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Abstract

The as-cast Mg-3Zn-0.4Ca alloy shows a great potential to be used in biomedical applications due to its composition, mechanical
properties and biodegradability. Zn and Ca appear naturally in the organism accomplishing vital functions. The alloy consists of an «-Mg
matrix and a eutectic composed of a-Mg+ Ca,MgeZns. The eutectic product enhances the mechanical properties of the studied alloy, causing
strengthening and providing superior hardness values. In this alloy, cracks initiate at the intermetallic compounds and progress through the
matrix because of the open network formed by the eutectics. Attending to the corrosion results, the eutectic product presents a noble potential
compared to the «-Mg phase. For this reason, the corrosion progresses preferentially through the matrix, avoiding the («¢-Mg+ CayMgeZn3)
eutectic product, when the alloy is in direct contact to Hank’s solution.
© 2020 Published by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

Magnesium (Mg) has attracted great attention in the
biomedical area due to its intrinsic properties, such as den-
sity and mechanical properties close to those of the bone
and biodegradability. Focusing on the development of Mg
biodegradable implants, they must achieve the following
requirements: temporary nature, biocompatibility with the
surrounding environment, non-toxicity, appropriate mechani-
cal properties to allow total bone repairing and uniform and
gradual degradation. It would be also interesting to use a
material with an elastic modulus similar to that of natural
bone for preventing stress shielding between implant and
bone [1-4]. However, the standard electrode potential of
Mg (—2.37V) makes this element react with body fluid,
showing an undesirable corrosion rate for the biomedical
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applications. Alloying constitutes a way to improve the
mechanical properties and the corrosion behaviour of Mg and
different authors have studied the effect of several alloying
elements on magnesium properties [5—8]. The commonly
used Mg-based alloys containing Aluminium (Al) are being
displaced because of the toxicity and the poor assimilation of
Al by the human body [9,10]. Calcium (Ca), zinc (Zn) and
manganese (Mn) are considered safe elements for the body as
they appear naturally in it. For this reason, Mg-based alloys
containing these elements individually or simultaneously are
being studied as suitable materials to be used as biomaterials.
In this research, a ternary Mg—Zn—Ca alloy has been selected.
Zn is essential for the human body and it participates in the
correct operation of several systems. Moreover, Zn acts a
grain refining agent, mitigates the corrosive effect of nickel
(Ni) and iron (Fe) impurities in Mg alloys and can increase
the strength by solid solution and precipitation strengthening.
Ca is the most abundant mineral in the human body being
the main component of the bones. Ca is also associated with
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Table 1

Compositional analysis of the as-cast Mg—3Zn-0.4Ca alloy.

Element Ca Zn Fe Cu Ni Mg
wt. % 0.40 3.14 0.012 0.0015 0.0008 Bal.

the grain refinement of the Mg alloys and the released Ca
ions are beneficial for the bone healing process [11,12]. The
solubility of Zn and Ca in Mg is 6.2wt% and 1.3wt%, re-
spectively. Previous studies have determined the percentages
of Ca and Zn that should be added to enhance the mechanical
properties and the corrosion rate of magnesium: up to 4 wt%
of Zn and less than 1wt% of Ca [1,13]. It has been proven
that an increase in Zn contents leads to a weakening in the
corrosion resistance. Also, a higher percentage of Ca pro-
duces fragile Mg,Ca precipitates at grain boundaries [14] and
causes problems in the casting process [15], resulting in the
worsening of the mechanical properties and corrosion be-
haviour of the alloy. In order to obtain a good combination
of mechanical properties and corrosion behaviour, an as-cast
Mg-3Zn-0.4Ca alloy has been selected for this research.

The aim of this work is to reach a deeper knowledge of
the as-cast Mg—3Zn—0.4Ca alloy in terms of microstructure,
mechanical properties and corrosion behaviour to evaluate its
real and promising possibilities in the biomedical field. Me-
chanical properties were determined by three-point bending
and nanoindentation tests. With the first one, crack propaga-
tion throughout the sample in real time was observed. The
second technique was used to establish the correlation be-
tween microstructure and hardness. The corrosion evaluation
of the system has also been performed using electrochemical
and hydrogen evolution tests. Finally, the detailed corrosion
mechanism followed by the as-cast Mg-3Zn—0.4Ca in Hank’s
solution has been described.

2. Materials and methods
2.1. Materials preparation

Mg-37Zn—0.4Ca alloy was supplied by the Helmholtz Zen-
trum Geesthacht (Germany) and it was produced by casting
[16]. Mg ingots were molten under an argon protective atmo-
sphere with 0.2% vol. SF¢ and held at 720°C. After that, Ca
and Zn were added to the molten Mg. The mix was stirred
for S5min and poured into a mould. The chemical composition
of the alloy was analysed by spark emission spectroscopy and
atomic absorption spectrometry, as listed in Table 1. Plates of
dimensions 30 x 25 x 2.5mm?® were ground with SiC paper
(1200 grit), cleaned in an ultrasonic bath for 5Smin and dried
with hot air.

2.2. Composition and microstructure characterization

The identification of the phases in the as-cast Mg3Zn0.4Ca
alloy was performed by an X-ray spectrometer (DS AD-
VANCE Bruker) using monochromatic KaCu (1.54056 A) as

a)

Pre-crack

Fig. 1. Three-point bending test configuration: a) without pre-crack and b)
with pre-crack.

the radiation source, operating at a voltage of 40kV and a cur-
rent of 40mA. Diffraction patterns have been recorded in 26
scan range from 20° to 90°, with a step size of A(26)=0.04°
and 1s of time per step. The patterns have been indexed
with the PDF-442019 software containing the ICDD (In-
ternational Centre for Diffraction Data) database.

For the analysis of the microstructural and compositional
characteristics of the Mg-based alloy, a Scanning Electron Mi-
croscope (SEM, Hitachi S-3400N) equipped with an Energy
Dispersive X-Ray Spectrometer (EDS, Bruker AXS Xflash
Detector 5010) was used. Samples were ground with SiC pa-
per, mechanically polished and etched by Nital solution con-
taining 2wt% of concentrated nitric acid to reveal the mi-
crostructure.

TEM analysis was conducted using a JEOL JEM 2100HT
microscope operating at 200kV equipped with a XEDS (OX-
FORD INCA). Thin foil specimens were prepared for TEM
observations using a standard combination of mechanical thin-
ning and ion-beam milling techniques. The PDF-4+2019
software containing the ICDD database was used to deter-
mine the crystal system, space group and lattice parameters
of the samples.

An image analysis program (LAS V4.8) connected to an
optical micrograph (OM, Leica DMR) was used to determi-
nate the volume fraction of the secondary phases in the re-
sulting alloy. Six different zones of the as-cast alloy were
analysed.

2.3. Mechanical properties

The load-displacement curves of the samples were ob-
tained using a bending micromachine from Deben installed
in a SEM at room temperature. Cracks initiation and progres-
sion until fracture were in-situ recorded. The set-up for the
test is shown in Fig. la.

To calculate the flexural strain and stress, samples with size
2.5 x 1 x30mm?® were tested. The flexural strain was calcu-
lated according to the equation:

6Dd
=T )

where D is the maximum deflection of the centre of the sub-
strate, d is the height of the sample and L is the support span
length. To obtain the flexural stress Eq. (2) was used:
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Table 2

Nominal composition of 1L of Hank’s solution (in g).

CaCl, MgSO4 KCl KH;PO4 NaCl NayHPOs  D-Glucose
0.1396  0.09767 0.4 0.06 8.0 0.04788 1.0

being F the maximum load and b the width of the tested
sample.

The E 399 — 90: Standard Test Method for Plane-Strain
Fracture Toughness of Metallic Materials [17] was applied to
obtain the fracture toughness (Kp) of notched specimens:

PQS a
(25
BW™2

Where Py is the maximum load, S is the span, B and W are
the specimen thickness and width respectively, a is the crack
length and f(3;) is a defined function. For this test, samples
of dimensions 2.5 x 2 x 30mm?® with a pre-crack of 0.3mm
were used according to the orientation shown in Fig. 1b.

A XP Nanoindenter (MTS) was used to perform the
nanoindentantion tests using a Berkovich diamond indenter.
A matrix of 625 indentations (25 x 25) with 25 pm of dis-
tance between them in x- and y-axis was carried out to ob-
tain the hardness and elastic modulus among the different
phases of the as-cast Mg—3Zn—0.4Ca alloy. A maximum load
of 2.5 mN was applied for 15s. Afterwards, the indentations
were observed by OM and SEM to identify the characteristics
of the microstructure where each indentation was made.

The average value of the elastic modulus of the studied
Mg-based alloy was determined by nanoindentation using the
continuous stiffness measurement (CSM), which allows the
in-depth measurement of the elastic modulus up to 3000 nm
by applying a 5nm harmonic oscillation amplitude and 45Hz
harmonic frequency to the indentation load. Ten indentations
in different zones of the sample were performed.

The microhardness of the as-cast Mg—3Zn—0.4Ca alloy was
measured using a Microhardness Tester (SHIMADZU HM V-
2TE) with applied loads of 980.7 mN (HV, ;) for 20s. Sam-
ples were mechanically polished with diamond paste up to
1 pm. The average value was calculated after ten indenta-
tions.

2.4. Corrosion evaluation

Electrochemical tests were performed in Hank’s Balanced
Salt Solution (Hank’s solution) at room temperature, using
an Autolab PGStat302N potentiostat. The classical three-
electrode cell consisted of a silver/silver chloride (Ag/AgCl,
KCI 3M) electrode as the reference electrode, a graphite rod
as the counter electrode and the Mg-3Zn—0.4Ca sample with
an exposed area of 0.78 cm? as the working electrode. The
composition of the electrolyte is shown in Table 2.

Before electrochemical testing, samples were ground with
1200 grade SiC emery paper and ultrasonically cleaned in
isopropanol for Smin and dried using hot air.

Hydrogen bubbles

S H, saturated Hank’s solution
el
PN
=D Tested area
Mg-3Zn-0.4Ca

Fig. 2. Schematic assembly for the hydrogen evolution test.

Linear polarization experiments were carried out with a
scan rate of ImV s~! in the potential range from —10mV
to +10mV vs. open-circuit potential (OCP). The polarization
resistance (Rp) of the samples was measured at different im-
mersion times: 1, 6, 24, 48, 72, 96 and 168h. Tests were
made by triplicated.

The Tafel extrapolation method was used to determine the
corrosion potential (E.,) and the corrosion current density
(icorr) Of the studied alloy after 1h of immersion in Hank’s
solution. For it, a potential range from —400mV to 800mV
relative to the OCP and a scanning rate of 1mV s~! were
used. For the OCP determination, the samples were immersed
until a stable value was observed.

Hydrogen evolution tests were carried out on sam-
ples of as-cast Mg-3Zn-0.4Ca alloy with dimensions of
30x20 x2.5mm?® that were previously ground with SiC
emery paper 1200 grade. The specimens were immersed in
125mL of Hank’s solution saturated with hydrogen in a ther-
mostatic bath at 37°C. The pH value was kept at 7.4 by
bubbling carbon dioxide (CO,) through the solution. Three
different samples were tested to obtain the average value. The
corrosion rate Py in mm y~ ! was calculated from the hydro-
gen evolution rate Vi in mL cm™2 d~! using Eq. (4) [18]:

Py =2.279Vy “

The set-up for the generated hydrogen collection is shown
in Fig. 2. The assembly consists of a funnel that is immersed
in a cell containing Hank’s solution above the studied sam-
ple. The funnel is connected to an inverted burette filled with
the same hydrogen saturated Hank’s solution. The hydrogen
generated during the sample corrosion fills the top part of the
burette and displaces the Hank’s solution in it. The volume of
evolved hydrogen was measured at different times for 336 h.
The solution is heated at 37°C but the external zone of the
burette is kept at room temperature.

When the tests were finished, specimens were sprayed with
isopropanol to remove the corrosion products that were not
adhered on the surfaces and dried using hot air. After that,
samples were cross-cut, embedded in conductive resin, me-
chanically polished (up to 1 pwm) and etched in Nital solution
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Fig. 3. XRD pattern of the as-cast Mg—3Zn—0.4Ca alloy.

Fig. 4. SEM images showing the eutectic product distribution in the alloy.

to reveal the microstructure. Then, to evaluate the corrosion
progression within the microstructure, samples were studied
by SEM. The corrosion products were determined by XRD.

3. Results and discussion
3.1. Composition and microstructure characterization

According to the XRD results shown in Fig. 3, the most
intense peaks correspond to the «-Mg phase, and the peaks
corresponding to the intermetallic compound Ca,MgsZn; are
also visible. The intensity of these peaks is low compared to
that of the matrix due to the small Ca and Zn percentages in
the alloy and to the limitation of this technique. As reported in
the literature [19], the addition of Zn contents between 3 and
6wt.% in a Mg—Zn—Ca alloy containing 0.5 wt% of Ca, is pro-
posed to form the «-Mg phase and the («¢-Mg+ Ca,MggZn3)
eutectic product [20].

Fig. 4 shows the microstructure of the as-cast Mg—3Zn—
0.4Ca alloy. As shown, a secondary phase has been formed
and it has precipitated at the grain boundaries with elongated
shape, at triple junctions between grains with a thicker shape
and with a spherical-like shape within the grains. The mea-
sured volume fraction of this phase in the alloy using image
analysis was 2.01 £20.29vol%. The o-Mg phase constitutes
the rest.

Further research was carried out to analyse the morphol-
ogy of the secondary phase. Fig. 5a shows the microstructure
of the as-cast Mg-3Zn—-0.4Ca alloy and a detail of a pre-
cipitated particle in which the eutectic morphology can be
observed (Fig. 5b). Its shape is similar to the ones observed
by other authors in Mg-3Zn alloys with different Ca addi-
tions [21]. The EDS mapping of the selected zone (Fig. 5c)
indicates that the matrix is mainly formed by Mg (in red),
being Ca and Zn (in green and blue, respectively) mainly
placed in the eutectic product. The EDS analysis made on
the matrix (Table 3) indicates that it consists of «-Mg with a
proportion of Zn and Ca that is determined by the solubility
of these elements in Mg. The composition of the precipitates
(Table 3) corresponds to that of the intermetallic compound
CazMg6Zn3.

“

£

(a—Mg + Ca,MgsZn;) 3:3
eutectic

Fig. 5. (a) SEM-SE micrograph of the as-cast Mg-3Zn—0.4Ca alloy; (b) detailed SEM-BSE image of the eutectic product; (c) EDS mapping analysis of the

alloy showing the distribution of the Mg, Ca and Zn elements.



514 N. Pulido-Gonzdlez, B. Torres and P. Rodrigo et al./Journal of Magnesium and Alloys 8 (2020) 510-522

Fig. 6. TEM images, electron diffraction and EDS analysis of the as-cast Mg-3Zn—0.4Ca alloy: a) «-Mg and b) Ca,MgeZn3.

Table 3

EDS compositional analysis of the matrix and the intermetallic compound.
Phase Mg (wt%) Ca (Wt%) Zn (wt%)
a-Mg 91.6£5.5 0.7+0.1 7.7+09
Ca;MgesZn3 45.6+£2.4 13.7£0.5 40.7+2.0

Finally, TEM was used to determine the crystalline struc-
ture and nature of the as-cast Mg—-3Zn—0.4Ca alloy. In Fig. 6,
the matrix and one of the particles found in the alloy are
analysed, and the electron diffraction patterns are shown. The
matrix is basically constituted by Mg, presenting a hexagonal
crystalline structure, with the space group P63/mmc and lat-
tice parameters a=5b=0.322nm and ¢=0.523nm. The stud-
ied precipitated phase corresponds to the Ca;MgsZn3 inter-
metallic compound. The crystal system of this ternary com-
pound is also hexagonal, corresponding to the space group
P63/mmc and the lattice parameters are a=5b=0.973nm and
c=1.015nm. These results were obtained using the ICDD
database.

From the combination of the different techniques used
(XRD, EDS and TEM), the microstructure of the as-cast
Mg-3Zn-0.4Ca alloy has been determined: the matrix is
mainly formed by the o-Mg phase in which Ca and Zn are

partially dissolved, while the Ca and Zn elements are princi-
pally forming the intermetallic compound Ca,MgeZn3, which
appears with an eutectic morphology at grain boundaries with
elongated shape and within the grains with a spherical-like
shape.

3.2. Three-point bending test

The flexural behaviour of the as-cast Mg—3Zn-0.4Ca alloy
was studied using the three-point bending test with a bending
micromachine installed inside a SEM. With this assembly, the
data collection and the real time crack propagation observa-
tion occur simultaneously.

Fig. 7a shows the stress—displacement curves obtained for
the samples tested without pre-crack. The maximum value for
the flexural stress was 99 &7 MPa and the maximum flexural
strain was 12.94+0.5%. Samples bended without cracking.
These results are similar to those of other Mg-based alloys
used in biomedical applications [22]. When the test finished
(Fig. 7b), the eutectic products showed some small cracks
in the zone subjected to the maximum tensile stress (yellow
arrows). It indicates that the intermetallic precipitated phase
is much brittle than the matrix. Cracks propagated along
the eutectics but stopped at its boundaries, so the lack of



N. Pulido-Gonzdlez, B. Torres and P. Rodrigo et al./Journal of Magnesium and Alloys 8 (2020) 510-522 515

a)
120
—— Sample 1
—— Sample 2
109 sample 3
T 804
o
=3
@ 60
9
»
40
20
0 T T T T T

0 1 2 3 4 5 6
Displacement (mm)

Fig. 7. (a) Stress-displacement curves for the as-cast Mg—3Zn-0.4Ca alloy (the discontinuities in the curve are an artefact caused by stopping the test to obtain
in-situ images of the cracks); (b) SEM-SE images of the sample at the final stage of the three-point bending test.
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Fig. 8. Stress-displacement curves for the as-cast Mg—3Zn-0.4Ca alloy with
pre-crack.

continuity of the eutectics limited the crack propagation
through the alloy.

In order to obtain the fracture toughness of the as-cast Mg—
3Zn—0.4Ca alloy, an initial pre-crack of 0.3mm was carried
out in the tested samples. The stress—displacement curves ob-
tained after flexural testing with pre-crack are shown in Fig. 8.
The average value for the fracture toughness is 5.7 £0.3 MPa
m'2. This value is similar, but in the lower limit, to those
of other Mg-based alloys, whose fracture toughness is usu-
ally comprised between 7 and 20 MPa m'/? [23]. In this case,
the resulting value is closer to the upper values of the bone
(3-6MPa m'?) [24-26] than other Mg alloys containing alu-
minium [27-29].

Fig. 9a shows the crack propagating through the as-cast
Mg-3Zn-0.4Ca alloy. Cracks initiated at the pre-crack, mainly
in precipitates placed at grain boundaries and at triple junc-
tions (yellow arrows), propagating easily where there was a

continuous network of eutectic products. However, the lim-
ited continuity of the eutectics in this Mg-based alloy stops
the crack propagation, so cracks are forced to go through the
a-Mg phase, which is less brittle than the eutectic one. Crack-
propagation across the matrix takes place by the formation of
several microcracks (green arrow) that finally collapse and re-
sult in the catastrophic failure of the material. The final stage
of the flexural test is shown in Fig. 9b. The precipitated phase
presented low plastic deformation, as shown in Fig. 9c. After
the breakage, if both parts (R and L) were placed together,
only small variations in geometry could be found in the areas
corresponding to the matrix, showing that the eutectic prod-
ucts present a complete brittle fracture and that the matrix
does not suffer a significant plastic deformation. This is be-
cause of the limited energy absorption during the fracture of
this alloy.

Fig. 10 represents schematically the previously described
mechanism: the intermetallic compounds are crack ini-
tiators; cracks firstly propagate along the eutectic (a-
Mg+ CayMggZn3) (in black) and then through the matrix (in
red), until the tested sample breaks.

3.3. Hardness measurements

The measured average Vickers microhardness of the as-cast
Mg-3Zn-0.4Ca alloys at room temperature was 60.7 +4.9
HVy ;. This result is similar to that observed in other Mg—Zn—
Ca alloys [21]. Zn increases the hardness of the Mg alloys
via solution hardening and along with Ca produces the pre-
cipitation of Ca;MgeZn3 and grain refinement, which causes
precipitation hardening and Hall-Petch strengthening [30-33].

Fig. 11 shows the surface of a sample and its correspond-
ing hardness contour map, as measured by making an indenta-
tion matrix of 25 x 25. Working at the nanoscale, differences
in hardness between different phases could be measured. Each
of the indentations in the 25 x 25 matrix was correlated with
features of the microstructure and it was found that the dis-
persion of the eutectics in the alloy has a strong influence
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Fig. 9. (a) Crack propagation during three-point bending test; (b) SEM-BSE micrograph of the tested sample; (c) Fracture mechanism of the as-cast Mg—

3Zn-0.4Ca alloy.

SR L s SN A S Bl
ii) Crack propagation through the
eutectic products

i) Crackinitiation at the

iv) Brittle fracture

iii) Crack propagation across the
a-Mg matrix

Fig. 10. Schematic illustration of the crack pathway followed by the as-cast
Mg-3Zn-0.4Ca alloy showing the different stages that take place during the
three-point bending test.

in the resulting hardness. The («¢-Mg+ Ca;MgeZn3) eutec-
tic showed the highest hardness values, around 3.5+ 0.7 GPa.
The hardness measured in the areas adjacent to the eutectics
was 2.1 0.3 GPa. Finally, the lowest values correspond to the
softer phase of the alloy, «-Mg. The relatively high solubility
of Zn in Mg increases the measured value of hardness.

Fig. 12a shows five selected indentations of the 25 x 25
matrix: indentation 1 corresponds to the «-Mg, nanoinden-
tation 2 is placed on the matrix close to a eutectic product,
nanoindentations 3 and 4 have the contribution of both, the
a-Mg and the eutectic product, and finally, indentation 5 was
made at the eutectic. The load-displacement curves of these
indentations (Fig. 12b) revealed that the hardness of the («-
Mg+ CayMgeZn3) eutectic is higher than that of the matrix.
It is also noticeable the effect of the eutectic on the nearby
regions, increasing their hardness and resistance.

Fig. 13 shows the relationship between hardness and mod-
ulus at maximum load measured for each indentation. Three
tendencies are visible, indicating the presence of phases with
different behaviour. The values comprised in the yellow el-
lipse are referred to the eutectic products, the ones in green
correspond to the zones surrounding the eutectics and the
points in blue are the ones that correspond to the «-Mg
phase. As mentioned before, the (¢-Mg+ Ca,MgsZn3) eutec-
tic presents the highest hardness and resistance values.

Fig. 14 shows the relation between elastic modulus and
displacement into surface of the studied Mg-based alloy us-
ing the CSM method. At depths of about 1500nm, the elas-
tic modulus becomes stable as it is not affected by the in-
dentation size effect, reaching an average elastic modulus of
51.9£2.5GPa. The resulting value is slightly higher than that
of other Mg—Zn—Ca alloys with different Zn and Ca contents
and the commonly used AZ31 and AZ91 alloys containing Al
[22,34]. The elastic modulus of other metallic alloys used in
biomedical applications, as stainless steel, titanium alloys and
chromium-cobalt alloys, exceeds the value of 100GPa [12].
According to the elastic modulus of the bone, ranging from 3
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Fig. 11. Hardness contour map corresponding to the 25 x 25 indentation matrix for the as-cast Mg—3Zn-0.4Ca alloy.
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Fig. 12. (a) SEM-SE image of five nanoindentations in the 25 x 25 matrix; (b) Load—displacement curves for the selected indentations.

to 20GPa [5], Mg-Zn—Ca alloys seem to be more compatible
than the previously cited alloys, due to the proximity in the
elastic modulus between the alloys containing Zn and Ca and
the bone.

3.4. Corrosion behaviour and mechanism

Fig. 15a shows the polarization resistance (Rp) of the stud-
ied Mg-based alloy after different immersion times in Hank’s
solution at room temperature. The maximum value of Rp was
reached at the initial time. After that, corrosion took place
and the resistance decreased at 24 h of immersion in the elec-
trolyte. At this time, the formation of a protective layer sta-
bilized the corrosion process at values around 1200 Qcm?

The anodic-cathodic curves for the as-cast Mg—3Zn—-0.4Ca
after 1h of immersion in Hank’s solution are shown inFig.
15b. The measured current density was 2.05 pA cm™2 and
the resulting E.o was —1.53V. This value is higher than

that of other Mg—Ca and Mg—Ca—Zn alloys with a higher
amount of Ca and lower Zn content [35,36]. Zn can raise the
corrosion potential and improve the corrosion resistance of the
alloys. However, further Ca contents generate higher amounts
of Mg,Ca phase, deteriorating the corrosion behaviour of the
resulting alloy [19,31,32,37].

Hydrogen evolution is plotted in Fig. 16. The volume of
evolved hydrogen increases with immersion time in Hank’s
solution. From the graph, two different corrosion rates (Py)
can be established: one from O to 130h and the other one,
running from 130 to 336h. Data fitting was performed ac-
cording to a linear equation:

V=Vy-t+h 5)

where V represents the volume of hydrogen in mL cm™2 and
t is the immersion time in h. Eq. (4) was used to obtain the
value of Py in each interval. For the first section, PH; resulted
1.04mm y~!. This interval is related to the general corrosion

mechanism that takes place in the sample. Exceeding 130h
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Fig. 14. Modulus in-depth results for the as-cast Mg—-3Zn-0.4Ca alloy.

of immersion time, pitting corrosion was the dominant mech-
anism in the corrosion behaviour of the specimen. For this
reason, the contribution of both corrosion mechanisms, uni-
form and pitting, led to a PH, of 3.88mm y~! after 336h
of immersion in the electrolyte. The volume of hydrogen gas
evolved by other Mg-based alloys containing Zn, Ca, Mn,
Ce and Al is twice the volume of hydrogen released by the
as-cast Mg—3Zn—-0.4Ca alloy [38,39]. The hydrogen evolution
of the studied Mg-based alloy is also inferior to that of the
widely used AZ91 alloy, which presents a Py of 7.36mm y = !
after 332h of immersion in Hank’s solution [40]. Neverthe-
less, these values are still high: 0.50 mm y*1 was the value
established by Erinc et al. [41] for biomaterials used as im-
plants within the body and more strict, the value of 0.02mm

y~! fixed by Song [42] for a material to be tested in the
human body.

Corrosion progression was analysed in the cross-section
of the sample after 336h of immersion in Hank’s solution,
as shown in Fig. 17a,b shows some visible pits with different
sizes that progress through the sample. The eutectic products
can restrain the corrosion, acting like barriers against corro-
sion. However, the lack of continuity between the eutectics,
which form an open network facilitates the corrosion progress,
as observed in Fig. 17c. In this case, the pits have advanced
through the sample, crossing it completely from top to bot-
tom. Once the pitting initiates, the corrosion rate increases
dramatically, degrading the material. For this reason, control-
ling the corrosion rate is essential to accomplish with the
material requirements for biodegradable implants.

The analysis of the corrosion products formed after im-
mersion in Hank’s solution is shown in Fig. 18. The overall
reaction taking place during the Mg degradation in contact
with an aqueous electrolyte is:

Mg + 2H,0 — Mg*" +20H™ + H, ¢ (6)

This reaction indicates that Mg(OH), is the main corrosion
product and that hydrogen gas is generated, as verified before.
According to the EDS mapping analysis, the outer zone was
covered by a Mg(OH), film, while in the central region, the
amount of Ca, O and P was higher than in the rest of the
area, suggesting the existence of HA. This fact implies that
the as-cast Mg—3Zn—0.4Ca alloy presents good biocompatibil-
ity, being essential for a material staying within the body. The
XRD technique (Fig. 19) has been used to evaluate the prod-
ucts present on the sample surface. The most intense peaks of
the XRD pattern confirmed the presence of Mg(OH), in the
studied area. The peaks corresponding to HA could not be
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distinguished because the amount of HA formed was much
lower than that of the Mg(OH),.

The corrosion process suffered by the as-cast Mg—3Zn—
0.4Ca after 336h of immersion in Hank’s solution at 37°C
is represented in Fig. 20. The corrosion potential of the
a-Mg matrix is more negative than that of the eutectic
(e-Mg+ CayMggZns) [20,35,43], so the Mg+ Ca,MgsZns)
eutectic acts as a cathode while the #-Mg matrix is the anode
in the alloy. For this reason, the matrix corrodes, acting the
eutectics as temporal barriers against corrosion. Fig. 20a
shows the first stage of the corrosion mechanism. At this
point, the corrosion is uniform and a protective layer of
Mg(OH); is formed on the exposed surface, which stabilizes

the corrosion rate of the alloy [44]. The breakage of this
layer due to the generation of hydrogen bubbles allows the
chloride ions to penetrate through it, reaching the substrate,
as shown in Fig. 20b. At this time, the corrosion advances
preferentially following a pitting corrosion mechanism, much
more severe than the general corrosion mechanism [12,45]. It
is known that chloride ions accelerate the corrosion rate of the
Mg-based alloys [46]. The corrosion progress is also strongly
dependant on the amount and distribution of the eutectics in
the alloy. The open network formed by the eutectic products
in the as-cast Mg-3Zn-0.4Ca alloy accelerates the corrosion
progression that advances quickly through the matrix, act-
ing the (¢-Mg+ CayMggZns) eutectics as local corrosion
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Fig. 17. (a) Image of the surface and illustration of two different cross-sections of the sample after 336 h of immersion in Hank’s solution; (b) SEM images
of the corroded area in the cross-Section 1; (c) SEM micrographs of the corroded region in the cross-Section 2.

Fig. 18. EDS mapping analysis of a localized zone of the as-cast Mg—3Zn—
0.4Ca alloy after immersion in Hank’s solution.

barriers, restraining the corrosion [35]. This behaviour has
also been detected for the Mg;7Al;, (B phase) formed in the
AZ91 alloy [20]. Finally, Fig. 20c represents the formation

m Mg(OH),

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2 Theta (°)

Fig. 19. XRD pattern of the corrosion products formed over the sample after
336h of immersion in Hank’s solution at 37°C.

of HA in the area in contact to the electrolyte, due to the
precipitation of phosphates as a result of a pH rise in the
environment.
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Fig. 20. Schematic illustration of the corrosion process evolution of the as-cast Mg—3Zn—0.4Ca in contact to Hank’s solution: (a) galvanic reaction between
substrate and H,O and generation of OH™ and H, gas; (b) dissolution of the Mg(OH), protective layer and (a-Mg+ CaxMgeZn3) eutectics acting as local

barriers against corrosion; (c) precipitation of hydroxyapatite.

4. Conclusions

The main conclusions obtained in this research are in-
dexed:

(1) The as-cast Mg-3Zn—0.4Ca alloy is mainly formed by
the o-Mg matrix and a small volume fraction of eutectic
(e-Mg+ CayMggZns) products.

(2) The studied alloy shows a brittle fracture mechanism.
Cracks initiate at the eutectics, which are more brittle
than the matrix and propagate through them. The lack
of continuity of the eutectic products forces the cracks
to progress across the a-Mg phase, slowing the crack
progression.

(3) The hardness and elastic modulus of the eutectics are
higher than the matrix ones. These eutectic products in-
fluence the adjacent zones, where the hardness and elas-
tic modulus values are intermediate between the eutectic
and the o-Mg.

(4) The corrosion evolution of the as-cast Mg-3Zn—0.4Ca
alloy can be divided into two different intervals accord-
ing to the hydrogen evolution test. The first section,
which lasts 130h, is related to the initial phase of
corrosion suffered by the Mg-based alloy when it is
immersed in Hank’s solution. Exceeding this time,
the formation of small pits on the exposed surface
increases the corrosion rate.

(5) The study of the corrosion products after 336h of im-
mersion in Hank’s solution shows that they are mainly
constituted of Mg(OH), with small amounts of HA.

(6) The eutectic formed acts as a barrier to the corrosion
progress but its effect is limited because it forms an
open network. On the other hand, the discontinuities
in the eutectic increases the toughness on the material.
This shows that the improvement of the material can be
reached by the control of its microstructure, a compro-
mise between corrosion and fracture behaviour might
be assumed.
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