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Biodegradation studies of Mg-1Ca alloy with different microstructures in Ringer’s solution reveal corrosion
mechanism based on the balance between the anodic dissolution of the secondary phase and hydroxide pre-
cipitation, controlled by the secondary phase size and distribution uniformity. Alloy with ultrafine-grain
structure shows at least 5-fold improvement in corrosion resistance compared to the coarse-grained alloy due to
the separation of the particles of the secondary phase and its continuous intragranular nano-precipitation. This
promotes an unusual low-frequency impedance behaviour described by an inductive loop with the negative time

constant, which leads to the increased impedance modulus signifying the improved corrosion resistance.

1. Introduction

Controllable corrosion behaviour of magnesium alloys underpins
the development of advanced biodegradable implants for surgical
treatments in traumatology [1]. Being a very active metal, magnesium
itself corrodes very fast in the body fluids; therefore, pure Mg implants
degrade before the broken bone splices back after the fracture. The
reason for this corrosion activity comes out partly of the Pilling-Bed-
worth ratio signifying how much oxide volume can be formed by
conversion of a unit volume of the metal. Unlike Ti which excellent
corrosion resistance is attributed to this ratio being 1.73, for Mg it is
only 0.81, indicating this metal cannot form a self-protecting con-
tinuous oxide film [2]. Moreover, low mechanical properties inhibit
application of as-supplied Mg alloys for implant production. Therefore,
advanced materials engineering is required in order to produce Mg
biodegradable implant suitable for the surgery. Two approaches can be
generally applied to provide improvements in mechanical, physical,
chemical and biological properties of Mg implants. Firstly, magnesium
can be alloyed with different species [3-5]. Secondly, the alloy mi-
crostructure can be refined to obtain ultra-fine or nanoscale grain size
[6-8]. In this study, both these approaches are explored.

In general, materials exhibiting a typical grain size less than 100 nm
are considered nanostructured; whereas those with the grain size in the
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range 100-1000 nm are referred to as ultra-fine grained (UFG) [9]. The
most common procedure to produce such metallic materials is severe
plastic deformation (SPD) [10]. Despite some grains statistically falling
out of the specified ranges, those materials also exhibit other structural
features in the nanometer scale, e.g. nano-twins, dislocation sub-
structures, segregations and nano-precipitations which are important
microstructural elements that provide significant influence on mate-
rial’s properties, including corrosion behaviour [11].

The research is conducted using a new Mg-1Ca alloy produced to
enhance osseointegration by the introduction of calcium, which con-
tributes to bone tissue formation during the implant biodegradation
[6,12,13]. The improvement in mechanical properties, especially fa-
tigue strength, for this alloy can be achieved by the grain refinement,
e.g. using high-pressure torsion (HPT) technique [14]. However, this
method provides the material ranging from UFG to nanostructured with
high internal stresses causing almost zero ductility; the application of
further annealing helps to relieve the stresses in the resulting ultra-fine
grain structure [15,16]. Therefore, development of the UFG structure
via SPD followed by annealing can provide a unique combination of
mechanical properties including high strength and significant ductility
simultaneously. Moreover, recent studies of nanostructuring for an-
other Mg alloys showed improvement of the corrosion properties as
well [17,18].
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Fig. 1. Treatment routine for the grain size refinement.

Although there are several studies into corrosion resistance of Mg-
Ca alloys, the influence of this alloying element is not completely clear.
It has been reported repeatedly that Ca incorporation may increase the
corrosion rate due to precipitation of Mg,Ca intermetallic particles that
promote galvanic corrosion [19-21]. However, there is no clear
agreement on the role of Mg,Ca secondary phase in this process; some
authors consider it behaves anodically with respect to the magnesium
matrix [19,22,23], while others believe it provides cathodic effect
[21,24]. Mohedano et al [25] observed a negligible potential difference
between the two phases suggesting that no micro-galvanic corrosion
would occur. Moreover, several authors observed a positive influence of
Ca on the corrosion resistance of binary Mg-Ca alloys. Zeng et al [26]
found that Ca plays a dual role whereby the increase in Ca content
refines the grain size, improving the corrosion resistance, although the
total length of Mg,Ca/Mg grain boundaries increases, decreasing the
corrosion resistance. Bornapour et al [27] observed that the weight loss
of an cast Mg-Ca (0.6 wt. %) alloy was reduced nearly 80 % compared
to pure Mg. Wan et al [28], when studying the corrosion behaviour of
different cast Mg-Ca (0-2wt. % Ca) alloys, observed a positive influ-
ence of Ca in terms of polarisation resistance. Both works mainly at-
tributed such improvement to the formation of more compact layers of
stable corrosion products that provide further corrosion protection. A
simulation work by Velikohatnyi et al [29] is in complete agreement
with this theory. By evaluating the cohesive energy as a measure of the
overall chemical stability of corrosion products for different Mg alloys
with several alloying elements (Ca, Zn, Al, Y and Fe), it demonstrated
that Ca increases the cohesive energy, promoting the formation of more
stable and less reactive hydroxide layer. Li et al [30] evaluated three
Mg-1Ca alloys in cast, rolled and extruded form and observed an im-
provement in the corrosion resistance as the grain size decreased. This
was attributed to the enhanced protective properties of the semi-passive
layer. Such a broad diversity of opinions regarding the effects of Ca on
the overall corrosion resistance of binary Mg-Ca alloys indicates the
need for further research to elucidate the role of this alloying element.

Recent research employing potentiodynamic polarisation (PDP),
electrochemical impedance spectroscopy (EIS), weight change and hy-
drogen evolution assessments shows significant progress in under-
standing the mechanisms underlying Mg alloy biodegradation [31-33].
Nevertheless, interpretation of the EIS results, especially at the lowest
frequency end, and the corrosion mechanisms are still disputed
[31,33-35]. Moreover, the role of the secondary phase and alloy im-
purities has been investigated and corresponding corrosion galvanic
cells were assessed [36,37]. However, certain important issues are
missing in the consideration of Mg corrosion mechanisms, especially,
the role of Mg alloy nanostructuring and grain refinement in the cor-
rosion mechanism has not been revealed in details [38,39].

Therefore, the goal of this research is to reveal microstructure de-
pendent aspects of controllable biodegradation for the new Mg-1Ca
alloy.

2. Experimental

2.1. Alloy nanostructuring

A binary Mg-1Ca alloy in the cast condition was used in this study.
In order to eliminate the effects of dendritic segregation, the as-supplied

cast ingots were homogenised at 450 = 5°C for 12h. The alloy was
heat treated in a Nabertherm muffle furnace. The heat treatment was
performed for the alloy ingots in air. The surface oxide layer formed
during homogenisation was subsequently removed with sandpaper and
the ingots were then wire-cut into samples using electric discharge
machining. To produce nanostructured samples, 20 mm diameter disks
with a thickness of 1 mm were subjected to high-pressure torsion
treatment at room temperature using the method described elsewhere
[15]. The applied pressure was 6 GPa, and to refine the structure, 10
revolutions were made. To assess the effect of the grain size, the na-
nostructured samples were annealed at 250 + 5°C for 6 h. This heat
treatment provided ultrafine-grained structure in the samples. Thus,
three types of the alloy were assessed: coarse-grained, nanostructured
(nanocrystalline) and ultrafine-grained, denoted further in the text as
CG, NC and UFG respectively. The treatment routine for the grain size
variation is summarised in Fig. 1.

Different batches of the same material possess different amounts of
impurities (e.g. Fe, Mn, Cu and Ni), which are known to affect the
corrosion behaviour of Mg. To control the influence of impurities in this
work, the same ingot which served as a source of the CG samples was
used for the HPT treatment and further annealing to produce the NC
and UFG samples. In this case, the effect of impurities was assumed to
be similar for all the samples and the sole influence of the ultra-fine
grain refinement could be revealed.

The samples were polished using SiC grinding paper from 600 to
2000 grit to achieve roughness Ra = 0.10 * 0.02 um. For the scanning
electron microscopy (SEM), the surface was polished using diamond
paste and Al,O3; suspension to achieve mirror polish. For the trans-
mission electron microscopy (TEM), the foils were prepared by elec-
trolytic polishing under 14 V polarisation in solution containing 30 wt%
nitric acid and 70 wt% methanol, using a Tenupol-5 system.

2.2. Alloy characterisation

The alloy macro- and microstructure were studied using JEOL JSM-
6490LV scanning electron microscope and JEM-2100 transmission
electron microscope at accelerating voltages of 10kV and 200 kV re-
spectively. The elemental analysis was assessed during the SEM with an
EDS attachment INCAX-Sight. Because the alloy structure after HPT
depends on the distance from the rotation centre, the structural char-
acterisation was made at a half radius of the sample. The SEM and TEM
images were processed using ImageJ software. The grain size was
measured according to ASTM E112-10 standard. The grayscale images
were levelled via a threshold to produce black and white images further
used to calculate the percentage of the surface area that belongs to the
black objects standing for the eutectics and the secondary phase. At
least 15 images were analysed in order to have a reliable estimate.

The phase composition of the surface layer was characterised by X-
ray diffractometer Rugaku Ultima IV in Cu Ka radiation at 40 kV and
40 mA using 0.02 deg. step scan with 2s exposure, from 20 to 80 de-
grees 20. Further, the XRD spectra were processed using Philips X’Pert
Highscore Plus software with PDF2 pattern database. The microstrain
was calculated from the XRD profiles using the Williamson—Hall
method [40]. Rietveld analysis was employed in order to evaluate the
quantitative amount of the crystalline secondary phase in the alloy by
applying Structure Fit kernel within the Rietveld Algorithm realised in
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Fig. 2. Structure of CG (a, b), UFG (c, d) and NC (e, f) Mg-1Ca alloy assessed by scanning (a, b, ¢, €) and transmission electron microscopy (d, f).

the X’Pert Highscore Plus software [41]. The crystal structure data for
a-Mg and [(3-Mg,Ca was obtained from the Crystallography Open Da-
tabase [42].

A Bruker Multimode 8-HR Atomic Force Microscope (SKPFM) was
used to obtain the surface potential maps (also known as Volta potential
maps) of the studied alloys. This technique is especially useful for
bridging with corrosion studies because it provides localised electro-
chemical information for identifying potential corrosion initiation
points. It has been used previously to determine the electrochemical
activity of corrosion products in other types of alloys. For instance,
K.A.Yasakau et al [43] used SKPFM to observe changes in electro-
chemical activity of grain boundaries in galvanised zinc coatings due to
precipitation of corrosion products. The specimens for characterisation
were polished 24 h prior to the measurement and kept in a desiccator to
avoid partial oxidation. Corroded specimens were analysed after 24 h of
atmospheric exposure. Ideally, these measurements should have been
made after 24 h of immersion in Ringer’s solution; however, the pre-
sence of large amounts of heterogeneous corrosion products did not
allow SKPFM scanning to be performed. Therefore, a less aggressive
environment, where fewer corrosion products are formed, was chosen
to characterise the corrosion response with this method. The scanning
was carried out using a PFQNE-AL Bruker Silicon tip working in tapping
mode at a constant tip-to-sample distance of 150 nm and at a scanning
rate of 0.1-0.2 Hz. All measurements were acquired at 22 + 1°C and

60-65 % relative humidity. The profiles were analysed using the Na-
noscope Analysis software; at least 10 profiles were analysed in order to
obtain the average values of the potential difference.

2.3. Corrosion evaluation

Corrosion properties were assessed using weight loss and electro-
chemical techniques. The sample weight was measured using analytical
balance GR-200 (A&D, Japan) with an accuracy of 0.1 mg. The samples
were immersed into 50 ml of Ringer’s solution (0.86% NaCl, 0.03% KCl,
0.033% CaCl,, pH 7.4) for 32 days at 37 = 2°C; periodically, the
samples were taken out and weighted; the solution was changed every 7
days. The resulting sample weight change was considered affected by
both metal loss and mass gain due to precipitation of corrosion pro-
ducts.

The electrochemical tests were carried out also in Ringer’s solution
at temperature 37.0 * 0.2°C using P-5X (Elins, Russia) electro-
chemical system. The corrosion cell was a 100 ml thermostatic glass
vessel filled with 80 ml of the Ringer’s solution; the reference electrode
was a silver chloride electrode filled with a saturated KCl solution
(+0.220V vs standard hydrogen electrode); the counter electrode was
a platinum rod. The surface area of the sample exposed to the elec-
trochemical test was 4.6 cm?. After the open circuit potential (OCP) was
settled within = 20mV for at least 30min, the electrochemical
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impedance spectroscopy (EIS) was performed from 100 kHz to 1 mHz
with the magnitude of 10 mV around the OCP.

The EIS results were analysed using ZView software from Scribner
Associates [44]. Linear Kramers-Kronig check using the procedure de-
scribed elsewhere [45] had shown that the selected data could be de-
scribed with a reasonable number of Voight R-C pairs; therefore, the
data was KK-transformable.

The potentiodynamic polarisation test was run from -300mV to
+300 mV with respect to the OCP value at a rate of 0.25mV/s. The
apparent i.,, values have been derived from the Tafel regions of
cathodic parts of the PDP curves at the intersection of the cathodic
tangent line with the level of E.,,. The polarisation resistance was
obtained using the polarisation curve slope at + 10 mV around zero
overpotential [46].

Three identical samples for every alloy structure were used; the
properties were correspondingly averaged, and the most representative
plots were chosen for the figures in this paper.

3. Results

When discussing the influence of microstructure on corrosion be-
haviour of the studied Mg-1Ca alloys, it would be logical to align the
experimental results with the grain size — from CG to UFG and NC -
rather than the treatment routine (Fig. 1); all figures and tables in this
section are therefore arranged following this pattern.

3.1. Alloy structure

Fig. 2 shows the structure of CG, UFG and NC Mg-1Ca alloy. The
microstructure of CG Mg-1Ca alloy after homogenisation (Fig. 2a)
contains equiaxial grains with the average size Dg = 42 + 3pum;
moreover, some grains reach 200 um in diameter. EDS tests which re-
sults are shown in Table 1 for points 1 and 2 in Fig. 2b show the pre-
sence of two phases; this is consistent with previous observations
[25,47]. From the Mg-Ca phase diagram and from the X-Ray dif-
fractometry results (Fig. 3), these phases can be identified as a-Mg solid
solution and [(3-Mg,Ca particles of the secondary phase [6,48]. Since
these particles appear due to solidification and further annealing of the
primary ingot, we shall refer them to as stationary [3;-Mg»Ca. Point 1
corresponds to the equiaxial grains of the a-solid solution of Ca in
magnesium matrix. Point 2 corresponds to (}-Mg»Ca secondary phase
which volume fraction is 6.6 % (Table 2).

High-pressure torsion processing provides significant grain refine-
ment; TEM study shows that the average grain size Dg reaches
100 + 9nm (Fig. 2f). The nanostructure exhibits high dislocation
density and high internal stresses induced by severe shear strains under
high pressure; this is supported by the increase in microstrain and de-
crease in cell parameters of Mg matrix (Table 2). Moreover, since the
high dislocation density is an important factor affecting the corrosion
behaviour, it is expected that the NC alloy should behave differently
compared to CG. The stationary particles of (};-Mg.Ca phase can be
observed in the SEM images of the NC samples as curved contours
(Fig. 2e); their total volume fraction and weight percent decreased
compared to the CG structure (Table 2). Apparently, a certain part of Ca
is dissolved in the Mg matrix of the NC samples under the high pressure.

SEM study of UFG sample structure after HPT and additional an-
nealing reveals the presence of (1-Mg,Ca stationary phase particles,

Table 1
Elemental content from the EDS within characteristic phases in CG Mg-1Ca
alloy.

Mg (wt. %) Ca (wt. %)
Point 1 99.6 = 0.2 0.4 = 0.2
Point 2 96.1 = 0.1 39 + 0.1
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with a volume fraction of 2.3% (Fig. 2c). TEM study (Fig. 2d) of the
microstructure shows low dislocation density; this is consistent with the
decrease of the microstrain compared to the NC alloy (Table 2). The
average grain size Dg is evaluated as 1.1 = 0.2 ym. Also, Fig. 2d shows
nano-precipitates of the secondary phase with the average size of
70 nm. We shall refer to these nano-precipitates as B-Mg»Ca, since they
appear due to the solid solution decomposition in the NC alloy during
the annealing; and they have the volume fraction of 3.6%. The total
volume fraction of the secondary phase for the UFG alloy is 5.9%.

As follows from Table 2, the weight fraction of Mg,Ca decreases
from 3% for CG to 1.3% for the NC sample. Both volume and weight
fractions exhibit the same behaviour, and they decrease with the grain
size decrease. From Fig. 2d, it also follows that only UFG structure
exhibits B;-Mg,Ca nano-precipitates within the a-Mg grains. Con-
sidering that the majority of the secondary phase appears within the
grain boundaries for CG and NC alloy, the corrosion behaviour for the
UFG alloy should differ from that of CG and NC.

Fig. 4 shows the surface potential maps obtained by SKPFM of
Mg,Ca secondary phase of the studied alloys. For the three alloy
structures, it was revealed that the secondary phase Mg,Ca is anodic
with respect to the a-Mg matrix with the potential difference AV be-
tween —-30 and -100 mV (Table 3). This anodic behaviour was expected
given the lower standard potential of Ca (—2.87 Vgyg) compared to that
of Mg (-2.37 Vgyg). These values are in accordance with other works
[49]. The values of the potential difference depend on the processing
route; this is associated with the total amount of Mg,Ca volume and
mass fractions, with the uniformity of their distribution, and with the
presence of the nano-precipitates. After the HPT (NC samples), the total
amount of Mg,Ca decreases (Table 2) due to Ca diffusion into the a-Mg
matrix. Greater amounts of Ca in the solid solution result in the overall
decrease of the surface potential of the a-Mg matrix and, consequently,
to lower surface potential difference AV between a-Mg and [3-Mg,Ca.
After annealing (UFG samples), the surface potential difference also
decreases compared to that observed in the NC sample, because of the
formation of B;-MgsCa nano-precipitates within a-Mg grain bodies.
These nano-precipitates are uniformly distributed over the alloy matrix,
and their presence decreases further the surface potential difference
between a-Mg and (3;-Mg,Ca located within the grain boundaries.

3.2. Material weight changes due to corrosion

Fig. 5 shows the appearance of the samples during the immersion
test. The CG samples disintegrate after four days of the test. Their
surface is covered with a white loose layer of corrosion products. The
remains of the samples feature thorough holes from the pitting corro-
sion. Both UFG and NC samples withstood 32 days of the test without
disintegration. As seen in Fig. 5, the NC samples exhibited pre-
dominantly pitting corrosion with the formation of corrosion products
following by development of through holes, while the UFG samples
showed arcs of corrosion products built up, following the rotation lines
during the HPT treatment. This is consistent with the secondary phase
distribution. For the NC samples, B;-Mg,Ca phase appears as curved
contours that would likely to promote the pitting corrosion. For the
UFG samples, the effect of f;-Mg,Ca nano-precipitates can be lower
where the rotation lines are left by the HPT plungers; a similar influence
of Mg alloy texture was found elsewhere [50].

Fig. 6 shows the sample weight change during the immersion test.
The weight change appears to be a linear function of the immersion
time and for the CG samples, it has the highest rate of
-0.94 g«dmday ™. The NC samples gained some weight at a rate of
0.057 g«dm >day™?, while the UFG samples kept it almost constant at a
rate of —0.052 g:dm>day ™.

3.3. Surface morphology following corrosion attack

Fig. 7 shows top views of the samples with corrosion damage
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Fig. 3. XRD spectra for Mg-1Ca alloy with CG, UFG and NC structures.

incurred after 24 h of exposure in Ringer’s solution. The CG samples
developed massive lumps of corrosion products separated with sig-
nificant cracks, probably along the grain boundaries. Similar lumps but
with much smaller size were also observed on the surface of UFG
samples, together with some needle-like crystals; this is consistent with
other studies [35,51]. For the NC samples, the amount of the lumps was
significantly smaller, and the number of needle-like crystals increased.

Fig. 8 shows surface potential maps and profiles of the partially
corroded Mgl-Ca alloy with CG, UFG and NC structures. Unlike un-
corroded specimens (Fig. 4), the secondary phase gains a positive po-
tential difference compared to the alloy matrix. This is related to the
precipitation of corrosion products on the surface of the Mg,Ca sec-
ondary phase, which are cathodic compared to the a-Mg matrix. All
specimens showed a wide range of values, due to compositional het-
erogeneities, starting at approximately 70 mV and reaching values of up
to 400 mV for the CG structure. UFG and NC alloys showed lower upper
limits of 135 and 240 mV respectively. The potential differences shown
in Table 3 indicate that the new active cathodes have been formed in all
alloys, with those in the CG structure being the most intense.

3.4. Electrochemical corrosion behaviour

Fig. 9 shows the results of the potentiodynamic polarisation test for
the Mg-1Ca alloy samples with CG, UFG and NC structure. The E o
values (Table 4) range from —1.46 to —1.51 V vs. AgCl, with the highest
and the lowest values attributed to the UFG and CG alloys respectively,
showing that all surfaces are rather active. The PDP curves show Tafel

Table 2

regions only under cathodic polarisation; the anodic parts do not follow
linear dependencies within 0 to 200 mV overpotentials. Therefore, only
cathodic slopes [3. can be considered, and the apparent i, values can
be only estimated at the intersection of the cathodic tangent line and
E_ o value. The apparent i, for the samples range from 3.1 to 53.3 pA
cm™2, showing the lowest value for the UFG alloy, and the highest for
the CG. The obtained values of corrosion current density are lower
compared to those obtained by Bornapour et al [27] on cast binary and
ternary alloys Mg-0.5Sr (5.0 mA cm ™), Mg-0.6Ca (4.01 mA cm ™),
Mg-0.3Sr-0.3Ca (6.3 mA cm~?) and Mg-0.5Sr-0.6Ca (5.6 mA cm~2);
and by Li et al [30] on cast (~547 mA cm™?), rolled (~71 mA cm™2)
and extruded (~75.8 mA cm ~2) Mg-1Ca alloys. It should be noted that
the anodic parts of the PDP curves show little difference among all the
alloy structures, and vary within the experiment error. The polarisation
resistance follow the dependency of the corrosion current: R, has the
highest value for the UFG alloy; this is approximately 25 times higher
compared to data reported in other works performed on cast Mg-0.6Ca
alloys [28].

The impedance spectra are presented in Fig. 10 in the form of
complex and Bode plots. The data were fitted with the equivalent cir-
cuit (EC) presented in Fig. 11, with fit results collated in Table 5. The
values of electrolyte resistance R; were averaged for all samples for the
sake of consistency. All complex plots in Fig. 10 feature two conjoined
semicircles in the upper half-plane, suggesting a presence of two re-
laxation processes. In the lower half-plane, the spectra also include an
inductive response; this is typical for the Mg alloy corrosion [32]. The
lowest frequency end of the spectra exhibits scattering at the

Grain size, Mg,Ca volume fraction from image analysis and weight fraction from Rietveld analysis, Mg matrix cell parameters and microstrain from XRD, for Mg-1Ca

alloy with different structure.

Grain size B-Mg,Ca vol. fraction (%) B-Mg,Ca weight fraction (%) Mg cell parameters Microstrain (%)
Stationary phase particles f; Nano- precipitates Py Total a(A) cA)
CG 42 = 3um 6.6 + 1.0 - 6.6 + 1.0 3.0 £ 0.4 3.2108 5.2113 0.007 + 0.003
+ =+
0.0007 0.0012
UFG 1.1 = 0.2pum 2.3 = 0.6 3.6 =+ 0.8 59 = 0.8 1.9 = 0.5 3.2093 5.2103 0.051 + 0.004
+ =+
0.0005 0.0006
NC 100 + 9nm 51 = 0.5 - 51 = 0.5 1.3 £ 0.2 3.2083 5.2084 0.159 + 0.004
+ +
0.0008 0.0020
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Table 3

Potential difference between the secondary phase Mg,Ca and the matrix in the
Mg-1Ca alloy with different structure, before and after 24 h of the corrosion
test.

AV B-Mg,Ca to a-Mg (mV) Before After

corrosion test corrosion test

Range Average Range Average
CG -52 to -98 -75 75 to 400 238
UFG -32to -72 -52 75 to 135 105
NC -53 to -89 -71 75 to 240 158

frequencies below ~0.01 Hz; this suggests that the system at test vol-
tage cycles > 100s tends to become non-stationary. Moreover, UFG
and NC samples show unusual behaviour of the EIS spectra at the lowest
frequencies. Instead of decreasing, as for the CG samples, the im-
pedance modulus increases, suggesting (i) better corrosion protection
and (ii) negative time constant in the inductive response part.

4. Discussion
4.1. Corrosion mechanism of Mg-Ca alloy in Ringer’s solution

As shown above, the secondary phase and the a-Mg matrix form a
galvanic corrosion cell with a significant potential difference ranging
from 32 to 98 mV (Table 3) which is in a good agreement with the value
of 100 mV obtained elsewhere [36]. Therefore, two anodic reactions
occur over the surface of the electronegative secondary phase, resulting
in its anodic dissolution (Fig. 12a):
Mg° - 2e” — Mg?* (=2.37 Vgyg) @
(2)

Since the Ringer’s solution is a pH neutral environment, based on
the Pourbaix diagram of Mg [52] the cathodic reaction is:

Ca® - 2 — Ca?" (-2.87 Vgur)

2H,0 + 26~ — Hy+ 20H7(-0.83 Veyg). 3)

The secondary phase acts as the anode in the galvanic cell, thus,
providing some cathodic protection for the surface of the electro-
positive a-Mg matrix. This process differs from the mechanisms de-
scribed elsewhere [31,32] that consider secondary phases as noble
particles; this is true for the majority of Mg alloys, except for Mg-Ca,
and, as authors can suggest, for Mg-Sr and Mg-Li systems.
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Fig. 5. Appearance of Mg-1Ca alloy samples with CG, UFG and NC structure during immersion corrosion test in Ringer’s solution.
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during immersion corrosion test in Ringer’s solution.

During the immersion test, the samples gained a layer of the cor-
rosion products (Fig. 7). In neutral pH range, the corrosion products
such as Mg(OH), and Ca(OH), are mainly formed via the following
reactions from the alloy constituents, Mg and Ca (Fig. 12b):

Ca + 2H,0 — Ca(OH)| +Ha! ()

These hydroxide corrosion products have low solubility [53]
(Table 6); therefore, they become deposited on the surface, appearing
as lumps with cracks [35] found in Fig. 7. These hydroxide deposits
appear first at the sites with higher activity, such as secondary phase
particles and Mg grain boundaries (Fig. 12b), and later on, expand over
the complete metal surface (Fig. 12c). SKPFM studies revealed that the
layer of corrosion product formed over the Mg,Ca phase at the initial
stage of the corrosion process appears to be cathodic with respect the a-
Mg matrix (Table 3). Therefore, the microgalvanic corrosion is likely to
take place at the interface between the corroded Mg,Ca particle and a-
Mg matrix, but this time the matrix is dissolved predominantly due to
its anodic behaviour with respect to the corrosion products covering the
particle (Fig. 12b and c). This results in precipitation of further corro-
sion products over the a-Mg matrix. This process takes place repeatedly
and simultaneously on every particle until the metal surface is com-
pletely covered. Essentially, this layer hinders electrolyte access to the
alloy surface, thereby contributing to the corrosion protection. This,
however, may be compromised by subsequent dehydration and/or in-
ternal stress relieve that would incur damage to the hydroxide layer by
generating cracks and holes, restoring the corrosion rate (Fig. 12c).

Williams et al [54] used Scanning Vibrating Electrode Technique

(SVET) to study the evolution of corrosion process on pure magnesium
in chloride media. They also observed a modification on the electro-
chemical behaviour at active corrosion sites. Anodic corrosion initiation
points propagated radially, leaving behind a corroded and blackened
surface. These dark regions, presumably formed by corrosion products,
were strongly cathodic, which is consistent with the results of SKPFM
analysis presented in this work. Additionally, they observed that the
corrosion rate decreased considerably when the majority of the exposed
area was completely covered, changing the corrosion mechanism from
localised to uniform corrosion.

The presence of chloride ions in the environment may also lead to
the formation of oxychlorides containing corrosion products that ap-
pear as needle-like crystals on the corroded surface [35,51] also found
in Fig. 7:

xMg** + CI” +yOH™ + zH,0 — Mg, (OH),ClzH,0 (6)

Moreover, Mg and Ca oxychlorides can also appear on the surface as
adsorbed intermediate products of aqueous corrosion process which is
catalysed in presence of Cl- ions [55]:

Me + CI” + H,0 <> [MeCI(OH) laqs + HT + € @
[MeCl(OH) ~1n4s <> MeCIOH + e~ (8)
MeCIOH + H' < Me?* + CI” + H,0 9

In any case, a balance between the hydroxide precipitation and
dissolution will eventually be achieved.

4.2. Implications of Mg-Ca alloy nanostructure on corrosion mechanism

The solubility of Ca in Mg matrix is quite low and from room
temperature to 380 °C, this value stays under 0.82 at%; therefore, all
structures in Fig. 2 contain the secondary phase Mg,Ca. In the homo-
genised CG alloy, the secondary phase appear as stationary particles f3;-
Mg,Ca located along the grain boundaries (Fig. 2a, b). The higher po-
tential values of the corrosion products formed over the f;-Mg>Ca
(Table 3) lead to a more severe microgalvanic corrosion following the
grain boundaries, compared to that of UFG and NC alloys (Fig. 13a).
Additionally, the bigger size of the stationary particles 3;-Mg.Ca in the
CG alloy promotes the precipitation of big and heterogeneous lumps of
corrosion products (Fig. 7a).

The HPT process generates numerous dislocations, transforming the
CG structure into NC (Fig. 2e). During this process, the secondary phase
partly dissolves in the matrix, as follows from the values of the volume
and mass fractions, and Mg cell parameters; this increases the strain in
the material structure now having a supersaturated solid solution of Ca
in Mg matrix (Table 2). Since the volume fraction of the stationary
particles B;-Mg,Ca becomes lower, the size and density of pitting
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Fig. 7. Top view of samples with corrosion damage after 24 h of the immersion
corrosion test in Ringer’s solution: CG (a), UFG (b), NC (c).

corrosion sites also decrease, reducing the overall corrosion rate;
moreover, the stationary phase particles no longer form straight paths
for the corrosion propagation along the grain boundaries, as in the CG
alloy (Fig. 13a). As a result, smaller and more closely located 3;-Mg,Ca
particles with lower surface potential values (Table 3) observed in NC
alloy, promote a rapid formation on the metal surface of a thin and
homogeneous film of corrosion products with better protection prop-
erties (Fig. 13c).

After the annealing, the NC structure transforms into the UFG,
which exhibits more equilibrium state of the grain boundaries, with less
dislocation density and partial relaxation of internal stress (Table 2).
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Importantly, the supersaturated solid solution of Ca in Mg matrix partly
decomposes, forming uniformly distributed By;-Mg>Ca nano-precipitates
within the grain bodies (Fig. 2d). Moreover, smaller amounts Mg>Ca
along grain boundaries make them less susceptible to the corrosion
propagation. As a result, magnesium/calcium hydroxides that appear
due to corrosion on top of the secondary phase particles and nano-
precipitates, protect a larger surface area compared to that of both CG
and NC samples (Fig. 13b).

The cracks in the corrosion products formed on the CG substrate
provide paths for the corrosion following grain boundaries, resulting in
rapid sample disintegration (Fig. 5) [56]. Corrosion in UFG and NC Mg-
1Ca alloys does not proceed via secondary phase paths along the grain
boundaries since f;-Mg»Ca particles are separated (Fig. 2c, e) and
eventually the surface becomes covered by thin, semi-protective cor-
rosion product layer. The smallest potential difference is observed for
the UFG alloy (Fig. 8, Table 3) due to both presence of separated sta-
tionary phase particles (3;-Mg,Ca at the former sites of grain boundaries
in the CG structure, and uniformly distributed (;-Mg,Ca nano-pre-
cipitates within the grain bodies (Fig. 13b). This combination provides
the best corrosion protection.

4.3. Electrochemical implications and challenges in corrosion understanding
for UFG and NC Mg-1Ca alloys

Several authors have observed that the corrosion resistance of na-
nostructured magnesium alloys greatly depends on the grain size. Most
of them agree that microstructures with small grain size and a high
fraction of grain boundaries promote passivation [57,58], which is in
accordance with the corrosion mechanism proposed in this work
(Figs. 12,13). However, this is not the only factor determining the
corrosion behaviour of nanostructured magnesium alloys [59]. PDP
curves (Fig. 9) showed that the nanostructuring reduces E,,, and shifts
the cathodic branches towards lower current densities, with little in-
fluence on the anodic branch. Interestingly, the specimens with lower
corrosion rates presented more anodic E,,,, values [60], i.e. have a more
active nature. However, it is worth highlighting that the corrosion po-
tential is a thermodynamic property of a specific metal/electrolyte
system and does not provide kinetic information on the corrosion
process [61]. On the contrary, the displacement of the cathodic branch
suggests that the kinetics of the corrosion process in cathodically con-
trolled. Cathodic regions that appear in the neighbourhood of the sec-
ondary phases and at the grain boundaries have a certain width re-
presented by the width of the valleys in Fig. 4. As suggested elsewhere
[38], this width does not change with the grain refinement, and gra-
dually, the cathode area covers the whole grain; this contributes to the
decrease in both the potential difference and corrosion current (Tables
2 and 4). The lower corrosion current densities of UFG compared to the
NC alloy are associated with the annealing post-treatment to release
residual stresses (Table 2). Op’t Hoog et al observed that the cathodic
kinetics increases if large residual stresses remain after grain refinement
[60,61]. This could be related to the local decrease in the surface po-
tential of the matrix at the vicinity of dislocations, which promotes
anodic dissolution [62].

As discussed elsewhere [25,34,35], the presence in the impedance
spectra of two time constants with the capacitive response, and one
time constant with the inductive response is reflected in the ladder type
structure of the equivalent circuit (Fig. 11) [33]. The former two are
attributed to the inner compact layer R,-C, within the outer porous
layer R;-C;, whereas the latter (R3-L) has no direct physical meaning,
and, according to various studies, describes the corrosion product layer
breakdown and damage propagation to the substrate [32,63]. As
pointed out by King et al [33], there is a potential dependency of the
inductance, and its appearance is associated with the acceleration of the
anodic dissolution; not taking into account this inductive response will
result in overestimation of the corrosion resistance.

The analysis of Table 5 shows that resistance R; standing for the
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Fig. 9. Potentiodynamic polarisation curves for the Mg-1Ca alloy samples with
CG, UFG and NC structure after 24 h of the immersion corrosion test in Ringer’s
solution.

Table 4
Electrochemical corrosion characteristics of Mg-1Ca samples with different
structure after 24 h of the corrosion test.

Ecorr Be (V dec™ icor (WA cm™) R, (Q cm?)
(V vs. AgCl)
CG -1.463 = 0.005 0.247 = 0.022 53.3 = 26.3 455 += 60
UFG  -1.512 + 0.019  0.193 + 0.008 3.1 * 0.4 6963 + 953
NC -1.475 + 0.032 0218 + 0.003 4.8 = 1.3 3238 + 487

porous outer layer of the corrosion products decreases with the sub-
strate nanostructuring; this is consistent with Fig. 7. The inner layer/
charge transfer resistance R, significantly increases with the substrate
nanostructuring, with the highest value corresponding to the UFG alloy.
This indicates that the nanostructuring promotes the formation of a
more uniform and less defect surface oxide/hydroxide layer, which is
consistent with the proposed mechanism. The secondary phase anodic
dissolution process generates cracks and pits that result in a significant
decrease of the coating resistance for the CG alloy.

It is noteworthy that the resistance R3 standing for the inductive
loop is positive for the CG alloy and negative for UFG and NC.
Therefore, at frequencies below 0.1 Hz, the system shows unusual be-
haviour for the UFG and NC alloys; this is probably due to the
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Fig. 10. EIS complex and Bode plots for Mg-1Ca alloy samples after 24 h of the immersion corrosion test in Ringer’s solution.
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Fig. 11. Equivalent circuit for the EIS fitting.

segregation of the secondary phase particles and further formation of
nano-precipitates in the non-equilibrium alloy NC and UFG structures.
Mg alloys are known to exhibit non-stationarity and data scattering at
lower frequencies, and the impedance modulus usually decreases due to
the induction shunting of the RC part of the equivalent circuit. In
contrast, the low-frequency increase in the impedance observed in this
work has significant implications for the corrosion resistance, and this
is where the EIS model shows the difference between CG and UFG/NC
samples.

The overall corrosion protection assessment can be carried out
based on polarisation resistance R calculated using the values of
equivalent circuit elements at frequencies approaching zero, as follows
[31,33,35]: Rf‘)() = (Rg(Rl + Rz))/(Rl +Ry+ R3) The values obtained
and shown in Table 5 are consistent both with the polarisation re-
sistance values R, (Table 4), and the corrosion behaviour observed
during the immersion test. Therefore, this new unusual impedance
behaviour adequately describes the increase in the corrosion resistance
observed for the UFG and NC Mg-1Ca alloys.

To explain this behaviour, it can be considered that the inductance
L; represents a kinetic effect of corrosion propagation on anodic sites,

which is consistent with the results obtained by King et al [33]. When
the potential increases within the 10 mV of AC perturbation during the
EIS test, the current increases for longer than it should be if the system
exhibited only resistive behaviour, and its maximum value is reached
past the voltage maximum [34]. Then the negative sign of R3 can be
interpreted as additional limitations imposed on the maximum value of
current due to the hydroxide precipitation process once the frequency
falls below a certain threshold level, which in this case is estimated at
0.02 Hz. This threshold is likely to reflect the time taken for nucleation
of hydroxides from dissolved metal ions, beyond which they will pre-
cipitate on the surface, forming relatively dense deposits on the ma-
jority of active sites associated with nanoscale inclusions of the sec-
ondary phase. Since these inclusions are isolated, the local corrosion
activity on them will quickly become inhibited and further propagation
of corrosion would include activation of new sites, with the resulting
current density being reduced. An alternative scenario may include
metastable development of localised corrosion within individual anodic
sites, with the ratio of local current to the site size (I/r) fluctuating
around a certain critical value [64] due to the dissolution-precipitation
behaviour of corrosion products. This may explain increased scattering
of impedance data in the low-frequency range, however, elaboration of
quantitative models describing the unusual impedance behaviour of the
nanostructured Mg-Ca alloys would require a separate investigation.

5. Conclusions

The study has demonstrated that the grain refinement via high-
pressure torsion nanostructuring and further annealing enhances the
corrosion resistance of the new biocompatible Mg-1Ca alloy in Ringer’s

Table 5
Equivalent circuit fitting results for electrochemical impedance spectroscopy of Mg-1Ca alloy with different structure.
Rs Ry Cy Ry Ca R3 Ly Ri~o
«Q cmz) <« cmz) (uF cm’z) «Q cmz) (uF cm’z) Q cmz) (H cmz) «Q cmz)
CG 39.2 = 7.6 87.4 = 6.9 8.65 = 0.41 236 = 7 189 + 1.2 982 = 120 17645 = 2707 282
UFG 55.5 + 8.0 7.08 = 0.6 662 + 15 11.3 + 0.7 -1276 = 13 8204 + 215 1679
NC 36.6 = 1.5 9.09 = 0.3 427 = 22.2 = 0.4 -762 = 12 6946 * 263 1223
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Fig. 12. Corrosion mechanism showing steps: secondary phase anodic dis-
solution (a), hydroxide precipitation (b) and corrosion propagation (c) for Mg-
1Ca alloy immersed into Ringer’s solution.

Table 6
Solubility products for Mg and Ca hydroxides [53].

Compound Solubility product pKg,
Ca(OH), 5.26
Mg(OH), 11.25

solution. The associated decrease in corrosion rate leads to the increase
in sample disintegration time from 3...4 days to more than 30 days,
enabling biodegradation of resorbable Mg alloy implants to be con-
trolled throughout the bone regeneration period. The mechanism un-
derlying the controllable biodegradation is based on the balance be-
tween processes of anodic dissolution of Ca-containing secondary phase
in local galvanic corrosion cells and precipitation of hydroxide com-
pounds that contribute towards corrosion inhibition on active sites. This
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Fig. 13. Microstructure effect on corrosion mechanism for CG (a), UFG (b) and
NC (c) Mg-1Ca alloy immersed into Ringer’s solution.

balance is strongly influenced by the size and distribution of the sec-
ondary phase Mg,Ca as stationary particles and nano-precipitates.

It was also found that, for the UFG and NC alloys, the impedance of
the corrosion process exhibits an unusual behaviour described by a low-
frequency inductive loop with a negative time constant. This loop, re-
flecting significant increases in the impedance modulus at frequencies
below 0.1 Hz, is likely to originate from a metastable progression of
corrosion process on the secondary phases, affected by dissolution-
precipitation behaviour of corrosion products. Such kinetic effect ex-
plains particularly low corrosion rates observed on these alloys during
the immersion test. Among the studied materials, the best corrosion
resistance was provided by the UFG Mg-1Ca alloy with a grain size of
0.9 to 1.3 um, exhibiting Mg,Ca nano-precipitates formed within the
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magnesium matrix as a consequence of the annealing. This, together
with the high ultimate strength, ductility and low internal stress of the
alloy, makes it a promising candidate for future biodegradable Mg
implants.
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