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Abstract: Highly porous Mg—Ca—Zn—Co alloy scaffolds for tissue engineering applications were produced by powder metallurgy
based space holder—water leaching method. Mg—Ca—Zn—Co alloy foam can be used as a scaffold material in tissue engineering.
Carbamide was used as a space holder material. Fluoride conversion coating was synthesized on the alloy by immersion treatment in
hydrofluoric acid (HF). Increasing Zn content of the alloy increased the elastic modulus. Ca addition prevented the oxidation of the
specimens during sintering. Electrochemical corrosion behaviour of the specimens was examined in simulated body fluid. Corrosion
rate decreased with Zn addition from 1.0% up to 3.0% (mass fraction) and then increased. Mass loss of the specimens initially
decreased with Zn addition up to about 3% and then increased. Fluoride conversion coating increased the corrosion resistance of the

specimens.
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1 Introduction

Scaffold provides support for cells, and its
architecture determines the shape of new tissue. In
general, bone substitute material should be
osteoconductive, biodegradable and strong enough [1,2].
Several scaffold materials, including hydroxyapatite and
polymers, have been investigated for tissue engineering.
Brittle nature of ceramics and low strength of polymers
have limited applicability of these materials. Stainless
steels, Co alloys and Ti alloys have been studied in
orthopaedic implants. However, they cannot degrade and
a surgical operation is needed after tissues have
healed [1,2].

Porous Mg has potential to use as a biodegradable
scaffold for bone substitute applications [1,2]. Mg
exhibits low corrosion resistance in physiologic
environments [3—5]. Non-toxic oxides or hydroxides
which formed during the degradation enhance activity of
osteoblast and decrease amount of osteoclast during
regeneration. These properties have attracted attention to
the development of biodegradable Mg implants [1-3].
Mg alloys have closer elastic modulus to the bone
compared with Ti alloys, better ductility and toughness

than hydroxyapatite and higher strength than polymers.
Another performance for degradable biomaterial is the
degradation rate. It influences not only the healing period
but also the loss of mechanical properties during
degradation [2].

Studies on the Mg alloys are focused on corrosion
and biocompatibility. Most Mg alloys contain Al and rare
earth (RE) elements, whereas Al is neurotoxicant, and
hepatotoxicity is detected after administration of rare
earth. The main issue to limit application of Mg is its low
strength and poor corrosion resistance. Commercial Mg
alloys are well researched. Some Mg alloys, such as
AZ31, AM60B and WE43 are attempted as biomaterials.
Al, Mn, Zr and RE elements are employed to improve
the mechanical and corrosion properties. However, these
products result in negative effects on the human [3—6].

Zn is a grain refiner and enhances strength of the
Mg. Mg—Zn alloys reveal the improved corrosion
properties, which is attributed to the ability of Zn to form
precipitates. Low volume fractions of MgZn decrease the
corrosion rate, whereas larger volume fractions promote
microgalvanic corrosion. Zn contents up to 5.6% (mass
fraction) improve the corrosion properties. Since the
maximum solubility of Zn in Mg is 8.4%, a high amount
of Zn can be retained in the solid solution [3—5]. New
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Mg—Zn alloy exhibits moderate mechanical properties
and cytocompatibility. Mg—Zn alloys offer constant
degradation rate owing to homogeneous microstructure.
Zn 1improves corrosion resistance and mechanical
properties of the Mg. Mg—Zn alloys possess the highest
capacity for aging [1-6].

Ca refines the microstructure of the Mg alloys, and
enhances the strength and corrosion resistance.
Formation of a calcium—phosphate layer is observed
during immersion in simulated body fluid, which points
to a beneficial influence on cell adhesion and corrosion
protection. In the Mg—Ca system, up to 0.5%—0.7% Ca
produces  superior  mechanical and  corrosion
properties [3—5]. Wrought Mg alloys have low strength
and low workability. Powder metallurgy overcomes these
problems. Powder metallurgy is known to strengthen the
material by its microstructure. Powder metallurgy is
suitable for manufacturing Mg foam because of its high
activity. In addition, space holder method is suitable for
manufacturing open cell foams [7,8]. Mg—Zn alloy is a
precipitation hardenable system, in which solubility of
Zn decreases with the increase of temperature. Atomic
radius of Zn is smaller than that of Mg. Another feature
is that mixing enthalpy between solute elements is
negative. During aging, decomposition of super-saturated
solid solution results in formation of precipitates [9,10].

The addition of Co to the Mg—Zn alloy raises the
eutectic temperature and induces response to aging. The
microstructure of Mg—Zn—Co is finer than that of
Mg—Zn. Intermetallics are refined by Co addition. Co
permits use of higher temperature for solution, which
leads to larger supersaturation of Zn atoms and higher
concentration of vacancies in Mg grains after quenching.
The increase in eutectic temperature permits use of
higher solution temperature, ensuring supersaturation of
Zn, which leads to larger fraction of precipitates [9—11].
Kinetics of aging is accelerated in Co-containing alloy.
Co segregates into the intermetallics [9—11].

Mg alloys suffer from a high corrosion rate in body
fluids. To improve the corrosion resistance, one of the
ways might be coatings. There are several surface
treatments for improving the corrosion resistance, but
they are mainly developed for Mg alloys in industrial
applications. The surface treatment methods include
conversion coatings, carbonate treatment, alkali-heat-
treatment, anodizing, polymeric coatings and electro-
deposition. Surface treatment of Mg can be classified
into conversion and deposition coatings. Conversion
treatment via hydrofluoric acid is promising due to its
simplicity and low cost. Mg alloys are resistant to
hydrofluoric acid (HF) due to the formation of a
protective layer of MgF,. Corrosion resistance of Mg
could be improved by fluoride treatment, since the

fluoride ion is a corrosion inhibitor for Mg. By this
method, corrosion rate decreases by providing MgF,
protective layer. Moreover, one of the components of
bone and teeth is fluorine. Fluoride coating has good
bonding strength and can be performed on complex
shaped parts [12—18].

SEYEDRAOUFIN and MIRDAMADI [1] prepared
Mg—Zn scaffolds. According to their results, Mg—Zn
alloy could be considered as scaffold materials. Porous
Mg has potential to serve as a degradable scaffold for
bone substitution. The dissolved Mg ions may promote
bone cell attachment and tissue growth. BOBE et al [19]
fabricated a biodegradable, open-porous, mechanically
adaptable scaffold from Mg alloy by sintering. The in
vitro environment influenced the corrosion rates
compared with the in vivo environment. Culture media
composition influences the ionic composition of the
extract by selectively dissolving ions. AGHION et al [20]
produced Mg foams by space holder method as a
scaffold for drug delivery. The amount and delivery time
of the released drug were controlled by space holder.
WEN et al [21] produced Mg foams for scaffold
applications. They investigated the mechanical properties
of Mg with the porosity of 35%—55% and the pore size
of 70—-400 um. Results indicate that the elastic modulus
increases with decreasing porosity. The mechanical
properties were close to those of human bone.

The purpose of this work is to study the novel
Mg—Ca—Zn—Co alloy, with greater aging response. There
has been no study on open-cell porous Mg—Ca—Zn—Co
scaffolds produced by powder metallurgy. In this study,
Mg—Ca—Zn—Co alloy foams were produced by powder
metallurgy based on space holder method. Fluoride
treatment was carried out by immersion treatment in HF.
Although cast Mg—Ca—Zn/Mg—Ca—Zn—Co alloys were
studied [3-5], studies on Mg—Ca—Zn—Co foams
produced by powder metallurgy were limited. Since the
corrosion rates in the literature are not as low as those
required for implant applications, further investigations
regarding an improved alloy composition design are
required. In the range of the low alloyed Mg systems, the
effect of alloying elements on the degradation behaviour
has not been fully investigated.

2 Experimental

2.1 Foam production

Foams were produced by powder metallurgy based
on space holder-water leaching method using Mg, Ca, Zn
and Co powders (Alfa Aesar, USA). The purity of the
powders was >99.5%. The mean particle size of the
powders was about 34 um. In the alloy preparation stage,
0.7% Ca, 1% Zn, 3% Zn, 5% Zn, 8% Zn and 0.3% Co,
0.6% Co powders were added to the Mg powder. The
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powder mixtures were ball-milled to prepare the alloys,
using a ball-milling machine. The mixture was loaded in
a hardened steel vial with ZrO, balls (3 mm in diameter)
to give a ball-to-powder mass ratio of 10:1. Powders
were mechanically alloyed (MA) for 4 h with a rotational
speed of 400 r/min without addition of any process
control agent to avoid contamination of the powder. As a
space holder, carbamide (Merck, Germany), in the
fraction of 710—1000 pm was used. Binder for green
strength was polyvinylalcohol (PVA). Metal powders
were mixed with 1.5% PVA. Mixtures were compacted
at 200 MPa into cylindrical specimens with diameters of
20 mm and 12 mm and heights of 15—17 mm. Specimens
were immersed in water for 10 h and then carbamide was
leached out. Sintering cycle consisted of heating at a rate
of 5 °C/min to 400 °C (debinding) with dwell time of
40 min, followed by heating at a rate of 11 °C/min to
sintering temperatures. Specimens were sintered at
560 °C for 60 min in argon atmosphere.

Some sintering studies were carried out in order to
determine the optimum sintering temperature and time of
the alloy. In addition, sintering temperature of the alloy
was also determined in the light of experimental studies
in Refs. [7,8]. There was insufficient sintering at
sintering temperatures below 530-540 °C. Lower
sintering temperature resulted in insufficient bonding
between the Mg particles. On the other hand, geometrical
shape of the specimens was deformed at sintering
temperatures above 590—600 °C due to high temperature
and excessive liquid phase formation. Higher sintering
temperature can lead to partial melting. Moreover, the
increase in the sintering temperature can lead to the
decrease in the grain size. As a result, optimum sintering
temperature was determined as 560—580 °C. Excessive
grain growth resulted in degradation of the mechanical
properties.

For surface treatment, the polished specimens were
washed with distilled water, rinsed and degreased with
ethanol and dried. Then, the specimens were immersed in
250 g/L sodium hydroxide solution (NaOH) for 2 h.
Subsequently, specimens were cleaned in water and
dried. The specimens were immersed vertically in a
plastic bottle containing hydrofluoric acid (40% HF) at
room temperature for 24 h. The treatment specimens
were washed with water, dried and weighed.

2.2 Microstructure and mechanical properties

The microstructure and pore morphology of the
specimens were examined by field emission
gun-scanning electron microscopy (FEG-SEM), FEI
Quanta FEG 450. X-ray diffraction (XRD) analysis
(Rigaku D/Max—2200/PC) was used to characterize the
alloys. Total porosity content was determined from
measurements of masses and dimensions of the

specimens. Archimedes method was also used to
measure the density (total porosity). Open porosity
contents of the specimens were measured by using Hg
intrusion porosimeter (Quantachrome Poremaster).
Digital scanning electron microscopy (SEM) images of
the specimens were used to determine the mean pore size.
The area of each pore on the SEM image was calculated,
and mean equivalent spherical diameter as pore size was
determined by using image analyser.

Mechanical properties of the specimens were
studied by compression tests (Devotrans, Turkey). In
addition, nondestructive ultrasonic tests (ultrasonic
velocity measurements) were carried out in order to
determine the elastic modulus. Ultrasonic velocity is
related to the elastic modulus and density of material.
Ultrasonic velocities were measured by using pulse-echo
method. A pulse-receiver type ultrasonic instrument
(General Electric, USMGo), with 4 MHz normal beam
wave transducer was used for ultrasonic velocity
measurements. Elastic modulus (£) was calculated by
Eq. (1) [22] using density (p), ultrasonic longitudinal
velocity (v.), and ultrasonic transverse velocity (vr).
Densities of the specimens were determined by mass
over volume method.

32 — 2
E=pvi—Lt—T (1)
VL =Vt

2.3 Simulated body fluid preparation

Simulated body fluid (SBF) solution was prepared
from chemicals (Merck, Germany) according to
Refs. [22—28]. Amounts of the chemical reagents were
8.03 g/L NaCl, 0.29 g/L CaCl,, 0.22 g/L KCI, 0.31 g/L
MgCl,-6H,0, 0.23 g/l K,HPO,3H,0, 0.35 g/L
NaHCO;, 0.07 g/L Na,SO,, 39 mL 1.0 mol/L HCI,
6.11 g/L tris (hydroxymethyl) aminomethane, and
appropriate amount of 1.0 mol/L HCI. The pH of the
SBF solution was adjusted to 7.40.

2.4 Electrochemical corrosion

Electrochemical corrosion studies were carried out
using a potentiostat (Interface 1000 Potentiostat/
Galvanostat/ZRA, Gamry, USA) controlled by a personal
computer. Volume of glass corrosion test cell was
1000 mL. A conventional three-electrode system with
high-density graphite rod as a counter electrode, a
saturated calomel electrode (SCE) as reference electrode,
and specimen as a working electrode was used. Data
acquisition was carried out through a computer software
(Framework, Gamry, USA), while data analysis was
carried out by Echem Analyst Software, Gamry, USA.
Specimens were prepared by cutting and then mounted
into epoxy resin. So, only circular cross section with
diameter of 10 mm of the specimens was exposed to the
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solution. All corrosion experiments were carried out at
room temperature. Open circuit potential (OCP) of the
specimens was measured before carrying out the
electrochemical corrosion experiments. OCP level was
measured for durations of 2 to 3 h, until the OCP was
stabilized. Tafel curves were obtained by polarizing the
specimens from —250 to 250 mV (vs SCE), with respect
to the OCP, at a scan rate of 1.0 mV/s. Corrosion rate
was calculated by the software (DC105, Gamry).
Calculations were based on numerical curve fit to the
Butler—Volmer equation. Corrosion rate (mm/year, i.e.,
mm/a), corrosion potential (@), corrosion current
density (Jeorr), the anodic beta Tafel constant (Saoqc), the
cathodic beta Tafel constant (Bcumoqe) Values were
calculated. Beta coefficients (f) give kinetic information
about anodic and cathodic reactions. In linear
polarization resistance (LPR) test, the specimens were
polarized from —20 to 20 mV (vs SCE), at a scanning
rate of 0.125 mV/s, in order to measure polarization
resistance and corrosion rate of the specimens.

Cyclic polarization tests were carried out from
=500 mV (vs SCE) to apex potential and to final
potential, which was 0 mV (vs SCE). Forward and
reverse polarization scan rates were 5 and 2.5 mV/s,
respectively. Cyclic (forward and reverse) polarization
technique was used to evaluate tendency to localized
corrosion (pitting) in corrosive environment. Hysteresis
between the forward and reverse polarization sweeps is
an indication of the pit formation.

2.5 Static immersion test

Specimens were immersed vertically to SBF
solution at room temperature for soaking time up to
120 h. Samples were immersed in a 500 mL solution.
Porosity values and surface areas of specimens were
equal. Solution volume to surface area ratio was constant
in all tests. The inductively coupled plasma—mass
spectrometer, [CP—MS (Thermo Scientific Elemental X
Series 2) was employed to measure the Mg ions. Mass
loss/gain values of the specimens were determined by
gravimetric method. After different soaking periods, the
specimens were removed from the SBF solutions. Then,
the specimens were rinsed with distilled water and then
dried. The dried specimens were weighed and mass gain
was determined. The immersed samples were cleaned
using a solution of 180 g/L chromic acid to remove the
surface corrosion product, and then rinsed with ethanol,
dried in air and finally weighed to calculate the mass
loss [29-31].

3 Results and discussion

3.1 Microstructure
Highly porous Mg—Ca—Zn—Co alloy foams were

produced by powder metallurgy based space
holder-sintering method for scaffold applications. Pore
size and pore morphology of the sintered foams
replicated the initial size and morphology of the
carbamide particles. Figure 1 shows the SEM images of
the Mg, Ca, Zn, Co and irregular shaped carbamide
(space holder) powders.

Figure 2 shows the SEM image from the crack
surface of the sintered foam with a porosity of about
74%, SEM image from cell-wall of the foam, photograph
of the sintered foam, and microstructure of the sintered
foam. As shown in Fig. 2(b), sintering temperature was
suitable. Lower sintering temperature results in
insufficient bonding and requires long time for bonding.
Higher sintering temperature can lead to partial melting
of the Mg particles. The increase in the sintering
temperature can lead to the increase in grain size. 560 °C
should be considered the optimum sintering temperature
because the grain growth results in degradation of the
mechanical properties of the specimens. Figure 2(d)
of the
Microstructure of the sintered Mg—Ca—Zn—Co alloy
mainly consists of Mg phase matrix (bright regions).
Some Co phase (MgCo), Zn phase (MgZn) and oxide
(MgO) are also observed (dark regions at grain
boundaries). Table 1 shows the actual chemical
compositions of the sintered Mg alloys. As Mg is a
highly active metal, 2.0%—-5.0% oxygen (MgO) was
detected in the actual chemical composition of the
sintered specimens.

Major problems of the implant materials are related
to high elastic modulus of metals and low mechanical

shows the microstructure sintered foam.

properties of porous ceramics and polymers. These
problems can be solved by selecting Mg alloy scaffold
with appropriate porosity. Although strength and elastic
modulus decrease as porosity increases, mechanical
properties of the alloy are closer to those of the bone.
Therefore, porous Mg alloy is a promising scaffold
material for hard tissue regeneration [1—5, 29-33].

Table 2 shows the mean sizes of the carbamide
(space holder) particles and mean pore size of the
sintered foams. As seen in Table 2, the final pore size
value is related to the mean carbamide particle size.
Meanwhile, pore shape is also similar to initial
carbamide particle shape. Mean diameter (pore size) of
which was produced using
carbamide in the range of 1000—710 um, is 570 pm.
Meanwhile, mean equivalent spherical diameter of the
carbamide particles was determined to be 860 pm. The
decrease in the size was attributed to crushing of the
carbamide particles during pressing and moistening

specimens, irregular

before mixing. Porosity and pore size both play an
important role in bone growth. Minimum requirement
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Fig. 1 SEM images of Mg (a), Ca (b), Zn (c), Co (d) and carbamide (e) powders

for pore size is considered to be about 100 um due to cell
migration and transport. Higher porosity and larger pore
size result in greater bone growth. For the pores with size
less than 100 pm, cells did not grow into the pores
because of spanning of pores by cells.

Figure 3 shows the XRD patterns of the Mg, Ca, Zn,
Co powders and sintered specimen. The as-received Mg
powder consists of Mg phase. Sintered Mg—Ca—Zn—Co
alloy specimen mainly consists of Mg phase. Some Ca
phase, Co phase (MgCo), Zn phase (MgZn) and oxide
(MgO) were also formed on the surfaces of the sintered

Mg—Ca—Zn—Co alloy specimens. For Mg alloys, which
were immersed in NaOH solution, a Mg(OH), layer
formed and then by immersing the specimen into the
hydrofluoric acid, the Mg(OH), film transformed into
protective MgF,[1,15,18,33,34].

Improved strength is attributed to the fine grain size
and homogeneous precipitates. Zn can be added to the
Mg alloy as a grain refiner. Increasing the Zn content
can produce a decrease in the grain size and improve
mechanical properties. Figure 4 shows the effect of Zn
content of the alloy on the elastic modulus of the sintered
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Table 1 Actual chemical compositions of studied alloys (mass
fraction, %)

Alloy Mg Ca Zn Co O Others
hfg?gfg; 9560 078 1.10 039 2.0 Bal
1\842‘%;907%; 88.87 0.65 806 032 20 Bal
1;4Zg;_()076CCa; 9235 082 105 069 50 Bal
“;Zg;f’ofgg 88.54 071 810 0.65 2.0 Bal

Table 2 Mean size of carbamide particles and mean pore size
of sintered foams

Carbamide Carbamide . Mean
. . . Mean carbamide
particle particle size article size/um pore
shape fraction/um p M size/pum

Irregular 1400-1000 1272 890
Irregular 1000-710 860 570
Irregular 710-500 580 400
Spherical 1400-1000 1312 880

specimens and grain size of the sintered specimens. As
seen from Fig. 4(a), Zn addition to the alloy increased
the elastic modulus of the sintered specimens.

Fig. 2 SEM images from crack surface (a) and cell-wall (b), photograph of sintered foam (c) and microstructure of sintered foam (d)

=—Mg = o—Co (MgCo) *~—MgO
*—Ca o—Zn(MgZn) e—MgF,
m *Em
TS Y
(d) |
(c) ll L " P
(b)
Ol | T
20 40 60 80 100
26/(%)

Fig. 3 XRD patterns of Mg (a), Ca (b), Zn (c), Co (d) powders
and sintered Mg—Ca—Zn—Co alloy specimen (e)

Figure 4(b) shows the effect of Zn content of the
alloy on the grain size of the sintered specimen. As seen
from Fig. 4(b), Zn addition to the alloy decreases the
grain size of the sintered specimens. Grain size decreases
with increasing Zn content. Zn resolves in the Mg when
Zn content is 1%—2%, which can improve strength by
solid—solution strengthening. When Zn content is 4% or
6%, MgZn phases precipitate from the matrix. This effect
enhances the strength by dispersion strengthening. Zn
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can act as constituent to refine the microstructure of the
matrix and to improve the strength [1-3,9,10].

35
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Fig. 4 Effect of Zn content on elastic modulus (a) and grain
size (b) of specimens

The addition of Co to Mg alloy can increase the
elastic modulus and allow the use of higher solution
treatment temperatures that can lead to higher
concentrations of Zn atoms and vacancies in the Mg
grains, which can increase the age-hardening response.
Age-hardening involves dislocation particle interaction,
load transfer from matrix to particles, and generation of
dislocation due to the difference between thermal
expansions of matrix and particles. These phases become
sites to pin movement of dislocations. Strength can be

improved due to the fine precipitates [1-3,9,10].

3.2 Electrochemical corrosion tests
3.2.1 Open circuit potential

Open-circuit potential (OCP) is a potential at which
an alloy is in equilibrium with environment [35]. High
OCP means that material is stable in a certain corrosive
environment. Figure 5 shows the variation of the OCP
level with the alloying element addition in the specimens
with about 74% porosity. As shown in Fig. 5, increasing

Co and Zn contents of Mg—Ca—Zn—Co alloy decreases
the OCP value.

-0.9

-1.0r

=11 F-treated Mg-Ca-3Zn—0.3Co
% 12 P I p—
@ T T Mg Can3zn0.3Co
% -1.4 - Mg—Ca-3Zn-0.6Co

_1 .5 W
A6 Mg-Ca-8Z2n-0.3Co
’ Mg-Ca—-8Zn—0.6Co

-1.7 L L ! L
0 1 2 3 4 5
Time/ks

Fig. 5 Variation of OCP level with Co and Zn contents of alloy

3.2.2 Tafel tests

Tafel curves were used to examine electrochemical
corrosion behaviour of the specimens. Figure 6 shows
the effect of chemical composition (alloying element
addition) on the Tafel curves of the specimens with about
74% porosity. As shown in Fig. 6, increasing Co and Zn
contents of the alloy decreased the electrochemical
corrosion potential and increased the corrosion current
density of the specimens. In general, with addition of
more than 1% Zn at a constant Ca content of 0.5% or 1%
a reduction of corrosion rates of the alloy was achieved.
However, larger amount of the Zn above 2%—3% leads
to an increase in the corrosion rates [1-3,9,10].

2 F-treated

-04+ Mg-Ca-3Zn-0.3Co
2 06} _{Mg—Ca—?;Zn—O.BCO
3

-0.8 L
¢ ¥ _ Mg-Ca—3Zn-0.6Co
-
s T
s -l2} 7 \
3 _14| Mg-Ca-8Zn-0.3Co
= =L
=

-1.6

Mg-Ca-8Zn-0.6Co
=

1071 10 107 107 10°¢ 107 10 107 1072
Current density, J/(A+cm™)

Fig. 6 Effect of Co and Zn contents of alloy on Tafel curves

Table 3 shows the corrosion parameters obtained
from the Tafel curves. In Table 3, corrosion rate (mm/a),
corrosion potential (@), corrosion current density
(Jeorr), the anodic beta Tafel constant (f,04e), and the
cathodic beta Tafel constant (B..moqe) Values are given.
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Table 3 Corrosion parameters obtained from Tafel curves

Specimen Panode/(V-decade™) ﬂcmhodc/(V'decade_l) @corr (Vs SCE)/V Jcm/(Acm_Q) Corrosion rate/(mnra_l)

0.3% Ca 0.15 -0.12 -1.36 9x107° 5.85

Ca 0.7% Ca 0.14 -0.07 -1.14 3x107° 1.11
1.0% Ca 0.65 —0.47 —0.94 10x10°¢ 1.55

1.0% Zn 0.43 —-0.19 -1.57 8x107° 4.25

Zn 3.0% Zn 0.68 —0.38 —1.45 3x10°° 1.34
5.0% Zn 0.03 —0.11 —-1.35 2x107 5.93

Co 0.3% Co 0.24 —0.20 -1.27 3x107 2.01
0.6% Co 0.11 —0.54 -1.15 3x10°° 2.13

No-treated 0.20 —0.52 -1.35 9x10°° 2.15

F F-treated 0.39 —0.58 -1.22 10x10°¢ 2.08

3.2.3 Linear polarization tests

Figure 7 shows the effect of Zn and Co contents of
the Mg—Ca—Zn—Co alloy on the polarization resistance,
while Fig. 8 shows the effect of Zn and Co contents of
the alloy on the corrosion rate of the specimens with
about 74% porosity. Polarization resistance is connected
with kinetic phenomena at the metal—solution interface.
In general, polarization resistance and corrosion rate

180

-o-(.3% Co
160+ % 0.6% Co
- 0.3% Co, F-treated

140 |

120

100 -

Polarization resistance/(Q+cm?)

80F

60 ‘ : - . : : - .
1 2 3 4 5 6 7 8

Zn content/%
Fig. 7 Effect of Co and Zn contents of alloy on polarization

resistance

—- 0.6% Co
-+ 0.3% Co
or —~ (1.3% Co, F-treated

Corrosion rate/(mm-a")

1 2 3 4 5 6 7 8
Zn content/%

Fig. 8 Effect of Co and Zn contents of alloy on corrosion rate

values characterize the protection degree of the passive
surface oxide. As seen from Fig. 7, polarization
resistance initially increased with Zn addition up to 3%
and then decreased. Increasing Co content from 0.3% to
0.6% decreased the polarization resistance of the
specimens. As seen from Fig. 8, corrosion rate decreased
with Zn addition up to 3% and then increased. Increasing
Co content from 0.3% to 0.6% increased the corrosion
rate.

The microstructure of the sintered Mg—Ca—Zn—Co
alloy mainly consists of Mg phase matrix. Some Co
phase (MgCo), Zn phase (MgZn) and oxide (MgO) were
also observed at grain boundaries. Zn addition improves
corrosion properties of the Mg phase, which is attributed
to the ability of the Zn to form precipitates. Zn contents
up to 5%—6% improve the corrosion resistance of the
alloy, while larger volume fractions promote micro-
galvanic corrosion. Ca refines the microstructure in the
Mg alloys and enhances the corrosion resistance. Co
addition also refines the microstructure. Co segregates
into the intermetallics.

Meanwhile, increasing porosity content decreases
the corrosion resistance and increases the corrosion rate
of the foams. Porosity affects the corrosion resistance by
providing preferential paths for corrosive species to
penetrate through the open porous (interconnected pores)
material. In addition, corrosion rate increases with
increasing porosity due to a defective surface passive
oxide film.

3.2.4 Cyclic polarization test

Figure 9 shows the effect of fluoride treatment on
the cyclic polarization curves of the alloy. As seen from
Fig. 9, fluoride treatment of the alloy increases the
localized corrosion resistance. Cyclic polarization is used
to qualitatively evaluate tendency to localized corrosion
(pitting or crevice). Hysteresis between forward and
reverse sweeps during cyclic polarization is an indication
of localized corrosion (pit formation). Hysteresis (loop)
decreases with fluoride treatment.
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Cyclic polarisation curves were also analyzed in
terms of breakdown potential (p,q) and repassivation
potential (¢,,). Breakdown potential (pitting potential)
corresponds to potential for new pit formation and stable
pit growth. The increase in the resistance to pitting is
associated with the increase in the @yq. Pits are initiated
above the gy, but if pits are once initiated they propagate
at all potentials above the ¢, Thus, ¢, is used in the
design as protection potential. A metal will resist to
pitting if its potential is kept below ¢,. Below ¢, all the
pits can repassivate. The difference between these
potentials (¢ns—¢rp) can be used instead of the values
themselves. Fluoride treatment increased the breakdown
potential (pnq) and repassivation potential (¢.,). Based on
the ¢, and @y values, tendency of the localized
corrosion increases with fluoride treatment.

3.2.5 Static immersion test

Determination of the chemical interaction of
biomaterials with body fluids is important. Figure 10
shows the effect of immersion time on the mass gain and
mass loss of the alloy with about 74% porosity in SBF
environment. The mass loss/gain values of fluoride-
treated specimens were also provided. As seen from
Fig. 10(a), mass gain increases with increasing
immersion time. As seen from Fig. 10(b), mass loss also
increases with increasing immersion time. Meanwhile,
mass loss/gain values of the specimen initially decrease
with Zn addition up to 3% and then increase. So, mass
loss/gain levels of the Mg alloy can be adjusted by
alloying.

Mass loss was observed in the specimens, which
were cleaned using chromic acid. Mass loss in the SBF
environment happened as a result of dissolving of Mg by
the reaction between Mg and SBF solution. Mass gain
was observed in the specimens which were not cleaned
using chromic acid. Mass gain of the Mg alloys
happened as a result of formation of insoluble corrosion
(precipitation) products on the surface [29-33].
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Fig. 10 Effect of immersion time on mass gain (a) and mass

loss (b) of alloy in SBF environment

Figure 11 shows the effect of immersion time and
Zn content of the alloy on the Mg ion release in the SBF
solution. The Mg ion release values of the
fluoride-treated specimens were also provided. It can be
seen from Fig. 11(a) that, increasing immersion time
increased the quantities of released metal (Mg) ions. The
mass loss/gain values and Mg ion release values of the
fluoride-treated specimens were lower than those of the
untreated specimen. This was due to the formation of
MgF, protective layer on the surface of the specimens
which acted as inhibitor to prevent from further
corrosion in SBF environment.

In general, Mg is osteoconductive and
osteoinductive, and promotes bone formation [30].
Porous Mg has potential to serve as a degradable scaffold
for bone substitute applications. Dissolved Mg ions
promote cell attachment and tissue growth [1]. Mg may
improve the formation of new bones, and its alloys show
improved osteoconductive bioactivity.

SEYEDRAOUFIN and MIRDAMADI [1] prepared
Mg—Zn scaffolds. Porous Mg—Zn alloy could be
considered as degradable scaffold materials for hard
tissue regeneration. Dissolved Mg ions may promote cell
attachment and tissue growth on the implants. Although



Ilven MUTLU/Trans. Nonferrous Met. Soc. China 28(2018) 114—124 123

160

(a)
140

120 |

100 . - F-treated

60

40+

Quantity of released Mg ion/107°

24 48 72 96 120 120
Immersion time/h

200
(b)

150}

F-treated
100F [

501

Quantity of released Mg ion/107?

1 3 6 8 8
Zn content/%
Fig. 11 Effect of immersion time (a) and Zn content (b) of alloy

on Mg ion release in SBF

elastic modulus decreases with increasing porosity,
mechanical properties of the alloy are closer to those of
bone. GUO et al [29] highlighted the potential of
Mg—REE alloys for uses in bone regeneration. As Mg
alloys were degraded, corrosion occurred and a rough
surface formed. This rough surface helps cell attachment.
MOUSAA et al [30] prepared apatite-like coatings on
Mg surface. Ceramic coating supported corrosion
protection and bioactivity to the Mg alloys, which could
be applied as a bioactive layer for bone regeneration.
JOHNSON et al [32] investigated the effect of the
oxidized and polished surfaces of Mg—Y alloy on the
degradation. The initial surfaces not only influenced the
degradation, but also determined cell attachment, which
is critical for tissue integration.

4 Conclusions

Mg—Ca—Zn—Co alloy scaffolds were produced by
powder metallurgy based space holder method. Highly
porous Mg—Ca—Zn—Co alloy could be a scaffold material
in tissue engineering. As Mg is highly active metal, Ca
addition to the Mg alloy prevented the oxidation of the
specimens during sintering. Zn addition to the alloy

increased the elastic modulus. Electrochemical corrosion
behaviour of the specimens was examined in the
simulated body fluid. Polarization resistance of the
specimen initially increased with Zn addition up to 3%
and then decreased. Corrosion rate decreased with Zn
addition up to 3% and then increased. In addition,
increasing Co content increased the corrosion rate and
decreased the polarization resistance. Mass loss of the
specimens increased with increasing immersion time.
Increasing immersion time also increased the quantities
of released Mg ions. Mass loss decreased with Zn
addition and then increased. So, mass loss of the Mg
alloy can be adjusted by Zn addition. Corrosion
resistance of the fluoride-treated specimens is higher
than that of the untreated specimens. Although corrosion
behaviour of the Mg alloy slightly decreased with
alloying, mechanical properties of the alloys can be
improved to the desired levels for biomedical
applications. As a result, Mg—Ca—Zn—Co alloy can be
used as a scaffold material.
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