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Abstract: The effect of hot rolling on the microstructure, mechanical, and corrosion properties of the
magnesium alloy 96 wt% Mg—2.3 wt% Zn-0.7 wt% Ca—1 wt% Mn was studied. After heat treatment,
the original plates of an as-cast alloy were rolled from a 7 mm thickness to a 0.2 mm thickness at two
temperatures—300 or 400 °C. It has been established that increasing the rolling temperature from
300 to 400 °C increases the fraction of recrystallized grains in the microstructure and after rolling at
400 °C, the microstructure is fully recrystallized. The best strength—ductility balance of the alloy was
obtained after rolling at 300 °C, with a high total percentage reduction of 93-97%: the yield stress, the
ultimate tensile strength, and the elongation averaged at 285 MPa, 310 MPa, and 5%, respectively.
The alloy after rolling, annealed at 400 °C, shows improved ductility but lower strength: the yield
stress, the ultimate tensile strength, and the elongation were 200 MPa, 260 MPa, and 17%, respectively.
The strong dependence of corrosion resistance on respect to rolling direction is observed, which can
be reduced after heat treatment. The as-rolled alloy and the heat-treated alloy had low corrosion rates
in Hanks’ solution of 0.54 and 0.19 mm/year, respectively.

Keywords: Mg-Zn-Mn—-Ca alloy; hot rolling; microstructure; strength; plasticity; corrosion resistance

1. Introduction

Biodegradable magnesium-based alloys are used as load-bearing orthopedic tempo-
rary implants [1-4]. There are several magnesium alloying systems that have excellent
corrosion characteristics, including Mg-Zn-Ga-Y and Mg-Y-Zn-Mn [5-12]. Among the
magnesium-based alloys used for medical applications, the Mg—Zn—Ca-Mn system has
been widely studied, since all the constituent chemical elements (Mg, Zn, Ca, and Mn) are
present in human tissues as nutritional elements [13-16]. In addition, manganese effectively
refines grains in Mg-Zn—Ca alloys and, consequently, improves their mechanical proper-
ties [17-21], as well as their corrosion properties [15,21]. These alloys demonstrate a low
cytotoxicity grade (0-1) according to ISO 10993-5:1999 [13,22,23]. At the same time, Mg—Zn~—
Ca-Mn as-cast alloys have poor mechanical properties [17,22]. Improving the strength and
ductility of these alloys is possible using conventional deformation methods, such as hot
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rolling or hot extrusion and severe plastic deformation; for example, equal-channel angular
extrusion [13,24-28]. Bazhenov et al. studied a promising alloy for orthopedic implants,
namely 96 wt% Mg-2.3 wt% Zn-0.7 wt% Ca-1 wt% Mn, obtained by hot pressing at 300 °C,
with a yield stress of 229 MPa, an ultimate tensile strength of 278 MPa, a relative elongation
of 10%, and a corrosion rate of 0.3 mm/year [29]. The manufacture of a number of medical
products requires a thin sheet (up to 0.3 mm thick for biodegradable membranes), which
can be obtained by hot rolling.

Therefore, the aim of this work is to determine the most optimal hot rolling regimes
for the Mg—Zn-Ca-Mn alloy, ensuring the production of a defect-free thin sheet with the
required strength—ductility balance and corrosion resistance.

2. Materials and Methods
2.1. Materials

High-purity Mg and Zn, as well as Mg-14 wt% Ca and Mg-2.7 wt% Mn master alloys,
were used as the raw materials for the preparation of the alloys. Melting was carried out in
a resistance furnace PT90/13 (LAC, Zidlochovice, Czech Republic) with a graphite crucible
under an Ar + SFy protective atmosphere. Purging with Ar was used to clean the melt.
The prepared melt was cast into preheated graphite mold. The actual composition of the
alloy obtained via EDS analysis was 96 wt% Mg-2.3 wt% Zn—0.7 wt% Ca-1 wt% Mn. The
ingots were subjected to heat treatment to relieve stress at a temperature of 380 °C for 8 h.
After this, the ingots were milling-machined to obtain plates of 54 mm wide, 70 mm long,
and 7 mm thick. The resulting plates were rolled at two temperatures—300 and 400 °C.
The plates were heated to the aforementioned temperatures, while the rolling mill rolls
were maintained at room temperature. Between passes, the plates were held at the same
temperatures for 10-15 min per pass. The diameter of the rolls was 80 mm, and the rolling
speed was about 100 mm/s. The percentage reduction (relative draft) in a given pass was
calculated using the following Equation:

he 4 —h
£ = % -100%, (1)
k—1

where 1 and hy, are the plate thicknesses before and after the k-pass (k is the number of
the pass, k=0, 1,2, ...). The constant relative draft in the next passes was used. The final

thickness of the plates was 0.24 £ 0.02 mm.
The total percentage reduction was calculated using the following Equation:

e= """ 00%, 2
ho
where hg and /¢ are the starting plate thickness and the plate thickness after rolling, respectively.
At 300 °C, the rolling process was carried out in 18 passes, and the average percentage
reduction in a given pass was about 17%. At 400 °C, two rolling options were carried out:
one part of the plates was rolled in 18 passes with an average percentage reduction in a
given pass of about 18%, the other in 11 passes with an average percentage reduction in a
given pass of about 26%. The sample designations that were selected for further research
and testing are shown in Table 1.
After rolling, some plates were heated in an electric furnace at temperatures of 300
and 400 °C, held for 15 min and cooled in air.
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Table 1. Characteristics of the studied samples.

Average Final Plate

Sample Designation Total Percentage Reduction, % Thickness, mm
E6 63 2.60
E9 78 1.50
E12 88 0.83
E15 93 0.52
E17 96 0.30
E18 97 0.24

2.2. Sample Preparation

For microstructural studies, the longitudinal sections were etched using an etchant with
the following composition: 11 g picric acid, 11 mL glacial acetic acid, and 100 mL ethanol.

For tensile testing, the dog-bone specimens of two types were cut from the rolled
plates along the rolling direction (RD) using an electrical discharge wire cutting: (1) sub-size
specimens with a total length of 12 mm, with the length and the width of the gauge part
being 5 and 1.4 mm, respectively, and (2) full-scale specimens with a total length of 45 mm,
with the length and the width of the gauge part being 20 and 3.5 mm, respectively. The
thickness of the specimens corresponded to the thickness of the selected plates. Before ten-
sile tests, the specimens’ surfaces were not subjected to any grinding or polishing treatment.
In this study, all the mechanical properties of the magnesium alloy were obtained by testing
sub-size specimens, while full-size specimens were used selectively for comparative testing.

2.3. Tensile Test

Tensile tests were carried out using an Instron 5966 machine (Instron, Norwood,
MA, USA). The strain rate was 2 x 1072 s~!. During testing, using built-in software,
the stress—strain curves were recorded and the following mechanical characteristics were
determined: the yield stress based on a yield plateau or a 0.2% yield point based on a
residual deformation of 0.2% (YS), the ultimate tensile strength (UTS), and the relative
elongation (RE). Three specimens of each condition were tested.

2.4. Structural Studies

The alloy phase composition was calculated according to the calculation of phase
diagram (CALPHAD) method using Thermo-Calc software (v. 2016b, Thermo-Calc, Stock-
holm, Sweden) [30]. Furthermore, the Scheil-Gulliver solidification of the alloy was calcu-
lated [31]. The TCMG4 thermodynamic database (TCS Mg-based Alloys Database) was
used for the calculation [32].

The samples’ microstructure was analyzed using an Axio Observer D1m Carl Zeiss
light microscope (LM) (Carl Zeiss, Oberkochen, Germany) with a built-in digital camera
at a magnification of 500 x and using a Tescan Vega 3 SBH scanning electron microscope
(SEM) (Tescan, Brno, Czech Republic) in BSE mode with magnifications ranging from 200 x
to 2000x. The microstructure was examined in the rolling direction/normal direction
(RD-ND) plane. The size of the grains was determined by the linear intercept method.

2.5. Corrosion Tests

Corrosion tests using the immersion method (weight loss) were carried out for the
300 °C-rolled plates with a total percentage reduction of 93% (E15) (Table 1). Some plates
were also subjected to post-rolling heat treatment at 400 °C for 15 min. Using electrical
discharge cutting, the samples with dimensions of 10 mm x 10 mm X 0.5 mm and a surface
area of ~2 cm? were cut from the selected plates. The surfaces of the samples were cleaned
using 320-grit sandpaper. A 400 mL Hanks’ solution (PanEco, Moscow, Russia) was used as
a corrosive medium. The test duration and ambient temperature were 192 h and 36.6-37 °C,
respectively. The corrosion rate was determined using the standard method [33]. Weight
loss was calculated according to the amount of hydrogen released during the tests and
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collected in a burette (it was assumed that 1 mL of Hy = 1 mg of Mg) [34,35]. The changes
in pH were assessed using a pH meter HI83141 (Hanna Instruments, Woonsocket, RI, USA).
Three as-rolled samples and three samples after heat treatment were tested. The volume of
H; and pH was measured twice daily. The fitted curves were constructed on the basis of
the measured results.

Polarization curves and EIS measurements were carried out in Hanks’ solution at 37 °C
in a standard three-electrode cell using an Autolab potentiostat/galvanostat (Metrohm,
Herisau, Switzerland). The working electrode area was 0.13-0.25 cm?, and an Ag/AgCl
reference electrode (6.0733.100 Metrohm) and an auxiliary electrode made of platinum
rod were also used. The scan rate was 1 mV/s. Electrochemical impedance spectroscopy
(EIS) was performed at open circuit potential (OCP) in the frequency range from 0.1 Hz
to 100 kHz with an amplitude of 0.01 Vgrys. All electrochemical results were recorded
relative to the reference electrode and converted to SHE according to the relationship
EstE = Emeas — Eg, with Eg = +0.1985 V (Ag/AgCl vs. SHE at T = 37 °C).

3. Results and Discussion
3.1. Microstructure

Figure 1a shows the amount of phases vs. temperature for the 96.7 wt% Mg-2 wt%
Zn-0.5 wt% Ca—0.8 wt% Mn alloy, calculated using Thermo-Calc software. The main phase
in alloy is «-Mg and, for simplicity, only the part of graph up to 5 wt% is shown. In
accordance with the calculation results, the alloy solidification starts at 641 °C. At 513 °C
the a-Mn phase starts to form through peritectic reaction. Its content after solidification
was 0.54 wt% but because of its high density, the volume fraction of this phase must be low.
The two phases solidified from a liquid at 395 °C: 0.05 wt% for Mg,Ca and 0.97 wt% for
CayMggZn3. During further cooling, the amount of CapMggZn3 must increase and Mg,Ca
must disappear.

700 700
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L+a-Mg
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o o
T ~500-
[ [}
E E
5] £
[} [}
8. =
E N £400- L+a-Mg+a-Mn/
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Figure 1. (a) The amount of phases vs. temperature and (b) the equilibrium and Scheil-Gulliver
solidification pathways for a 96.7 wt% Mg-2 wt% Zn-0.5 wt% Ca—0.8 wt% Mn alloy.

Figure 1b shows the calculated Scheil-Gulliver solidification pathway for 96.7 wt%
Mg-2 wt% Zn-0.5 wt% Ca—-0.8 wt% Mn. It can be seen that the Mg,Ca phase is not observed
during the nonequilibrium solidification of an alloy with 2 wt% Zn, in opposition to the
equilibrium solidification results and the actual alloy microstructure. The nonequilibrium
solidus temperature was 364 °C, slightly lower than the equilibrium solidus temperature
of 395 °C.

Figure 2 shows the LM images of the studied magnesium alloy’s as-cast microstructure.
The microstructure consists of «-Mg solid solution dendrites with an average size of
58 £ 32 um, along the boundaries of which the Mg,Ca, CayMggZn3, and x-Mn phases
are located. This indicates that the cast alloy’s phase composition corresponds to the
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equilibrium phase calculated using Thermo-Calc software. More detailed studies of the
microstructure of this alloy were carried out earlier [29].

Figure 2. (a,b) Microstructure of the as-cast magnesium alloy (SEM).

As a result of the rolling, the secondary phase particles are crushed and pulled into
lines along the rolling direction. The rolling temperature does not noticeably affect this
process (Figures 3 and 4). Moreover, during hot rolling, the decomposition of the x-Mg
solid solution and the precipitation of dispersoids of 100 nm in size are observed (see the
inserts in Figures 3 and 4). Increasing the total percentage reduction intensifies the process
of dispersoid precipitation.

Figure 3. Microstructure of the RD-ND plane of a 300 °C-rolled magnesium alloy plates with different
total percentage reductions (SEM): (a) E9; (b) E15. The arrow indicates the rolling direction.

Figure 4. Microstructure of the RD-ND plane of a 400 °C-rolled magnesium alloy plates with different
total percentage reductions (SEM): (a) E9; (b) E15. The arrow indicates the rolling direction.
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Figures 5 and 6 show the typical LM images of the microstructure of the studied magnesium
alloy plates rolled at different temperatures and with different total percentage reductions.

Figure 5. Microstructure of the RD-ND plane of a 300 °C-rolled magnesium alloy plates with different
total percentage reductions (LM): (a) E9; (b) E12; (c) E15; (d) E18. The arrow indicates the rolling direction.

Figure 6. Microstructure of the RD-ND plane of a 400 °C-rolled magnesium alloy plates with different
total percentage reductions (LM): (a) E9; (b) E12; (c) E15; (d) E18. The arrow indicates the rolling direction.
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The microstructure of a 300 °C-rolled magnesium alloy plate is partially recrystallized,
and the grain boundaries are strongly distorted (Figure 5a—). It can be assumed that, during
hot rolling, the microstructure formation in the alloy occurs according to the dynamic
recrystallization mechanism. The degree of recrystallization increases only at high total
percentage reductions (E18), and many grains acquire an equiaxed shape (Figure 5d). With
an increase in the total percentage reduction from 78% (E9) to 97% (E18), the average
grain size does not change and is about 7 um. The microstructure contains grains of
different sizes—from 2 to 21 pm, with smaller grains ranging in size from 2 to 8§ pm
being predominant.

The microstructure of a 400 °C-rolled magnesium alloy plate is completely recrys-
tallized, regardless of the total percentage reduction, while the grain size is, on average,
1.4 times larger than after rolling at 300 °C, and the heterogeneity of the grains is preserved
(Figure 6). The total percentage reduction and the average percentage reduction at a given
pass do not affect the average grain size. The microstructure contains grains of different
sizes—from 2 to 29 um, with a predominance of grains ranging in size from 5 to 13 um.

It should be taken into account that the plate is heated not only during the rolling pro-
cess, but also between rolling passes. Therefore, the contribution of static recrystallization
cannot be excluded. This circumstance apparently explains why the grain size does not
depend on the total percentage reduction (degree of strain).

It is known that at low temperatures and extrusion rates, a bimodal microstructure
with fine, dynamically recrystallized (DRXed) and coarse-textured non-DRXed grains with
a strong basal texture is formed in Mg—-Zn—Ca alloys. With increasing temperature and
extrusion rates, a fully dynamically recrystallized coarse-grained microstructure is formed,
while the basal texture dissipates [36-38]. The current results indicate the similarity of the
microstructure formation mechanisms in the 96 wt% Mg-2.3 wt% Zn-0.7 wt% Ca-1 wt%
Mn alloy during hot extrusion and hot rolling.

3.2. Tensile Test

Table 2 shows the averaged values (over three specimens) of the rolled plates” me-
chanical properties obtained during tensile testing vs. the rolling temperature, and the
total percentage reduction or the average percentage reduction in a given pass. The typical
tensile stress—strain curves are shown in Figure 7.

Table 2. Mechanical properties of the hot-rolled magnesium alloy plates.

Sample Designation YS, MPa UTS, MPa RE, %
Rolling temperature of 300 °C and average percentage reduction at a given pass of about 17%
E6 227 +23 304 £2 6.0+1.0
E9 297 £ 18 325 £11 40+£1.0
E9 * - 215 £ 21 0
E15 278 +18 315+ 4 70+£1.0
E17 292+5 308 +3 3.0+15
E17* 284 £11 309 +3 25+05
E18 291+9 307 +£2 50+1.0
Rolling temperature of 400 °C and average percentage reduction at a given pass of about 16%
E9 249 £+ 17 259 + 19 1.0+0.5
E12 296 + 13 309 + 13 25+05
E15 293 +£3 301+ 8 25+05
E18 276 £ 6 302 +£12 3.0+05
E18* 297+ 8 322+11 35+05
Rolling temperature of 400 °C and average percentage reduction at a given pass of about 26%
E9 251 + 20 251 £+ 20 0
E15 264 + 51 269 + 53 3.0+20
E18 299 £+ 23 322 £12 23+15
E18* 276 £ 22 312+ 14 1.8+0.8

Note: All results are obtained from testing sub-size specimens, except (*), which represents full-size specimens.
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Figure 7. Tensile curves of the magnesium alloy samples rolled at temperatures of (a) 300 °C and
(b) 400 °C.

The samples from plates rolled at a temperature of 300 °C with total percentage
reductions from 78% (E9) to 97% (E18) have similar mechanical properties: the YS, the
UTS, and the RE averaged at 290 MPa, 315 MPa, and 5%, respectively. The comparative
tensile tests of the sub-size and full-scale specimens showed that for high total percentage
reductions (from E12 to E18), the values of both strength and elongation do not depend on
the geometry of the specimen (Table 2). On the contrary, at low total percentage reductions
(E6 and E9), the failure of full-scale specimens occurred in the elastic region. This can
be explained as follows. The plates after low total percentage reductions contain many
macrodefects (cracks), which heal with increases in the total percentage reduction (the
process of healing cracks during rolling has been previously studied [39]). Thus, when
testing the full-scale specimens, there is a higher probability of a defect occurring in the
specimen’s gauge part, which will lead to premature brittle fracture.

With an increase in rolling temperature to 400 °C, the strength properties of the
alloy at the same total percentage reductions do not change on average, but there is a
tendency for the elongation to decrease to about 3%. It was expected that the formation of a
completely recrystallized microstructure during rolling at 400 °C would lead to an increase
in elongation. The results obtained, however, indicate a decrease in elongation. Apparently,
this is not due to the microstructure type, but to the formation of cracks during rolling,
which lead to the premature failure of the specimen. This is evidenced by the observed
scatter in the values of the mechanical characteristics of the samples rolled at a temperature
of 400 °C, as well as the fracture of some of them in the elastic region during testing. In
addition, an increase in the average total percentage reduction in a given pass from 16 to
26% leads to a significant increase in the spread of the strength characteristics. This can
be explained by the intensification of sheet cracking during rolling due to the very high
relative elongation in subsequent passes.

To improve ductility (elongation), the 96 wt% Mg-2.3 wt% Zn-0.7 wt% Ca-1 wt%
Mn alloy was annealed after rolling. A sample rolled at 300 °C to a total percentage
reduction of 93% (E15) was selected. The mechanical properties of the rolled samples
following annealing are provided in Table 3. The typical tensile curves are shown in
Figure 8. Annealing at a temperature of 300 °C for 15 min led to a slight (6-9%) decrease in
strength, while the elongation did not change and amounted to about 6%. Annealing at a
temperature of 400 °C for 15 min led to a significant decrease in strength (by 16-30%), while
the elongation increased significantly (up to 17%). This change in mechanical properties can
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be associated with a change in the microstructure (Figure 9), namely an increase in grain
size to 5-12 um as a result of collective recrystallization. The movement of dislocations is
facilitated, which is confirmed by the appearance of a yield plateau on the tensile curve.
Despite some softening after annealing, the alloy meets the requirements for medicine in
terms of strength (YS is 200 MPa) and ductility (RE is 17%).

Table 3. Mechanical properties of a 300 °C-rolled magnesium alloy plate with a total percentage
reduction of 93% (E15) following annealing.

Annealing Regime YS, MPa UTS, MPa ER, %
300 °C for 15 min 269 £ 5 283 +5 6.0+ 1.0
400 °C for 15 min 200+ 1 261 +1 175+ 0.5

Note: All results are obtained from testing sub-size specimens.

300 -

250 -

200

Stress, MPa
o
o

100 -
50 - i 0 '
—— 1-annealing at 300 "C for 15 min
—— 2-annealing at 400 °C for 15 min
0 T T T T 1
0 5 10 15 20 25

Strain, %

Figure 8. Tensile curves of the magnesium alloy samples after rolling at a temperature of 300 °C to a
total percentage reduction of 93% (E15) following annealing.

Figure 9. The magnesium alloy microstructure after rolling at a temperature of 300 °C to a total
percentage reduction of 93% (E15) following annealing at 400 °C for 15 min (LM).

In the future, to optimize the hot-rolling process modes, it is advisable to obtain a
hot-rolling model of an magnesium alloy using the Zener-Hollomon parameter, which
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describes the combined effect of temperature and strain rate on the deformation behavior
of the material, as has been successfully accomplished for many metals and alloys [40,41].

3.3. Corrosion Tests

Figure 10a illustrates the variation in the amount of hydrogen released during a
corrosion testing of the alloy after rolling at 300 °C, as well as after post-rolling annealing
at 400 °C for 15 min. It is worth noting that the highest intensity of the hydrogen release
was observed during the initial hours of the corrosion test due to the absence of a corrosion
product layer on the surface of the alloy. This layer acts as a barrier against the contact of
the metal surface and the corrosive medium. After the formation of a layer of corrosion
products, the intensity of hydrogen evolution decreases significantly. This trend is observed
in both the as-rolled alloy and the alloy annealed up to the end of the corrosion test. The
observed behavior is typical for the investigated alloy after hot extrusion [29], where the
corrosion rate decreases with increasing holding time. The corrosion rate determined from
the results of corrosion tests for the alloy rolled at 300 °C was 0.54 £ 0.31 mm/year. Post-
rolling annealing at 400 °C for 15 min resulted in a significant reduction in the corrosion rate,
reaching a value of 0.19 & 0.06 mm/year. It is worth noting that the as-rolled alloy showed
a high confidence limit due to significant discrepancies between individual corrosion
rate values.

4.0 - | —2— Rolling at 300 °C (a) 9.0 - (b)
1| —O—Rolling at 300 °C +
3.5 annealing at 400 °C, 15 min
1| === Allow. H, lev. o 8.5 g
3.0 op F
g 0g o
o
22.51 g @ YSD & Y
g 8.0 o &
820+ e
= a,
S - o @
215 7.5 e ®© o
1.0 —0— Rolling at 300 °C
1 7.0 4 —O—Rolling at 300 °C +
0.5+ annealing at 400 °C, 15 min
0.0 T T T T T 6.5 T T T T T
0 50 100 150 200 0 50 100 150 200
Time (h) Time (h)

Figure 10. (a) The amount of hydrogen released and (b) the change in the pH of the medium during
corrosion testing in the medium of Hank’s solution at a temperature of 37 °C for 192 h; the dashed
line summarizes the data of Kraus et al. [42].

The release of H, can cause gas pockets to form in tissues after implant installation.
As Kraus et al. pointed out in their study on rats, tissues can carry away a maximum of
0.295 mL/cm? of Hj per day [42]. The dashed line in Figure 10a indicates the acceptable
hydrogen level over time. The as-rolled alloy initially provides a hydrogen level up to
three times higher than what is considered acceptable. However, after approximately 170 h
of testing, the hydrogen level becomes acceptable. Similarly, in the case of the annealed
alloy, an acceptable level is observed after 50 h of experimentation. This indicates that the
gas pocket volume in the tissues may be lower for the annealed alloy, which promotes the
good connectivity of osteocytes with the implant surface and helps to maintain implant
integrity [42].

The heat treatment led to a notable reduction in the confidence limit, as the corrosion
rate values observed in each trial for the annealed alloy were very similar. Additionally, after
annealing, the time during which the released hydrogen volume exceeds the acceptable
level is only 50 h. This issue can be addressed by employing a protective coating, which
effectively reduces the hydrogen level during the initial postoperative period. It is possible
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that the higher corrosion rate in the as-rolled plates was due to the formation of a strong
crystallographic texture, residual stresses, and precipitates during the rolling process [43,44].
However, after annealing, the stress is relieved, and recrystallization processes develop.
After annealing, the strength of the alloy decreases while its ductility increases compared
to its as-rolled condition. This is due to stress relief, texture weakening, and an increase in
grain size. As a result, the corrosion rate decreases, and the corrosion behavior becomes
more stable (with a lower confidence limit). It is worth noting that the alloy with only
post-rolling annealing meets the corrosion rate requirement of less than 0.5 mm/year that
is typical for biodegradable implants [14].

It is a well-established fact that the corrosion rate of an alloy is dependent upon the
alteration in pH levels within the corrosive medium [17,23]. Consequently, an elevated pH
value is indicative of an increased corrosion rate, and vice versa. The alteration in the pH
of the corrosive medium during the corrosion test is illustrated in Figure 10b. In particular,
at the commencement of the test, the pH of the as-rolled alloy increased from 6.7 to 8.2
as a consequence of the release of hydrogen in the form of gas and the subsequent rise
in the concentration of hydroxide anions [35]. Subsequently, the pH remained unaltered
for the entirety of the 50 h immersion period and until the end of the corrosion test. This
indicates that following a 50 h immersion period, a corrosion products film was fully
formed, resulting in a near-constant corrosion rate. The behavior of the annealed alloy
was observed to be similar to that of the as-rolled alloy, with a pH of 7.9 after 50 h of
immersion, which was slightly lower than that of the as-rolled alloy. This indicates that the
corrosion rate of the rolled alloy is reduced by annealing, as evidenced by the pH value of
the corrosion media decreasing in comparison with the as-rolled alloy.

Figure 11 shows the polarization curves obtained for alloy samples rolled at 300 °C
and heat-treated at 400 °C for 15 min after rolling. The surface of the samples parallel and
perpendicular to the rolling direction was analyzed. The corrosion current density and
corrosion rate obtained using the Tafel fitting corrosion potential are provided in Table 4.
The corrosion potential was near —1.3 V for all the samples. However, the corrosion rate
differed by five to ten times for the sample surfaces located parallel and perpendicular to
rolling direction. Heat treatment led to a nearly two times decrease in the corrosion rate on
the surface parallel to the rolling direction via the weakening of crystallographic texture
and the revealing of residual stresses. The corrosion rate on the surface perpendicular
to the rolling direction following heat treatment is also reduced, albeit to a lesser extent.
Because a greater fraction of the samples surface is located parallel to the rolling direction,
the overall effect of heat treatment is better defined.

—-1.04 15
<=1 .5+ < -2+
£ 20 E 2] NN
sc . 3 3] \\
5— 2.5 ° \
o)) = o
2 _30 847 NN
2 3] £-51 W
5 2
3 —4.04 3 - 6
= -
at> —4.54 . S-7 .
3 50 —Rolling at 300°C E — Rolling at 300°C
o ' —— Rolling at 300°C + 3 — 8 Rolling at 300°C +
—-554 annealing at 400°C for 15 min annealing at 400°C for 15 min
T T T T 1 _9 T T T T 1
- 1.8 -1.6 -14 -1.2 -1.0 -1.8 -1.6 -14 -1.2 -1.0
E vs SHE (V) E vs SHE (V)

Figure 11. Polarization curves of as-rolled alloy at 300 °C and heat-treated alloy at 400 °C during 15 min
after rolling alloy samples: (a) perpendicular to rolling direction; (b) parallel to rolling direction.

Representative EIS spectra of various samples are shown in Figures 12 and 13. Mg-
based alloys are highly reactive in aqueous solutions containing C1~ ions even when the
applied polarization is only slight; therefore, a steady state is difficult to achieve for them,
which complicates the accurate quantitative evaluation of EIS results. The impedance
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values obtained at low frequencies contain a significant amount of noise and dispersion,
which is associated with unstable Mg corrosion processes such as the relaxation of adsorbed
species or pitting corrosion [45,46]. The electrochemical interface can be described by a
Randles equivalent circuit (insert in Table 5) modified with inductance (L) and resistance
(R), where a constant-phase element (CPE) is used instead of capacitance (C) [47]. The
equivalent circuit (insert in Table 5) includes the solution resistance between the control
sample and the working electrode (R1), a constant-phase element (CPE1) that is parallel to
the surface film charge transfer resistance, which includes both charge and mass transfer
aspects (R¢t), and an inductance (L) with a resistance (Ry,). The presence of an inductive
loop at low frequencies is explained by previous studies [48] on the occurrence of pitting
corrosion, which is clearly visible in the images displaying the surface of the samples after
immersion corrosion tests (Figure 14).

Table 4. Characteristics of potentials, corrosion currents, and corrosion rate (CR).

Condition Orientation Ecorr vs. SHE, V J, mA/cm? CR, mm/y
Rolling at 300 °C Perpt‘;r‘lgg‘ﬂar ~128+002 010740001 246+ 0.01
Rolling at 300 °C Perpendicular to

followed by annealing P RD —1.28 £0.01 0.102 +0.004  2.34 £ 0.08
at 400 °C for 15 min
Rolling at 300 °C Parallel to RD —1.32 £ 0.01 0.018 + 0.005 0.41 +0.10
Rolling at 300 °C
followed by annealing Parallel to RD —1.27 £0.01 0.010 £ 0.004 0.23 + 0.09
at 400 °C for 15 min
5000 T T T T T T T
0 Z o Phase (Perpendicular to RD) (b) - 80
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Figure 12. EIS measurement data for the 300 °C -rolled samples: (a) Nyquist plot; (b) phase angle
and Bode plot.
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Figure 13. EIS measurement data for samples after rolling at 300 °C followed by annealing at 400 °C
for 15 min: (a) Nyquist plot; (b) phase angle and Bode plot.
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Table 5. Corrosion product values for the equivalent scheme of Mg alloy corrosion.

Rolling at 300 °C Followed

: o
Rolling at 300 °C Annealing at 400 °C for 15 min
Parameters . :
Perpendicular Perpendicular
to RD Parallel to RD to RD Parallel to RD S
Ri, (Q cm?) 180 178 181 180
Ret, (kQ cm?) 3.13 5.63 2.4 2.54
Ry, (kO cm?) 35 6.56 2.51 3.95
CPEL1, (S Sec™ cm—2) 5.33-107° 6.37-1076 2.73.107° 2.7-1076
nl 0.94 0.861 0.994 0.997
L, (H) 5.5-102 2.71-1071 1.47-1072 0.9
Rolling at 300°C

Rolling at 300°C + annealing at 400 °C, 15 min

e T Gy

Figure 14. Samples’ surfaces (parallel to RD) after immersion corrosion tests.

The Nyquist diagram (Figure 12a) shows that the rolled samples exhibit an anisotropy
of properties depending on their orientation relative to the rolling direction. Thus, the
sample whose surface is perpendicular to the rolling direction exhibits a lower resistance
(Ret) than the sample whose surface is open and parallel to the rolling direction. This
is also confirmed by the dependencies in the Bode diagram (Figure 12b), where in the
low-frequency region, the total resistance (Z) differs by more than two times. This agrees
well with the immersion test data, as follows from Figure 14 for the rolled samples; strong
corrosion foci are recorded on the end plates. The EIS results for the samples that underwent
heat treatment after rolling (Figure 13) confirm the observation of increased corrosion
resistance, which may be associated with the weakening of the crystallographic texture
and the manifestation of residual stresses. Thus, the Nyquist and Bode diagrams show a
less significant change in resistance (R.t) depending on the orientation of the sample plane
relative to the rolling direction, which is also consistent with the data after immersion tests
(Figure 14), where the corrosion products were uniformly distributed over the surface of
the samples and no deep corrosion cavities were observed that disrupt the rectangular
shape of the sample.



Metals 2024, 14, 1249

14 of 17

The EIS data presented in Figures 12 and 13 also show inductive responses corre-
sponding to the desorption of the corrosion products film. Thus, the Nyquist diagrams
are characterized by an inductive loop below the semicircle at low frequencies. This ap-
pearance of the inductive loop, which is described by the elements (R) and (L) of the
equivalent circuit, is characteristic of the formation of pits [48] and the destruction of the
layer of corrosion products, which the authors [47,49,50] of the previous studies associate
with the relaxation processes of intermediate compounds adsorbed on the alloy surface.
This is also confirmed by the results of immersion tests. Thus, in Figure 14, in the areas
of corrosion damage to the alloy, areas of active pitting, and the desorption of corrosion
products are observed.

As is known [51], due to the participation of anodic hydrogen evolution processes or
the negative difference effect in Mg corrosion, the corrosion rate of Mg alloys estimated
using the Tafel slope and EIS is not accurate. Unlike other metals, the Stern—Geary rela-
tionship is not observed during Mg corrosion, which is associated with an increase in Hy
evolution in the cathodic stage with an increase in anodic polarization; this phenomenon is
commonly known as the negative difference effect (NDE). Considering that electrochemical
methods are currently not autonomous when studying the interaction of Mg and electrolyte,
knowledge of the Tafel parameters is necessary to convert the polarization resistance into a
corrosion rate, while gravimetric mass loss, H; collection, and corrosion product analysis
methods are also used to correlate the measurements of the obtained polarization curve
and impedance analysis data.

4. Conclusions

The findings of the study regarding the influence of the hot rolling process on the
microstructure and mechanical and corrosion properties of the plates of magnesium alloy
96 wt% Mg—2.3 wt% Zn—0.7 wt% Ca-1 wt% Mn established the following:

(1) Increasing the rolling temperature from 300 to 400 °C increases the fraction of
recrystallized grains in the microstructure, and after rolling at 400 °C, the microstructure is
fully recrystallized.

(2) The plates rolled at 300 °C to high total percentage reductions of 93-97% have the
best strength—ductility balance: the average yield stress and the ultimate tensile strength
were 285 MPa and 310 MPa, respectively, and the elongation was 5%.

(3) Post-rolling annealing of the rolled alloy improves its ductility: after rolling at
300 °C followed by annealing at 400 °C, the yield stress, the ultimate tensile strength, and
the elongation averaged 200 MPa, 260 MPa, and 17%, respectively.

(4) The corrosion rate of the rolled alloy and the post-rolling annealed alloy is 0.54 and
0.19 mm/year, respectively. The high corrosion rate of rolled plates may be attributed to
the formation of a strong crystallographic texture, residual stresses, and precipitates in the
alloy microstructure. Post-rolling weakens the influence of the mentioned factors, thereby
decreasing the corrosion rate.

The sheets obtained with only post-rolling annealing meet the requirements for
biodegradable materials (corrosion rate <0.5 mm/year) and can be recommended for
the production of biodegradable implants.
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