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Effect of Thermomechanical Treatment
on Functional Properties of Biodegradable
Fe-30Mn-5Si Shape Memory Alloy

S. PROKOSHKIN, Y. PUSTOV, Y. ZHUKOVA, P. KADIROV, S. DUBINSKIY,
V. SHEREMETYEV, and M. KARAVAEVA

The structure, martensitic y < ¢ transformation temperatures, Young’s modulus, mechanical
properties, and electrochemical behavior of Fe-30Mn-5Si (wt pct) biodegradable shape memory
alloy subjected to various thermomechanical treatments (TMT) comprising hot rolling or cold
rolling with post-deformation annealing were characterized by optical microscopy, energy-dis-
persive X-ray spectroscopy, X-ray diffraction, differential scanning calorimetry, tensile testing,
open circuit potential, and polarization curves measurements in Hanks’ solution, as compared
to reference heat treatment. The optimum combination of mechanical properties (low Young’s
modulus, high tensile strength, and appropriate ductility) for biomechanical compatibility was
obtained after TMT with hot rolling at 600 and 800 °C due to the formation of favorable
dynamically polygonized and recrystallized structures and decrease in the y«e¢ transformation
starting temperature down to the human body temperature. The TMT did not show a significant
effect on the corrosion rate as compared to the appropriate corrosion rate after the reference
heat treatment. It is concluded that the TMT with hot rolling at 600 or 800 °C, which provides
an optimum combination of the required corrosion rate in the simulation body fluid with high
biomechanical compatibility, can be considered a promising treatment of Fe-30Mn-5Si
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biodegradable alloy for bone implants.
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I. INTRODUCTION

ONE of the modern trends in biomedical materials
science is the development of a new generation of
metallic alloys for traumatology, orthopedics, max-
illa-facial surgery, dentistry, cardiovascular surgery,
and other applications. These materials should be
designed to combine high biocompatibility and appro-
priate physical and mechanical properties, as well as
possess the ability to facilitate healing and tissue
regeneration with subsequent natural biodegradation
upon completion of the process. The need for such
materials is because conventional biomedical alloys
(stainless steel, cobalt alloys, titanium, and its alloys,
noble alloys) do not biodegrade. Moreover, despite the
renowned combination of  mechanical and
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physical-chemical properties, including various aspects
of biocompatibility, these materials may possess some
long-term drawbacks that can limit their application
such as possible allergic reactions, potentially harmful
corrosion, accumulation of wear products in human
body tissues, insufficient bioactivity, implant loosening,
and fatigue failure.l'™¥

As an alternative to conventional implantable metals,
biodegradable alloys based on magnesium, iron, and
zinc have been widely considered.” ' Magnesium
alloys degrade too fast (typically 1 to 4 months), and
the dissolution process is dangerously accompanied by
gaseous hydrogen evolution. Moreover, magnesium
exhibits poor mechanical properties. In contrast, iron
dissolves too slow, but at the same time, it possesses a
relatively high Young’s modulus. Zinc degradation rate
values are between those for Mg and Fe, which can be
considered acceptable for biodegradable materials.
However, Zn alloys exhibit low strength and ductility.

It is generally assumed that the optimum values of the
mechanical properties of biodegradable metallic implant
materials should be no less than 300 MPa tensile
strength and 15 pct elongation to failure, and the lowest
possible Young’s modulus to ensure biomechanical
compatibility ~with bone tissue'"***)  Such a
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combination of properties can be achieved with the
promising Fe-Mn-Si alloys with a certain composition
range where they can exhibit the reversible y(FCC) < ¢
(HCP% martensitic transformation and shape memory
effect.l!>17)

The required conditions for the pronounced shape
memory effect to be achieved are the low volume effect
during y-phase crystal lattice transformation into
e-martensite and low stacking fault energy. It has been
established that Si addition leads to a significant
decrease in the volume effect of the y < ¢ transforma-
tion."8 It has also been shown that the critical driving
force for the martensitic transformation increases with
the Mn content increase and decreases with that of Si.l'”’
The favorable composition range for the pronounced
shape memory effect in polycrystalline Fe-Mn-Si alloys
is 28—33 wt pct Mn and 4—6 wt pct Si.%*! Also, the
addition of Si at constant Fe and Mn content leads to
strengthening of the alloy."® Liu et al. first suggested
using Fe-Mn-Si shape memory alloys as a biodegradable
material.??! In addition to its in vitro biocompatibility,”
Fe-Mn-Si alloys have been shown to exhibit appropriate
biocompatibility and mechanical integrity with bone
tissue in vivo."™

Despite the considerable number of studies aimed at
improving these alloys’ functional parameters, includ-
ing those of powder-metallurgy and mechanically
alloyed materials, with various concentrations of Mn,
Si, and other elements,!'*?>4 the optimum combina-
tion of chemical composition and thermomechanical
treatment regimes that can result in the appropriate
corrosion rate values combined with the reversible
martensitic y <> ¢ transformation starting temperature
M being close to the human body temperature has not
yet been achieved.

Valuable results were obtained in works ! where
an effective homogenizing thermal treatment was
implemented, and the effect of Mn (23—30 wt pct)
and Si (5 wt pct) content on the corrosion and elec-
trochemical behavior and the martensitic transforma-
tion temperature range was studied. It was shown that
the maximum degradation rate exhibited by the
Fe-30Mn-5Si alloy tested in Hanks’ solution is 3 times
higher than that of Fe-30Mn binary alloys and 6 times
higher than for pure Fe,*”! and the M, temperature of
the y — ¢ transformation amounts to 60 °C. It was
emphasized in!'%*7 that, in the case of bone implant
application, the realization of the forward martensitic
transformation temperature being close to human body
temperature, which leads to lowering of the Young’s
modulus due to a pre-martensitic lattice softening, is
more crucial than the shape memory itself (moreover,
the shape recovery process proceeds at unacceptably
high temperatures). Indeed, the Young’s modulus of
the Fe-30Mn-5Si alloy was 2 times lower than that of
pure Fe, indicating better biomechanical compatibil-
ity.' The result obtained reveals the possibility of
using this alloy as a biodegradable implant material, on
the one hand, and indicates the need to elaborate
methods for lowering the M, temperature while still
preserving high mechanical properties and corrosion
rates.

[10.47
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The thermomechanical treatment (TMT) comprising
various types and schemes of thermal and deformation
conditions is well known to be an effective way to
control a metallic material’s structure and, conse-
quently, its functional properties. In particular, it is
possible to sufficiently increase the mechanical proper-
ties, the realization degree, and the stability of shape
memory and superelasticity effects in shape memory
alloys by varying phase, grain, and subgrain structural
features." "' Moreover, the differences in structure and
phase states can substantially affect the corrosion and
electrochemical behavior of the developed materials,
which provides the ability to control the degradation
rate.

In this respect, the present work aimed to analyze the
effects of different TMT regimes, including hot rolling or
cold rolling with post-deformation annealing, on the
structure, y <> ¢ transformation temperatures, Young’s
modulus, mechanical properties, and electrochemical
behavior in a simulated biological solution mimicking
the mineral composition of human bone tissue (Hanks’
solution).

II. MATERIALS AND METHODS

The experimental Fe-30Mn-5Si (wt pct) alloy, here-
inafter Fe-Mn-Si, was obtained by vacuum-arc melting
with a non-consumable tungsten electrode with a
preliminary getter melting (Ti sponge) to remove resid-
ual gases from the furnace chamber. Five-time remelting
was carried out to ensure the ingot’s homogeneity. The
chemical composition and elements’ distribution in
different ingot parts were controlled by energy-disper-
sive X-ray spectroscopy (EDX) using a JSM-6480 LV
scanning electron microscope, taking not less than 10
measurements.

The as-melted ingots were subjected to a reference
heat treatment (RHT): isothermal annealing at 900°C
for 60 minutes with subsequent water quenching.
According to,>* the RHT regime results in a homo-
geneous state of chemical composition and structure and
therefore, provides the possibility of uniform lowering
of the M temperature and Young’s modulus.

The TMT regimes of the Fe-Mn-Si samples are listed
in Table I. The choice of TMT regimes was determined
by the intention to form a well-developed polygonized
dislocation substructure or a fine-grained recrystallized
structure of the Fe-Mn-Si alloy. It was supposed that
TMT should lead to an improvement in the mechanical
properties and the lowering of the M temperature.

Hot rolling of the homogenized samples with
7 x 13 x 70 mm dimensions was carried out by using
a laboratory rolling mill Duo 210 via 3—4 passes without
intermediate heating, with an accumulated true strain
e = 0.3 and rapid water cooling after the last pass.

The samples after TMT were ground with P 320 to P
4000 emery paper and subsequently mirror-polished in
an ATM Saphir 520 machine using a 3-uym diamond
suspension.

The structure study was carried out using a Ver-
samet—2 Union 7452 optical microscope with a
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Table I. TMT Regimes for the Fe-30Mn-5Si Alloy

Regime Designation

Treatment Details

RHT

HRg09
HRgoo
CRs09
CRe0o

Reference Heat Treatment: As-homogenized

Hot rolling (e* = 0.3) at 600 °C

Hot rolling (e = 0.3) at 800 °C

Cold rolling (¢ = 0.3) + annealing at 500 °C (30 min)
Cold rolling (e = 0.3) + annealing at 600 °C (30 min)

*e is a true (logarithmic) rolling strain equivalent to a 25 wt pct reduction.

magnification of x 50 to x 1000. To reveal the
microstructure, the etchant (70 wt pct HNO;3 solution
in ethanol, in 4 wt pct HNO;3: 96 wt pct ethanol ratio)
was applied to the polished samples. The grain size was
estimated from at least 5 typical microstructure images.

The X-ray diffraction (XRD) analysis was carried out
at room temperature using a DRON-3 diffractometer
with Cug, radiation. XRD profiles were taken in the 20
range 38 to 100 deg with 0.1 deg step and 3 seconds
exposure. A graphite monochromator was used to
reduce the background signal. To remove the polish-
ing-induced deformed surface, the samples were etched
(70 wt pct HNOj solution in ethanol, in 4 wt pct
HNOj: 96 wt pct ethanol ratio) prior to the XRD study
to dissolve the 0.5 mm-thick layer.

To estimate the characteristic temperatures of the
forward and reverse martensitic transformations, differ-
ential scanning calorimetry (DSC) with a Perkin Elmer
DSC 4000 calorimeter was carried out with a temper-
ature scanning range from — 50 to + 300 °C, a heat-
ing/cooling rate of 10 °C/min, and a sample mass of
about 0.005 g. The forward martensitic transformation
starting, peak, and finishing temperatures (M, M,, and
M¢, respectively), as well as those for the reverse
transformation (A4,, Ap, and Ag respectively), were
determined from the exo- or endothermic peaks in the
DSC curves. The linear intercept method was used for
determining the M, My, Ag, and Ay temperatures.

Static mechanical tensile testing to failure was carried
out using a MTS MiniBionix 858 machine with an
external extensometer with a strain rate of 0.02 s~ '. The
stress—strain curves obtained were used to calculate the
Young’s modulus E, yield stress ¢y, ultimate tensile
strength oyrs, and relative elongation to failure ¢
(average for three samples per regime). The apparent
(engineering) Young’s modulus was calculated as zgo
where « is a slope angle of a linear part of the loading
branch of the stress—strain curve; the error limit for the
Young’s modulus values amounts to £ 5 GPa.

Electrochemical characterization was performed using
an open circuit potential (OCP) and polarization curves
measurement using an electronic /PC-Pro potentiostat
with a three-electrode glass cell temperature-controlled
by a TW-2 FElmi thermostat. The plate-like
10 x 10 x 1 mm samples were used for the tests. The
test medium was a Hanks’ salt solution®: § g NaCl,
0.4 g KCl, 0.12 g NaHPO412H,0, 0.06 g KH,POy,
0.2 g MgSO47H,0, 0.35g NaHCO;, 0.14 g CaCl,,
water-balanced up to 1 1 of the solution, pH 7.4, with
the temperature maintained at 37 + 1 °C. The potential
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sweep rate for the polarization curves measurement was
set at 0.2 mV/s. The saturated Ag/AgCl, electrode was
used as a reference electrode, and the platinum one
served as an auxiliary electrode. For the corrosion rate
estimation, the corrosion current density (ico,) was
extracted from the polarization curves to determine the
corrosion rate (C,) of the alloys, as follows*"):

_ icorr104AMe

C = nFinne 8,76 mm/year, 1]

where i, is the corrosion current density extracted
from the polarization curve, A/cmz; n—is the ionic
charge (n = 2 for Fe’"), F = 26,8 A'h/g-equivalent—
Faraday constant, 4y;.—atomic weight of the metal, g;
dyie—metal density, g/cm®.

III. RESULTS AND DISCUSSION

A. Chemical Composition and Structure of the Fe-Mn-Si
Alloy

The EDX results show that the average composition
of the Fe-Mn-Si ingots obtained amounts to
65.6 £ 0.2 wtpct Fe, 294+ 02wtpct Mn and
5.0 &+ 0.1 wt pct Si, which adequately corresponds to
the required concentration ratio.

Figure 1 shows the optical microscopy images of the
Fe-Mn-Si alloy microstructure in the homogenized state
(RHT) and after various TMT routes aimed at estimat-
ing the effect of TMT on the matrix phase (y-austenite)
grain size and shape. It can be seen that hot rolling at
600 °C (HRggo, Figure 1(b)) does not cause the grain
structure refinement as compared to RHT (Figure 1(a)),
with the average grain size about 500 um in both cases.
An increase in hot rolling temperature up to 800 °C
(HRggo, Figure 1(c)) leads to a decrease in grain size
down to about 100 um, which is the result of partial
dynamic and/or static recrystallization. The CR5yy and
CRyg treatments do not induce noticeable variations of
the grain size compared to RHT, which indicates that
the annealing temperature of 600 °C is not enough for
the beginning of static recrystallization.

B. XRD Analysis

Figure 2 shows the XRD profiles of the Fe-Mn-Si
alloy after various treatments. It can be seen from
Figure 2 that the predominant phases after the reference
treatment are HCP ¢-martensite and FCC y-austenite.
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Fig. 1—Light microscopy images of the Fe-30Mn-5Si alloy microstructure after different treatments: (¢) RHT, (b) HRepo, (¢) HRggo, (d) CReoo-

The main grain boundaries are additionally marked with black lines.
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Fig. 2—XRD profiles of the Fe-30Mn-5Si alloy after various
treatments.

However, the quantitative analysis of the phase compo-
sition is rather complicated due to the overlapping of the
main diffraction peaks as well as the influence of the
crystallographic texture and large grain size. Visual
comparison of the XRD peak intensities shows that all
TMT regimes lead to a pronounced decrease in the
e-martensite content. It can be noted that TMTs using
HR and CR regimes cause a significant broadening of
the diffraction peaks as compared to the RHT state
(Table II). This indicates the formation of the well-de-
veloped dislocation substructure as the result of the
dynamic recovery and polygonization processes, in the
case of HR regimes, and static polygonization, in the
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case of CR regimes.’®*!) The higher the treatment
temperature, the smaller is the broadening of the XRD
peaks, evidencing the development of polygonization or
possibly recrystallization processes leading to the for-
mation of a less deformed structure (Table II).

C. DSC Analysis

Figures 3(a) through (c) show typical results of the
DSC study of the Fe-Mn-Si alloy after RHT and
high-temperature TMTs; Figures 3(d) and (e) give the
enlarged fragments of the HR DSC curves to ensure a
more precise determination of M and M, temperatures,
which is of primary practical interest in the context of
the treatments’ comparison. The data obtained allow for
the characteristic temperatures of the reversible marten-
sitic transformations to be measured and the XRD
study results to be validated (Section I1I-B).

It can be seen from Figure 3(a) that the main phase
after RHT is ¢-martensite, which corresponds to the
results of the XRD analysis. The absence of the ¢ — o
transformation DSC peak can be explained by overlap-
ping with the strong y — ¢ peak. The RHT state exhibits
quite evident calorimetric peaks, while HR treatments
show much weaker peaks of the forward and especially
reverse transformations, indicating that in these cases
they are strongly broadened and incomplete in the
studied temperature range. The y-austenite fraction at
room temperature after HR treatments can be evaluated
as somewhat below 50 pct because the room tempera-
ture is somewhat above M,, temperatures (Figure 3(b)
and (c), Table III). The calorimetric effects of the y <> ¢
transformations after CR treatments were too small to
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be measured. It should be emphasized again that, from a
practical point of view, the characteristic temperatures
of the forward transformation are more important for
consideration, because decreasing them down to human
body temperatures allow the Young’s modulus value to
be minimized.

Table IIT summarizes the values of the characteristic
temperatures of the forward (M,, M,, My and the

Table II. The Width of the Diffraction Peaks of the
Fe-30Mn-5Si Alloy After Various Treatments (Peak Width at
Half-Height, 20 Degrees)

reverse (As, Ap, Ar) martensitic transformations. It can
be seen from Table III that only HR treatment regimes
result in a significant decrease in the M temperature,
which becomes closer to the required human body
temperature of 37 °C. It should be mentioned that the
finishing point of the forward y — ¢ transformation
cannot be found in the DSC curves; therefore, the My
temperature can be estimated as below minus 60 °C,

Table III. Characteristic Temperatures of the Forward (M)
and Reverse (4) Martensitic Transformations in Fe-30Mn-5Si
Alloy After Various Treatments

Treatment M, M, M; A A, Ay
Treat t B B B Bio7 B
reatmen 200, 3y 1011, 1012, 1013, RHT 75 58 27 154 182 204
RHT 0.35 0.55 0.40 0.66 0.64 HRg0 40 8 — — — —
HR¢0 0.48 0.76 — — HRgq 38 14 — 210 243 268
HRggo 0.37 0.58 0.51 0.85 — CR5p0* 60 25 — 170 220
CR599 0.57 0.92 0.63 1.16 1.16 CRgp0* 70 30 — 130 190 260
CRegoo 0.55 0.90 0.66 1.50 1.18 » -
Approximate temperature values.
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Fig. 3—DSC curves of the Fe-30Mn-5Si alloy: (¢) RHT, (b) and (d) HRggo; (¢) and (e) HRggp; heating/cooling directions are indicated with

arrows.
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which is the limit of the current experimental setup. The
lowering of the y — ¢ transformation temperatures after
HR treatments can be attributed to the well-known
inhibiting effect of the increase in the austenite disloca-
tion density and grain refinement on the martensitic
transformation.!'”!

D. Mechanical Testing

Figure 4 shows the stress—strain curves obtained
during tensile testing of the Fe-Mn-Si alloy after various
treatments. Table IV lists the mechanical parameters
derived from the curves obtained: Young’s modulus E,
yield stress a(,, relative elongation to failure ¢, and
ultimate tensile strength oyts. It can be seen from
Table IV that the Young’s modulus of all samples falls
in the 80 to 125 GPa range, which is approximately two
times lower than that for pure iron (about 220 GPa) and
is comparable to pure titanium and its alloys, which
have been successfully applied in medicine.

It is important to note that all the TMT preserves a
low Young’s modulus value comparable to RHT. It can
be explained by pre-transition crystal lattice softening
caused by the testing temperature approaching the M,
temperature.l'’>>°% On the one hand, the TMT gener-
ally leads to an increase in the concentration of crystal
lattice defects (dislocations, subboundaries, and grain
boundaries) and results in material stiffening.!'” On the
other hand, TMT can facilitate the martensitic trans-
formation in shape memory alloys as follows from the
Clausius-Clapeyron equation®¥ and cause the M, tem-
perature to decreasel'”! closer to the deformation tem-
perature, and the Young’s modulus decreases
correspondingly. TMT leads to significant strain hard-
ening; therefore, the yield stress is significantly higher
for the HR- or CR-treated samples as compared to the

900

800

700
RHT (1)
600 '

500

400

Stress, MPa

300

200 +

Strain, %

(a)

RHT state due to
hardening.

The lower oy, value for HRgy compared to the
HRgy regime is related to partial softening during
recrystallization, indicating that during hot rolling at
600 °C, the recrystallization process does not yet start.
Both regimes ensure quite high values of the elongation
to failure, which are comparable to that after RHT
(Table IV). In turn, the significant gq, increase in the
CR regime’s case is caused by the highest lattice defect
concentration in the non-recrystallized grains. However,
low ductility () restrains the application of these types
of TMT regimes. Therefore, it can be concluded that
TMT including hot rolling is the advanced treatment
procedure for the Fe-Mn-Si alloy compared to cold
rolling with post-deformation annealing in terms of high
biomechanical compatibility, including a low Young’s
modulus, high strength, and sufficient ductility. The
relatively low ductility implies the deterioration in
functional fatigue properties of the material. The
obtained combination of static mechanical properties
of the Fe-Mn-Si alloy after HR allows us to expect
improvements in the fatigue functional properties of the
material. Studies on this topic are in progress.

structural and substructural

E. Electrochemical Characterization

For biodegradable implantable alloys, the corrosion
rate is of principal importance in addition to the
structural state. In this regard, electrochemical param-
eters of the Fe-Mn-Si alloy after various TMT routes
were studied in Hanks’ solution and compared to those
of pure Armco Fe. Figure 5 shows the OCP curves of
the studied materials immersed in Hanks’ solution at
37 °C. It can be seen from the figure that the OCP of all
the Fe-Mn-Si alloy samples and Armco Fe shift down
towards the negative values, which mainly indicates the
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Fig. 4—Tensile stress—strain diagrams of the Fe-30Mn-5Si alloy after various treatments (a) and their enlarged fragments for calculating the

Young’s modulus (b).
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Table IV. Mechanical Properties of the Fe-Mn-Si Alloy After Various Treatments

Treatment E (GPa) 002 (MPa) 0 (percent) outs (MPa)
RHT 110 190 17 585
HRegoo 125 320 14 755
HRgg0 119 260 15 725
CR500 80 390 5 865
CRg00 104 380 1 500
-360 -300
-400
0 -400
-440
1 - -500
-480 - T Fe

! IR S

A\
AN

-680 —

OCP (mV vs. Ag/AgCI electrode)

T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000
Time (s)

Fig. 5—OCP curves of the Fe-30Mn-5Si alloy after various
treatments and Armco Fe immersed in Hanks’ solution at 37 °C.

active mode to the materials’ dissolution; steady-state
OCP values are observed in a certain period of immer-
sion time. Two of the experimental findings are worth
special mentioning: (1) the Fe-Mn-Si alloy exhibits a
much shorter time to reach the steady OCP state (about
several minutes) compared to Fe, which is important
during an implant’s performance parameters evaluation;
(2) the Fe-Mn-Si alloy’s steady-state OCP values after
all TMT regimes are significantly more negative (by
200 to 230 mV) than that for Armco Fe, which indicates
the remarkably higher electrochemical activity of the
alloy.

Figure 6 shows the polarization diagrams of the
studied materials immersed in Hanks’ solution at
37 °C. In all cases, the corrosion proceeds with the
cathodic control, which can be seen due to the signif-
icant slope of the cathodic (lower) branches of the
polarization curves. All of the alloy’s states feature the
noticeable increase of the anodic dissolution rate com-
pared to Armco Fe, which is evident from the sharp
increase in current density even after a slight raise of the
applied potential. The martensite e- and a-phases act as
the anodic regions, with the latter being present in trace
amounts only after the RHT treatment and absent after
TMT. The austenite y-phase acts as the cathode; its
volume fraction increases after TMT facilitates the
cathodic process, i.e., lowers its overvoltage, and con-
sequently accelerates the anodic dissolution of the
e-phase. The reason for the low dissolution rate of iron
(o-phase) is related to the high overvoltage of the
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Fig. 6—Polarization diagrams of the Fe-30Mn-5Si alloy after
various treatments and Armco Fe immersed in Hanks’ solution at
37 °C.

cathodic process caused by the low volume fraction of
the carbide phase (Fe;C or Fe,3Cq), which acts as the
&%}hodic regions (carbon content in Fe—0.014 wt pct

)

Table V summarizes the corrosion current density
values of the Fe-Mn-Si alloy after various treatments
and Armco Fe determined by the extrapolation of the
polarization curves. It can be seen that all TMT regimes
(except HRggo) do not lead to a decrease in the corrosion
rate compared to the RHT state. The lower corrosion
rate of the HRgo sample compared to HRgyy is
presumably caused by (a) the lower number of defects
on the recrystallized sample’s surface, which contribute
significantly to the surface energy and the corresponding
reactivity value, (b) the deceleration of the anodic
process due to a decrease in the fraction of the anodic
regions represented by e-martensite, as shown by XRD
results. It should be noted that in all structural states,
the corrosion rate is several times higher than that of
Armco Fe. The measured decrease in the corrosion rate
of the Fe-Mn-Si alloy treated with HRg, as compared
to the RHT and HRg, states, can be considered as
practically insignificant taking into account that this
treatment regime ensures sufficiently low M tempera-
ture that is close to the human body temperature in
combination with sufficient strength and plasticity.
Therefore, this regime can be recommended along with
HRgpp for bone implant biodegradable devices. For
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Table V. The Corrosion Rate of the Fe-30Mn-5Si Alloy After Various Treatments and Armco Fe Immersed in Hanks’ Solution at

Treatment Current density 103 (A/cmz) Corrosion rate C, (mm/year)
RHT 5.80 £ 0.3 0.69 £ 0.05
HRg0 5.64 + 0.36 0.62 & 0.04
HRgq 3.89 4+ 0.33 0.47 £+ 0.04
CR5s09 5.00 + 0.5 0.60 £ 0.06
CRegoo 5.00 £ 0.5 0.60 £ 0.06
Fe Armco 0.87 £+ 0.26 0.10 £ 0.03

further verification, corrosion fatigue studies will be
valuable and are planned as the next step.

IV. CONCLUSIONS

The structure, phase composition, martensitic y < &
transformation  temperatures, Young’s modulus,
mechanical properties, and electrochemical behavior of
the Fe-30Mn-5Si (wt pct) biodegradable alloy after
various thermomechanical treatment regimes were char-
acterized by optical microscopy, EDX, XRD, DSC,
tensile testing, open circuit potential, and polarization
curves measurements in simulated biological solution
mimicking the mineral content of bone tissue (Hanks’
solution).

1. According to the XRD results, the TMT regimes
including hot rolling (the true strain of e = 0.3,
deformation temperature 600 or 800 °C) or cold
rolling (¢ = 0.3 with post-deformation annealing at
500 and 600 °C) lead to a decrease in the e-marten-
site volume fraction at room temperature as com-
pared to the reference heat treatment
(homogenization annealing at 900 °C, 60 min fol-
lowed by water quenching). The DSC measure-
ments show a decrease in the starting temperature
of the y — ¢ martensitic transformation M, which
becomes close to the human body temperature.

2. The TMT preserves a low Young’s modulus value
of the studied alloy, in the range from 100 to
120 GPa, which is caused by the crystal lattice
softening around the M temperature region exhib-
ited due to an increase in the lattice defects
concentration (dislocations, subboundaries, grain
boundaries), leading to the lowering of the M,
towards the human body temperature.

3. The most significant increase in the yield stress o
(from 190 to 380—390 MPa) accompanied by the
drastic drop of ductility compared to the reference
state is observed after cold rolling with post-defor-
mation annealing, which is caused by the highest
concentration of lattice defects in the non-recrys-
tallized state. Hot rolling at 600 and 800 °C results
in less increase of the yield stress (up to 320 and
260 MPa, respectively) with a preserved plasticity
level (14 to 15 pct) and high tensile strength, which
is related to the development of the favorable

METALLURGICAL AND MATERIALS TRANSACTIONS A

processes of dynamic polygonization and recrystal-
lization in y-phase.

4. The most practically appropriate TMT regime
studied for the Fe-Mn-Si alloy is the hot rolling at
600 or 800 °C with subsequent water cooling, which
provides the best combination of acceptable corro-
sion rate (0.5 to 0.6 mm/year) and M, temperature
closest to the human body temperature (about
40 °C), high mechanical strength, and appropriate
ductility as compared to the reference treatment.
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