 2.1 mm? for all conditions. Only particles with an
area of at least 1 pm? were included in the analysis. Electron back-
scattered diffraction (EBSD, C-Nano, Oxford Instruments, UK) was per-
formed to assess the grain orientations, the evolution of texture
components, recrystallized fraction and Schmid factors distribution in-
side the materials, before and after annealing at 800 °C for 10 min. A
scan area of 120 x 80 pm was used, resulting in at least 300 grains
analyzed for each sample. The threshold for a grain to be counted as such
was set at 10 pixels, as recommended by the ISO 13067:20 standard. For
EBSD analyses, in addition to the previously described polishing pro-
cedure, samples were polished with colloidal silica (0.05 pm) for 20 min
and rinsed with deionized water for 10 min in order to avoid any surface
contamination. The obtained data were analyzed with the Channel5
software (Oxford Instruments, UK). The indexing rate for the analyzed
conditions was of at least 82% for the deformed samples and of at least
97% for the annealed samples.

Finally, in order to validate the phases that precipitated during the
various thermal treatments, a thermodynamic simulation of the amount
of phases present at equilibrium as a function of temperature was carried
out using the Thermocalc software using the TCFE9 database. Scheil
non-equilibrium calculations were also carried out to establish the
phases that could form in the alloy during solidification. However, since
Ag is not available in the database, the calculation was carried out only
for the 0Ag alloy.

2.3. Biological characterization

In order to verify that the presence of Ag did not alter the biological
performances of the OAg alloy, both cytocompatibility and hemo-
compatibility tests were carried out on the material after annealing at
800 °C using 316L stainless steel as negative control. 5 replicates were
used for cytocompatibility assays at each timepoint, while 3 replicates
were used for clotting time and hemolysis tests. Before all biological
experiments, samples were sterilized by UV irradiation. Briefly, each
side of the samples underwent 2 15-min cycles of UV irradiation. Sam-
ples were stored in a sterile 24 multi-well plate until use.

2.3.1. Cytocompatibility assays

Cell culture. Human umbilical vein endothelial cells (HUVECs) and
human umbilical artery smooth muscle cells (HUASMCs) were used in
this study. Cells were isolated from human umbilical cord samples ob-
tained from normal term pregnancies. Written informed consent was
obtained from all mother donors according to the Declaration of
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Helsinki. All experiments were performed in compliance with the Ca-
nadian Tri-Council Policy Statement: Ethical Conduct for Research
Involving Humans and institutional CHU de Quebec - Laval University
guidelines. The protocol was approved by the Ethics Committee of the
CHU de Quebec Research Centre (CER #S11-03-168). Cells were iso-
lated as described elsewhere [25]. Both the isolated HUVECs and
HUASMCs were maintained at 37 °C in a saturated atmosphere at 5%
CO5 in M199 culture medium (Gibco, Invitrogen Corporation, Burling-
ton, ON, Canada) addition with the supplements presented in Table 1.
When 85%-90% of confluence was reached, cells were then enzymati-
cally detached from the plate (0.05% trypsin, Gibco, Invitrogen Corpo-
ration, Burlington, ON, Canada) and then reseeded at a ratio of 1:3 or
used for experiments. For the experiment here reported, HUVECs have
been used at passage 5 and HUASMC at passage 7.

Indirect viability assays. The indirect cytotoxicity test was performed
following the ISO 10993-5:2009 procedure. SS316L has been used as a
reference material. Briefly, 1 cm? samples were immersed in 660 pl of
M199 culture medium, supplemented with 1% P/S for 1, 3 and 7 days
and incubated at 37 °C in a saturated atmosphere at 5% CO,. At each
time point, medium has been collected from samples and subsequently
used for the viability test. Viability tests have been performed using
different concentration of the extracted media: respectively 100%, 10%
and 1% dilutions. Before putting them in contact with cells, extracted
media have been supplemented with the supplements presented in
Table 1 (with the exception of P/S). Briefly, HUVECs and HUASMCs
were seeded in the well of 96 multi-well plates at a density of 20000
cells/cm? and incubated at 37 °C, 5% COs for 24 h in 100 pl/well of the
respective complete M199. The day after, medium was removed and
100 pl of the 100, 10 and 1% extracts dilutions were added to the well
containing the HUVECs and HUASMCs and incubated for 24 h. The
extracts were then removed and 100 pL of 1% solution of resazurin so-
dium salt in complete M199 medium were added to the cells and incu-
bated for 4 h at 37 °C and 5% CO,. After the incubation, the solutions
containing the now reduced resorufin product were collected and fluo-
rescence intensity at a 545 nmey/590 nmey,, wavelength was measured
with a SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices, San
Jose, California, USA). Fluorescence intensity is proportional to cell
viability.

2.3.2. Hemocompatibility assays

For assessing the hemocompatibility, both clotting time and hemo-
lysis tests were carried out using the same materials employed for
cytocompatibility assays.

Hemolysis. Whole human blood from a healthy donor has been
collected in citrate-containing blood collection tubes. Each sample has
been placed in a 15 mL tube and 10 mL of sterile PBS 1X have been
added in each tube. PBS 1X has been used as a negative control and
deionized Hy0 as positive control. Samples and controls have been
incubated at 37 °C for 30 min. In the meantime, the collected blood has
been diluted in PBS 1X to a final ratio of 4:5 (4 parts of citrated blood
and 5 parts of PBS 1X). After the incubation, 200 pL of diluted blood
were added in each tube and carefully mixed by inverting each tube.
After that, samples and controls were incubated at 37 °C for 1 h. All

Table 1

list of supplements for cell culture media. * Gibco, Invitrogen Corporation,
Burlington, ON, Canada; ** Life Sciences, Grand Island, NY, USA; *** Sigma
Aldrich, Oakville, ON, Canada; ° Santa Cruz Biotechnology, Inc, Dallas, TX, USA.

Supplement HUVECs Medium HUASMCs Medium
Fetal Bovine Serum (FBS) * 5% 5%
Penicillin/Streptomycin (P/S) * 1% 1%

Fibroblast Growth Factor (FGF) ** 2 ng/ml 2 ng/ml
Endothelial Growth Factor (EGF) ** 1 ng/ml 0.5 ng/ml
Ascorbic Acid *** 1 pg/ml -

Hydrocortisone *** 1 pg/ml -

Human Insulin ° - 5 pg/mL
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tubes have been carefully mixed by inversion after 30 min of incubation.
At the end of the incubation, the tubes containing the samples and the
controls underwent a centrifugation step at 800 g for 5 min. The su-
pernatant was collected and 100 pL aliquots were placed in a 96-well
plate. The absorbance (OD) at a wavelength of 540 nm has been
recorded. Hemolysis has been calculated as follows:

OD samples — OD CTRL Pos
OD CTRL Pos — OD CTRL Neg

Hemolysis = x 100

Clotting time. Whole human blood has been collected in citrate-
containing blood collection tubes. Sterile samples have been placed in
the wells of 24-well multi plates for the test. Briefly, 100 pl of citrated
blood have been placed on the surfaces of the different samples (culture-
treated plastic has been used as a control). Immediately after, 20 pl of
calcium chloride (CaCl,) has been added to the blood in order to activate
the coagulation cascade (CaCl, inactivates the citrate). Samples have
been then incubated at 37 °C for the selected time points (0, 15, 30, 45
and 60 min). At each time point, 2 ml of deionized water have been
added to each sample in order to lysate the erythrocytes not entrapped in
a blood clot. The aqueous solutions containing the free hemoglobin have
then been transferred to a 96 well plates. Absorbance at a wavelength of
540 nm have been recorded using a Spectra Max i3x (Molecular De-
vices). Absorbance is proportional to the amount of free hemoglobin.
Therefore, the higher the absorbance, the higher the amount of hemo-
globin, the higher the hemocompatibility.

2.4. Statistical analyses

All data are reported with standard deviation errors. In Fig. 1, the
error bars represent the uppermost and lowermost deviations from the
average of each point. In order to estimate the statistical significance of
differences in Vickers microhardness values, one-way ANOVA tests with
Tukey’s post-hoc analysis was carried out using the Minitab18 software
(Minitab Inc., USA). The differences were considered statistically sig-
nificant if p < 0.05 at least.

For biological tests, the data shown are means =+ standard deviation
(SD). Statistical significance has been calculated using ANOVA non-
parametric Kruskal-Wallis method with Dunn post-test through the
software InStat ™. Values of p < 0.05 or less have been considered
significant.

3. Results
3.1. Vickers microhardness

The results obtained from Vickers microhardness tests are reported
in Fig. 1. The microhardness curve as a function of temperature for
thermal treatments of 10 min (Fig. 1a) showed that no sharp drop of
hardness occurred for temperatures below 600 °C, suggesting that no
recrystallization takes place in this temperature range. Recovery
occurred at 600 °C, as inferable from the drop in hardness, while full
recrystallization appeared to be achieved for temperatures exceeding
650 °C, as visible from the lower hardness plateau. Fig. 1a also suggests
that the two investigated alloys feature a substantially similar recrys-
tallization behaviour. The 0.4Ag alloy showed higher microhardness
values for temperatures above 600 °C. This could be due to higher misfit
strains stored inside the material caused by the precipitation of carbides
at grain boundary, as will be shown in sections 3.2 and 3.4.

Looking at the evolution of microhardness as a function of time (fig.
1b and c), it could be seen that the treatment time had no effect in
changing the microhardness of both alloys. This was attributed to the
very fast recrystallization kinetics of TWIP steels, as already observed by
other authors [26,27]. The only deviation from this behavior consisted
in a marked increase in microhardness for the 0.4Ag alloy annealed at
900 °C for at least 30 min.
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Fig. 1. Evolution of Vickers microhardness as a function of the thermal treatment parameters for the 0Ag and 0.4Ag alloys: a) OAg and 0.4Ag after 10 min as a
function of temperature; b) 0Ag at 700 °C, 800 °C and 900 °C as a function of time; ¢) 0.4Ag at 700 °C, 800 °C and 900 °C as a function of time.

3.1.1. Scanning electron microscopy

Fig. 2 reports the microstructures of both alloys before and after
annealing treatments at 500 °C, 600 °C and 800 °C for 10 min. In both
cases, after treatment at 500 °C, second phases precipitated at grain
boundaries without observing nucleation of new grains. Cold rolled
grains started to be replaced at 600 °C, while precipitates were still
present in both alloys; replacement appeared to be completed at 800 °C.
At temperatures of 800 °C and above, it appeared that such second

phases disappeared for the 0Ag alloy, while they were still present in the
0.4Ag alloy.

The nature of the second phase particles of the 0.4Ag alloy in both
the as deformed state (CR25) and after a 500 °C treatment (10 min) was
studied by EDS element mapping (Fig. 3). In the CR25 state (fig. 3a—€)
just one type of second phase was detected: Ag-rich particles containing
traces of Fe and Mn.

After the 0.4Ag alloy underwent the thermal treatment at 500 °C (fig.

Fig. 2. SEM micrographs detailing the microstructural evolution of the studied alloys as a function of the recrystallization temperature after a 10-min treatment.
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"%l;!

Fig. 3. EDS elemental mapping of 0.4Ag alloy in the unrecrystallized state, when a-e) cold rolled (CR25) and f-j) treated at 500 °C (500).

3f-j), two families of second phase particles were observed, also visible
in the microstructure of Fig. 2, where Ag-rich particles and precipitates
appeared segregated at grain boundaries. The Ag-rich particles had a
similar composition to that observed prior to thermal treatments (fig.
3a-e). The precipitates at grain boundaries appeared to be depleted in
Mn and Ag, while they were rich in Fe and C: this could indicate the
precipitation of iron carbides at low temperatures, which was not
observed for treatments above 900 °C.

The second phase particles in both alloys were quantified as a
function of treatment temperature (Fig. 4). Portions of the images used
for these calculations are reported in Fig. S1. For the 0.4Ag alloy, par-
ticles showing a size between 1 and 15 pm? were identified as carbides,
while particles with an area above 15 pm? were identified as Ag-rich
particles based on EDS observation (Fig. 3). The average carbide size
(Fig. 4a) remained constant for both alloys independently from the
treatment temperature. However, the area fraction was reduced by
increasing the temperature: for the OAg alloy, pre-annealing fractions
were re-established after a treatment at 800 °C, while this happened at
900 °C for the 0.4Ag alloy. In addition, the area fraction occupied by
carbides was lower for the 0Ag alloy at all treatment temperatures.

The average size and area fraction of the Ag-rich particles (Fig. 4b)
remained constant at all treatment temperatures, and it was comparable
to that prior to any annealing treatment. Their size was very inhomo-
geneous, ranging from 15 to 276 pm?. Differences in area fraction below
0.5% were detected due to the inhomogeneous distribution of such
second phases (Fig. S1).
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3.2. X-ray diffraction

The measured spectra from XRD analyses as a function of the treat-
ment temperature for both alloys can be found in Fig. 5. It could be seen
that the only detected phase for the 0Ag alloys was austenite (y), inde-
pendently from the applied thermal treatment (Fig. 5a). In addition,
when the alloy containing Ag was considered (fig. 5b), a weak peak
associated with the (111) plane of the face-centered cubic Ag phase also
appeared in some conditions, depending on the local quantity of the
phase. The Ag phase could be associated to the Ag-rich particles visible
in Figs. 2 and 3. No peaks associated to e-martensite were detected,
contrarily to a previous work [20], where e-martensite was detected in
the cold rolled condition. This could be due to reversion of martensite to
austenite during heating of the alloy.

3.3. Thermodynamic modelling

The phases formed in the 0Ag alloy as a function of temperature at
equilibrium and during solidification are plotted in Fig. 6. From calcu-
lations at equilibrium (Fig. 6a), it can be observed that already starting
from 745 °C, Fe3C-type carbides (cementite) that then evolve into M23Cg
at lower temperature are formed. Under strict equilibrium conditions,
v-Fe would progressively transform almost completely into a-Fe. This is
apparently inconsistent with XRD and microstructural analyses indi-
cating y-austenite as the main matrix constituent. However, it can be
considered that the investigated samples were analyzed after annealing
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Fig. 4. Second phase particle size from ImageJ analyses: a) average carbide size and area fraction; b) average size and area fraction of the Ag-rich particles.
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Fig. 6. Thermodynamic simulation of the phases formation as a function of temperature for Fe16Mn0-7C alloy (0Ag sample). a) Equilibrium calculation; b) Scheil-

Gulliver non-equilibrium calculation.

at a fixed temperature and quenching. The rapid cooling tends to sup-
press the low-temperature transformation, preserving larger amounts of
the structure created during the annealing holding period. Furthermore,
the y-Fe to a-Fe transformation in high Mn steels is believed to be quite
sluggish due to the action of Mn and C as y-stabilizers [11]. The
Thermo-Calc simulation additionally allows to confirm that the tiny
precipitates found at austenite grain boundaries can supposedly be
carbides, either FesC or more generally of My3Cg type.

From Scheil calculations, in agreement with the equilibrium calcu-
lation, the Liquid + FCC biphasic field appears at 1421 °C. Considering
the Scheil plot (Fig. 6b), FCC is the only phase obtained from the so-
lidification of the liquid phase for the Fe16Mn0-7C alloy and it ends at
about 1250 °C. In the phase fraction vs T equilibrium plot the liquid
phase is still present a t 1350 °C. From Scheil plot the cementite for-
mation is not expected. The formation of the tiny precipitates of
cementite can be attributed to the longer annealing applied at different
temperatures. In this case, calculating the equilibrium for Fe16Mn0-7C
at 600 °C, both FCC (0.94 vol fraction) and cementite (0.006 vol frac-
tion) appear as stable phases.

3.4. Electron backscattered diffraction
Fig. 7 reports the orientation image maps (OIM) in the normal di-

rection, inverse pole figure (IPF) in the normal direction and orientation
distribution function (ODF) at @2 = 45° for both alloys before and after
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the treatment at 800 °C for 10 min. The observed orientations were
evenly spread in all cases: neither OIMs nor IPFs showed clear texturing
of the material, as the maximum mean uniform deviation (MUD) of the
strongest orientation components was always inferior to 2. When look-
ing at the ODFs, the Brass {110}<112> component was present in both
alloys prior to annealing, as commonly observed for TWIP steels [11,
22], and it was an indication of twinning during plastic deformation.
The rotated Goss {110}<110> component was also detected for the 0Ag
alloy, while an intermediate texture position between the Copper com-
ponents and the y fiber was detected for the 0.4Ag alloy.

After annealing, the ODFs highlight several texture components that
developed during this process, replacing the Brass component observed
after cold rolling. The two main texture components were the Cube
{001}<110> and the F {111}<112> ones associated to the y fiber,
together with the Copper {112}<111> and Rotated Copper {112}<
110> ones.

Fig. 8 reports image quality maps (IQ) in the band slope mode,
allowing to qualitatively understand the amount of deformation stored
inside each grain before and after annealing. Both alloys presented
significant levels of deformation after cold rolling, with both mechanical
twins and deformation bands present inside the grains. After annealing,
the 0Ag alloy showed an almost deformation-free structure, contrarily to
the 0.4Ag alloy. This can indicate that recrystallization of the material
was hampered by the presence of Ag, as further confirmed by the
analysis of the recrystallized fraction (Fig. S2). In addition, it was found
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that the grain size distribution is concentrated to much lower values for
the 0.4Ag alloy, as outlined in Fig. 9.

Fig. 10 reports the Schmid factors distribution in the analyzed re-
gions for both alloys. This was not significantly affected by the recrys-
tallization process for the 0Ag alloy. In addition to this, the vast majority
of grains showed a Schmid factor above 0.4, indicating that no prema-
ture twinning occurred upon deformation of the recrystallized material
[28]. For the 0.4Ag alloy, on the other hand, it could be seen that the
annealing treatment reduced the number of grains having a Schmid
factor lower than 0.4, while providing more grains with a Schmid factor
higher than 0.4. Contrarily, the distribution of Schmid factor in the
grains was broader than in the 0Ag alloy.

3.5. Biological tests

Fig. 11 reports the results obtained from both cytocompatibility and
hemocompatibility tests of the Ag-free and Ag-containing alloy
compared with the well known 316L stainless steel and the appropriate
controls. The cytocompatibility towards both ECs (Fig. 11a) and SMCs at
1% eluate concentration (Fig. 11b) showed that Ag did not cause any

(
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Fig. 7. EBSD maps of both alloys in both
Cube

cold rolled (CR25) and treated (800 °C;10
min) (800) states. From left to right: orien-
tation image maps (OIM), inverse pole fig-
ures (IPF) and orientation distribution
functions (ODF) at ¢ = 45°. The map of
orientations in the IPFs is described in the
top center figure. The relative intensity of
each orientation is represented by the color
scale, detailed in the histograms each IPF.

The map of the ideal texture components for
ODFs is detailed in the top right figure.

reduction in viability with respect to the Ag-free counterpart. However,
the relative viability of the studied TWIP steels was significantly reduced
with respect to that of 316L SS towards ECs. On the contrary, no sta-
tistically significant difference was observed between the viability of all
alloys towards SMCs. Similar results were observed with 10% and 100%
eluate concentrations (Fig. S3).

Clotting time results (Fig. 11c¢) showed that both TWIP steels have a
better hemocompatibility with respect to 316L SS at 30’, 45’ and 60°. In
addition, both alloys showed comparable hemolysis to that of 316L SS
(Fig. 11d), well below the 5% threshold outlined in the ASTM F756
standard as critical hemolysis value.

4. Discussion

It was observed that the addition of 0.4 wt %. of Ag influenced the
microstructure of a Fe-16Mn-0.7C TWIP steel after recrystallization
annealing. The microstructural evolution of the two alloys was found
significantly different. Nevertheless, the overall recrystallization ki-
netics was globally unaffected since the microhardness evolution was
very similar for both the alloys.
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Fig. 9. Grain size distribution for the studied materials before (CR25) and after annealing at 800 °C for 10 min (800): a) 0Ag CR25; b) 0Ag 800; c) 0.4Ag CR25; d)
0.4Ag 800.

4.1. Recrystallization kinetics presence of Ag. On the other hand, the plateau observed for treatment

temperatures of at least 650 °C was at higher values for the 0.4Ag alloy.
The Vickers microhardness evolution (Fig. 1) was not affected by the This finding contrasts with other works, which showed that the addition
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of soluble elements (such as V and Pd) to a Fe-Mn-C matrix altered the
recrystallization kinetics [23,24]. This different behavior can be
explained by the high area fraction occupied by carbides in the presence
of Ag, as visible from Fig. 4. The combined effect of carbides precipi-
tating at grain boundary, together with the presence of Ag-rich particles,

Fig. 11. Results from biological assessment
of both 0Ag and 0.4Ag alloys compared to
316L stainless steel. a) relative viability to-
wards endothelial cells (ECs) at 1% elution;
b) relative viability towards smooth muscle
cells (SMCs) at 1% elution; c) relative
hemocompatibility from clotting time tests
at 0, 15, 30, 45, 60 min; d) relative hemo-
lysis. *p < 0.001 vs CTRL+ 15’; **p < 0.001
vs SS316L 30°; $ p < 0.01 vs SS316L 30°; #p
< 0.001 vs CTRL+ and SS316L 45’; & p <
0.001 vs CTRL+ 60’; % p < 0.05 vs CTRL+
60’.

can obstruct grain nucleation and growth during thermal treatments,
leading to higher deformations stored inside grains, as one can observe
from both microhardness data (Fig. 1) and IQ maps (Fig. 8).

Another important phenomenon to be considered and analyzed was
the evolution of grain size and twinning as a function of the annealing
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temperature. It could be observed that the 0Ag alloy had a bigger grain
size before and after annealing with respect to the Ag-containing alloy,
as one could also notice from Fig. 9. This phenomenon could be recon-
ducted to the presence of a higher area fraction of carbides and to the
presence of Ag-rich particles in transgranular and intergranular posi-
tions, since they could hamper grain formation during thermal treat-
ments. Such behavior was already observed by other authors in a Fe-Mn-
C-Pd system [24], where Pd-rich particles precipitated inside grain
boundaries and limited new grain nucleation and growth during
annealing. This may also explain why the 0.4Ag alloy after annealing
showed much higher internal deformations than the 0Ag alloy after the
same treatment (Fig. 8).

An additional factor that played a role in reducing grain size of the
0.4Ag alloy after annealing was the precipitation of carbides observed at
low temperatures (Figs. 2-4). These precipitates appeared rich in Fe and
C, and their stoichiometry can be reconducted to carbides (either FesC or
M33Ce), as determined by thermodynamic simulation (Fig. 6). It is
known that precipitation of second phases at grain boundaries could
obstacle the recrystallization process. Carbides appeared in higher
amount for the 0.4Ag alloy heated between 500 and 800 °C. The pre-
cipitation of second phase particles was already observed by other au-
thors in the case of prolonged thermal treatments on Fe-Mn-C alloys
above 700 °C [26,29], limiting grain growth. In addition, a previous
work on the same alloys [20] showed that nanoscale carbides were
retained in the 0.4Ag alloy after annealing at 800 °C. On the contrary,
the reason why such precipitates were preponderantly present when Ag
was added is still unknown and requires further thermodynamic in-
vestigations to understand their formation kinetics and the role of Ag in
favoring this phenomenon.

4.2. Texture evolution

It is clearly visible from Fig. 7 that the two alloys show some dif-
ferences in preferential orientations and texture evolutions during
annealing. The texture components in the 0Ag alloy changed during
annealing at 800 °C according to the following evolution (CR25 — 800):
(Rotated Goss + Brass) — (Rotated Goss + F). On the other hand, the
0.4Ag alloy showed the following texture evolution (CR25 — 800):
(Brass + mixed Copper/y fiber) — (Cube + Copper + v fiber). In both
cases, the Brass fiber was present in the deformed condition, which was
typical of TWIP steels [11,22]. Moreover, as already observed by other
authors, the texture evolution was relatively stable during the annealing
process [26,30]. The presence of the Goss-type components is also
typical of TWIP steels [30,31].

A noteworthy feature was the development of the y-fiber during
recrystallization in both alloys, which was already observed in an
annealed state for a Fe-Mn-Al-Si TWIP steel [32]. On the contrary, the
y-fiber was also observed for heavily deformed TWIP steels by other
authors [28,31,33]. In those cases, the development of the y-fiber was
related with the formation of shear bands at high levels of deformation,
and they were considered preferential sites for recrystallization. In this
work, no shear banding was detected in the cold rolled state (Figs. 2a
and 3a), while only mechanical twinning was observed. At the same
time, a preferential {111} orientation was developed after recrystalli-
zation (Fig. 7), which could explain the development of the y-fiber
during the recrystallization process.

Another phenomenon that could be related with the development of
the y-fiber during recrystallization was the retainment of grains pos-
sessing a Schmid factor below 0.4 (Figs. 8 and 10). This occurrence was
preponderant in the 0.4Ag alloy: comparing Fig. 7 and Fig. 10d and e, it
is clear that the grains with a lower Schmid factor were those possessing
a {111} orientation, while the grains with a higher Schmid factor were
those presenting a {101} orientation. The presence of {111} grains with
a low Schmid factor was associated with an earlier onset of twinning
during deformation by other authors [28]: this fact could definitively
explain the role that Ag played in the ductility reduction of TWIP steels,
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as detected in previous works [19,20].
4.3. Impact of recrystallization annealing on processing

This work investigated the impact of Ag on recrystallization of a
TWIP steel after cold rolling, which is a simplification of cold drawing,
commonly used when manufacturing tubular precursors for stents [21].
Although the two processes differ in the distribution of applied forces
generating plastic deformation [34], the impact of the second phases on
recrystallization mechanism and microstructure are likely to affect the
drawing processes required to thin the stent structure. It has been
already reported that the presence of Ag impact the deformation
mechanism of TWIP steels [20], and this has also be taken into account
when designing thermal treatments. It was already demonstrated that
tailoring recrystallization annealing treatments in TWIP steels can allow
to finely tune grain size together with second phase size and shape,
which in turn can alter processability and mechanical properties of final
products [31,35,36]. Thermal treatments can also strongly impact
texture evolution, which also affects the final microstructure and pro-
cessability of TWIP steels into semi-finished products [31,37].

4.4. Impact of Ag on biological performances

The results outlined in section 3.6 showed that the studied TWIP
steels have comparable biological performances to those of the
commonly used 316L stainless steel. Only ECs and SMCs were used for
assessing the effect of Ag on cytocompatibility since they compose the
two innermost layers of an artery (intima and media) and they are the
two vascular cell types that can get in contact with implanted stents.
Proliferation of ECs is a wanted process since it implies acceptance of the
stent by the organism, significantly reducing the risk of chronic in-
flammatory reactions. On the other hand, disproportionate SMC prolif-
eration can lead to excessive neointimal proliferation, ultimately
resulting in restenosis. From the results shown in Fig. 11a and b, it would
appear that SMC proliferation would be the dominant process with
respect to endothelialisation, possibly leading to chronic inflammatory
reaction and ultimately to restenosis. These outcomes conform with
findings reported by other authors [38-40]. Some factors should be kept
in mind when discussing the outcomes from in vitro cytocompatibility
assays. First, the environment into which such tests were carried out was
a static one, while real conditions are dynamic since the stent is exposed
to constant blood flow in the first 14-28 days of implantation. In addi-
tion, as one can observe from Fig. 11and S2, cell viability is clearly a
function of the elution concentration. It could be hypothesized that, in a
dynamic environment, the concentration of degradation products is
lower than the most diluted eluates used in this work, leading to an
increase in viability with respect to what was reported here. Finally, it
should be noted that the contact time between cells and eluates was of
24 h, aiming at assessing acute effects. For studying chronic effects, in
vivo tests should be carried out. The only report in an arterial environ-
ment for a Fe-Mn alloy [40] showed that endothelialisation was
completed in 28 days, similarly to the case of pure Fe [41-43]. This
suggests that chronic cytotoxicity of TWIP steels implants should not be
a cause for concern.

Hemocompatibility tests showed that the studied TWIP steels have
similar performances to those of 316L SS, which is comparable to what
other authors observed [13]. In addition, the presence of Ag did not
cause any decrease in hemocompatibility of the base alloy, similarly to
what was reported by other authors on pure Fe [44,45]. These findings
indicate that hemocompatibility of the studied TWIP steels should not be
a cause for concern, which was also confirmed by in vivo studies on
Fe-Mn alloys [40].

5. Conclusions

This work investigated the influence that Ag addition has on the
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recrystallization behavior of a Fe-16Mn-0.7C TWIP steel. The presence
of Ag resulted in a harder material after recrystallization, due to pres-
ence of carbides that limited grain nucleation and growth, leading to
grains with higher local strain. Carbides and Ag-rich second phase
particles were identified as the cause for the lower efficacy of the
annealing treatment since they limited the nucleation and growth of
twin-free grains. In addition to this, the presence of Ag stimulated the
development of more {111} grains upon recrystallization, which pre-
sented a lower Schmid factor and were more prone to twinning upon
plastic deformation. This observation could also explain why the addi-
tion of Ag provided a reduction in ductility to TWIP steels, which could
be detrimental to the deployment of a stent in a diseased artery. Finally,
it was found that Ag did not alter the biological performances of the
studied steel. From the findings of this work, it is recommended to carry
out annealing at temperatures above 800 °C for the Ag-free alloy and
above 900 °C for the Ag-containing alloy to avoid precipitation of car-
bides and, as a consequence, prevent a significant reduction in ductility.
Further works should focus on the actual process of tube drawing of
TWIP steels, which was an unexplored topic in the literature at the time
of submitting this article.
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