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Abstract—In this study, highly porous biocompatible and biodegradable zinc, iron and magnesium alloy
foams were fabricated for temporary implant and scaffold applications. Specimens with open porous struc-
ture were fabricated by powder metallurgy based space holder method. Mg, Fe and Zn are the main bioabsor-
able metals. Mg alloys biodegrade too fast with H, evolution. Biodegradation rate of Fe alloys is too slow,
and by-products remain inside the body. Zn alloys show biodegradation rates in the middle of Mg and Fe al-
loys, and their biodegradation by-products are bioresorbable. Here several Fe, Zn, and Mg alloys were manu-
factured, and comparatively characterized. Effects of alloying elements on biodegradation, corrosion and me-
chanical properties were investigated separately. As the mechanical properties of temporary implants must
decrease slowly, the variation of mechanical properties with time in the foams was investigated. Corrosion
performance was tested in simulated body fluid. Biodegradation rate was investigated by using weight loss
and metal ion release measurements. The corrosion and biodegradation rates of Zn specimens were lo-
wer than in Mg specimens and higher than in Fe specimens. Fe**, Zn*" and Mg”*" ion release amounts were

lower than the upper limit for humans.
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1. INTRODUCTION

Biomaterial can be described as a man-made non-
viable material used to produce medical devices to
replace parts of a living body or to function in con-
tact with living tissue. In general, an implant is a me-
dical device fabricated from biomaterials in order to
replace a missing body part, to support a damaged
body part, or to enhance a body part. Conventional
bioinert metals (CoCr alloys, austenitic stainless
steels, Ti alloys) are used to manufacture hard tissue
implants due to their high corrosion properties and
suitable elastic modulus close to bone. In bioinert
metals, there is no chemical bonding and there is mi-
nimal interaction with the body. Current hard tissue
implants manufactured by using bioinert metals are
aimed to stay in the body permanently [1-3]. Highly
prous bioabsorbable scaffolds are used in tissue engi-
neering. A bioabsorbable scaffold provides mechani-
cal support for living cells and determines the shape
of tissues. Such a scaffold allows the transportation
of body fluids through open pores and provides tissue
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growth. Scaffold materials should have a definite
biodegradation rate. Meanwhile, biodegradable me-
tals can be used in temporary implant applications.
Complete dissolution of bioabsorbable implants as-
sists tissue healing without any residues. Permanent
metallic implants show problems such as inflammati-
on, thrombosis, and stress shielding. Moreover, per-
manent implants need secondary surgery [1-3].

The conventional paradigm of metallic biomate-
rials requires metals with high corrosion resistance.
Biodegradable metals are metals expected to corrode
gradually with a suitable host response. Biodegrad-
able metals can be classified as biodegradable pure
metals, biodegradable alloys, and biodegradable me-
tal matrix composites. Polymer biomaterials have
low strength and low wear resistance and release to-
xic reagents, while ceramic biomaterials are very
brittle. Mg, Fe and Zn are three main bioabsorable
metals. Mg alloys biodegrade too fast (up to 12 weeks)
with H, evolution. The biodegradation rate of iron al-
loys is too slow (up to about 150 weeks), and by-pro-
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ducts of Fe remain inside the body for a long time.
Zn is a promising biodegradable metal along with
Mg and Fe alloys. Zn alloys show biodegradation
rates in the middle of Mg alloys and Fe alloys, and
their by-products are bioresorbable.

Mg alloys can be used as a material in temporary
implant manufacturing. In general, the Mg content in
bones is about 2540 g. Mg is important for enzyme
reactions. The high corrosion rate of Mg alloys is at-
tributed to its low standard electrode potential. The
corrosion products of Mg can be metabolized or di-
gested. In addition, Mg alloys can stimulate bone for-
mation, which is important in bone healing. The me-
chanical properties of Mg are very low for implant
applications but eliminate the possible toxic effects
of alloying elements. The biodegradation rate of Mg
alloys is very high. Moreover, Mg alloys produce
hydrogen during biodegradation.

Fe alloys are in general biodegradable and nonto-
xic. Fe alloys show radioopacity, so that markers to
make a coronary stent visible by fluoroscopy are not
required. Fe is essential for some enzymes. The cor-
rosion rate of Fe-based alloys is very low, which is
not suitable for temporary implant applications. Al-
though the biodegradation products of Fe alloys are
biocompatible, they can lead to delays of oxygen
transport important for biodegradation of Fe. So, the
biodegradation of Fe is too slow compared to the tis-
sue healing time. Moreover, Fe alloys suffer from
harmful corrosion by-products (iron oxides with high
volume). In stent applications, the formation of iron
oxide by-products decreases the cross section of the
vein. Pure Fe has advantages over pure Mg alloys
and pure Zn alloys for stent applications in terms of
mechanical properties [1-3].

Compared with biodegradable Mg and Fe alloys,
interest in biocompatible and biodegradable Zn al-
loys for temporary implant applications is rather re-
cent. Zn alloys show low melting temperatures and
fluidity, which make them suitable for casting. No-
wadays zinc has been studied as a biodegradable ma-
terial. Since the standard electrode potential of Zn is
lower than that of Fe and higher than that of Mg, Zn
alloys can have appropriate biodegradation rate [4].
Corrosion of zinc does not produce hydrogen due to
its high hydrogen over-potential. Zinc has important
physiological functions, participating in nucleic acid
metabolism and stimulating bone formation. Zinc is
not toxic at low levels. The daily intake of zinc is
about 40 mg. Zn alloys have good machinability, low
melting point, and low oxygen reactivity. However,
zinc shows low strength and low plastic deformation.
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The development of Zn alloys with high strength and
ductility is one of the aims of scientists. Low fatigue
properties, recrystallization at low temperatures, and
susceptibility to aging may lead to failure of Zn-bas-
ed implants in storage [4—8].

Porous open-cell foams can be manufactured by
powder metallurgy. There are no solubility limitati-
ons in powder metallurgy as compared with casting.
The repeatability of the powder metallurgy method is
superior [9—18]. Sadighikia et al. [9] manufactured
Zn foams with interconnected porous open-cellular
microstructure by using the powder metallurgy based
space holder technique. They used carbamide as a
pore former. Azizi et al. [10] produced Zn-Al-Cu
based alloy by using powder metallurgy. Berent et al
[13] studied cast Zn-Al-Si alloy specimens. Alloys
based on the eutectic Zn-Al composition were consi-
dered as they show a higher melting temperature, lo-
wer corrosion rate, and enhanced mechanical proper-
ties. The addition of Si to Zn-Al based alloys not on-
ly stops the growth of microstructural phases at the
interface but also increases the mechanical proper-
ties. Kafri et al. [14] studied metallic Zn-Fe alloy for
biodegradable implant applications. Iron was used as
an alloying element in Zn in order to adjust the bio-
degradation rate due to the microgalvanic effect pro-
duced by secondary phases. Zn-Fe alloy specimens
were manufactured by casting. The corrosion rate of
the Zn-Fe alloy specimens was higher than that of
pure Zn specimens. Francis et al. [19] studied Fe al-
loys for stent applications. Fe alloy based implants
show strength, high corrosion rate, and suitable bio-
compatibility. Because of their suitable biocompati-
bility and suitable interaction with living tissue, Fe
alloy based stents may biodegrade slowly while re-
taining their mechanical integrity. The potential of Fe
alloys was attributed to the reduction of side effects
such as inflammation and restenosis. Further research
on alloy development should be performed with ac-
count for biodegradation. Orinakova et al. [20] pro-
duced iron alloy foams for orthopaedic implant appli-
cations. Highly porous iron foams were fabricated by
the replication method using foamed polyurethane.
Capek et al. [21] produced Fe foams with 30-80%
porosity by powder metallurgy. Ammonium bicarbo-
nate was used as a space holder.

In the present study, highly porous open-cell
foams of Zn, Fe, and Mg alloys were fabricated for
scaffold or temporary implant applications. Highly
porous specimens with interconnected pores were ob-
tained by the conventional powder metallurgy based
space holder method. Mg, Fe and Zn are three main
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bioabsorable metals. Mg alloys biodegrade too fast
with H, evolution. The biodegradation rate of Fe al-
loys is too slow, and by-products of Fe remain inside
the body for a long time. Zn is a promising biodegra-
dable metal along with Mg and Fe alloys. Zn alloys
show biodegradation rates in the middle of Mg and
Fe alloys, and their biodegradation by-products are
bioresorbable. Although there are studies on cast or
powder metallurgy biodegradable Fe, Mg, and Zn al-
loy foams, the time variation of mechanical proper-
ties of open-cell foams has not been studied so far.
Since the mechanical properties of temporary biode-
gradable implants must decrease slowly, the variation
of mechanical properties of foams with time must be
investigated. There are studies on individual Fe, Mg,
and Zn alloy foams, but their comparisons are rare.
Here we manufactured and comparatively characte-
rized several Fe, Zn, and Mg alloys. The effects of
several alloying elements on the biodegradation rate,
corrosion rate, and mechanical properties of Mg, Fe
and Zn alloys were investigated separately. One
method to increase the biodegratation rate of Fe is
the addition of biocompatible elements with lower
electrode potential. The second method involves the
addition of alloying elements to Fe in order to pro-
duce phases that induce galvanic corrosion and in-
crease the corrosion rate. The results of this study
revealed that Ti, Zn, Si, Fe, Mn, Mg, and TCP addi-
tions decrease the mechanical properties and increase
the biodegradation rates of Fe alloys. The addition of
Cu, Zn, Ti, Fe, Mn, and Si to Mg alloys increases
their mechanical properties and decreases the biodeg-
radation rates. The main disadvantage of zinc is its
poor strength. It was shown that alloying with Fe,
Mg, Ti, and Cu improves the strength of pure zinc. Si
addition decreases the grain size of the alloy. Os-
seointegration and biocompatibility of Zn alloy are
improved with TCP, Mg, and Ti. The introduction of
Cu enhances antibacterial performance, strength, and
ductility.

2. EXPERIMENTAL
2.1. Alloy Production

Zn, Fe, and Mg alloy foams were fabricated using
irregularly shaped elemental iron, zinc, and magnesi-
um powders with 99.9% purity (Alfa Aesar, USA).
Copper, silicon, titanium, manganese, and TCP (tri-
calcium phosphate) powders with 99.9% purity (Alfa
Aesar, USA) were used as alloying elements for Mg,
Fe, and Zn alloys. The alloying metal powder addi-
tions were 5 wt %, and the TCP powder addition was

1 wt %. The average particle size of the powders was
about 30-40 um. First, the elemental metal powder
mixtures were ball-milled (mechanical alloying) with
zirconia balls (3 mm diameter) for 6—7 hours with a
rotational speed of 400 rpm. The metal powder to zir-
conia ball ratio was ten to one. Highly porous Zn, Fe,
and Mg alloy samples were fabricated by the powder
metallurgy based space holder method. Carbamide
(urea) powder in the range of 710—-1000 pm was used
as a pore former (Merck, Germany). The mean parti-
cle size of carbamide was 800-900 um. The binder
for green part was polyvinylalcohol (PVA). Mixtures
were pressed at about 190-200 MPa into cylindrical
samples with diameters of 20 and 12 mm and heights
of 15-17 mm. Carbamide was removed in water and
then the samples were sintered for 1 hour under va-
cuum. The sintering temperatures were 350, 520, and
1200°C for Zn, Mg, and Fe alloy samples, respecti-
vely.

2.2. Characterization of Mechanical Properties
and Microstructure

Microstructure of sintered Zn, Mg, and Fe alloy
samples was examined by scanning electron micro-
scopy (FEI Quanta FEG 450).

2.3. Electrochemical Corrosion
and Biodegradation Tests

Simulated body fluid (SBF) solution was prepar-
ed from chemicals (Merck, Germany) according
to the literature [22]. The amounts of chemicals
(in g/L) were 8.0NaCl, 0.3CaCl,, 0.2KCl, 0.3MgCl,,
0.2K,HPO,, 0.35NaHCOs3, 0.07Na,SO,, 6.0 tris, and
1.0MHCI. The pH of the SBF solution was 6.60.
Electrochemical corrosion tests were done with a po-
tentiostat (Interface, Gamry). The test results were
evaluated using software Gamry Framework. Initi-
ally, the open circuit potential (OCP) was analyzed.
Tafel and linear polarization resistance tests were
conducted to determine the corrosion rates.

Zn, Mg, and Fe alloy samples were dipped into
the simulated body fluid (SBF) solution at room tem-
perature for biodegradation tests. The solution vo-
lume to sample surface area ratio was constant. The
volume of SBF solution was 50 mL. Samples with
70% porosity were machined, polished, and washed.
The total porosity and surface area values of the
samples were equal in the static immersion tests.
Then the samples were exposed to saliva solution
(50 mL) in closed polyethylene bottles. Foams with
equal porosity levels were immersed in solution at
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Fig. 1. SEM images of Fe (a), Mg (b), Zn (c), and carbamide powders (d).

room temperature for several soaking times. A soluti-
on without a sample was used for blank test. The area
of pores was subtracted from the total surface area of
foams to find the actual solid surface area. The
weight loss values (%) of the samples were determin-
ed by the gravimetric (geometrical) method. After
different times, the samples were removed from the
solution. The weight loss (%) was computed by
weighting the dried samples. An inductively coupled
plasma-mass spectrometer (ICP-MS) (Thermo Scien-
tific Elemental X Series 2) device was used to deter-
mine the metal ion release in the SBF solution.

3. RESULTS AND DISCUSSION
3.1. Microstructure Characterization

Biodegradable and biocompatible highly porous
Zn, Fe, and Mg alloy samples were fabricated for
temporary implant applications. Figure 1 illustrates
the scanning electron microscopy (SEM) images of
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irregularly shaped powders of Fe, Mg, Zn, and pore
former (carbamide).

The surface images of sintered highly porous Fe,
Zn, and Mg samples are shown in Fig.2. It is clear
from the figure that there is an appropriate bonding
between metal particles.

The general and cross-sectional views of sintered
porous Fe, Zn, and Mg alloy samples are shown in
Fig. 3. As one can see, there are no micro- and mac-
rocracks on the sample surfaces. Pores are mainly in-
terconnected and pore distributions are uniform in
the foams. The biodegradable Fe, Zn, and Mg alloy
foams were produced by the powder metallurgy bas-
ed space holder method, which provides open porous
structure. Open porosity enhances the osseointegrati-
on of bioinert metals. Tissue grows inside open pores
and enhances bone—implant integration. In addition,
open pores transmit body fluids. An increase in poro-
sity decreases the elastic modulus of implants, which
must be close to bone in order to prevent stress
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Fig. 2. SEM surface images of porous Fe (a), Zn (b) and
Mg foams (c).

shielding. Powder metallurgy is suitable for the pro-
duction of porous open-cell materials. Wide metal al-
loy compositions can be obtained by powder metal-
lurgy with mechanical alloying. In addition, this me-
thod is free from solid solubility limitations.

Figure 4 illustrates the corrosion rate values of Zn
alloys. In general, the corrosion rates calculated from
the in vitro corrosion tests in SBF solution can be
employed for estimating the in vivo biodegradation
rates. The Pourbaix diagram of zinc illustrates that
the surface oxide of zinc is not stable in acidic soluti-
ons. In neutral or alkaline conditions, Zn can be pas-
sivated. Zinc is highly active metal that dissolves in
aqueous solutions. The addition of alloying elements

Fig. 3. Photographs of sintered porous Fe, Zn, and Mg
samples: general view (a), cross-sectional view (b).

can control the corrosion rate and corrosion products
in zinc alloys. The corrosion properties of zinc alloys
are associated with the precipitates and secondary
phases, which are cathodic sites during biodegrada-
tion. As seen in Fig. 4, the maximum electrochemical
corrosion rates were achieved in Zn-TCP and Zn-Mg
samples, while the minimum corrosion rates were in
Zn-Fe, Zn-Ti, and Zn-Cu alloys. The effect of Si ad-
dition on the corrosion rate of Zn was negligible. The
corrosion rate of pure Zn was found to be similar to
the literature data reported in [9—14, 23]. The corrosi-
on rate value of novel biodegradable Zn-TCP foam is
suitable for temporary hard tissue implant applicati-
ons. The corrosion rate of novel biodegradable Zn-Ti
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Fig. 4. Corrosion rate values of porous Zn alloys (color
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alloy is slightly lower than that of pure Zn. Ti addi-
tion decreased the electrochemical corrosion rate of Zn.

The Pourbaix diagram for Zn shows that no sur-
face oxides of Zn are stable in an acidic environment
(urine), while under neutral or slightly alkaline con-
ditions (blood plasma) zinc has a tendency to passi-
vate. The stability of both Zn(OH), and ZnO is limit-
ed by the environmental parameters, including the
presence of hydrogen, carbonates/bicarbonates and
phosphates, chloride ions, and changes in the concen-
tration of corrosion products. Furthermore, depend-
ing on the environmental parameters, other Zn com-
pounds can be formed. In the presence of chloride
ions, Zn may be able to form various soluble species
and can lead to the formation of the main product of
zinc hydroxychloride. The corrosion of pure Zn de-
pends more on the properties of Zn itself, while the
corrosion of Zn alloys is related to the size, distribu-
tion, and fraction of secondary phases. Differences in
the corrosion rates are ascribed to the presence of se-
condary phases such as Mg,Zn;;, CaZn;, SrZni3,
FeZn;, AgZn;, etc. Zinc demonstrates high chemical
activity, with an electrode potential (—0.76 V) falling
between Mg (—2.37 V) and Fe (—0.44 V). Pure zinc
exhibits moderate degradation rates (faster than slow-
ly degrading Fe, but slower than rapidly degrading
Mg) due to passive layers of moderate stability form-
ed by corrosion products [24-28].

Figures 5 and 6 show the metal (Zn>") ion release
and weight change (loss) values of highly porous Zn
alloys for 21 days of immersion in SBF environment.
In general, the metal (Zn>") ion release and weight
loss values increased with time in the static immersi-
on tests. The precipitates (corrosion products) con-
sisted of zinc oxide (ZnO), zinc hydroxide
(Zn(OH),), and calcium phosphates. The metal (Zn*")
ion release amount was lower than the daily upper
limit of 40 mg/day for zinc. The low metal release of
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Zn alloys is attributed to the surface oxide (ZnO).
This surface oxide also prevents the diffusion of dis-
solved oxygen [1]. As seen from Fig.5, the maxi-
mum ion release values were observed in Zn-TCP
and Zn-Mg samples, while the minimum ion release
was in Zn-Fe and Zn-Cu samples. The effect of Si
and Ti additions on the metal ion release values was
not high. The maximum weight change was observed
in Zn-TCP and Zn-Mg samples, while the minimum
weight change was in Zn-Cu sample. Studies on the
metal ion release behavior of Zn-TCP, Zn-Si, and
Zn-Ti are not available in the literature.

Figure 7 illustrates the Young’s modulus variation
of highly porous Zn alloys with immersion time in
SBF. It can be seen that the Young’s modulus values
of highly porous Zn alloys decreased with immersion
time. The main disadvantage of Zn is its poor
strength. Alloying with Fe, Mg, Ti, and Cu improves
the strength of pure Zn. Si addition reduced the grain
size of the alloy. Osseointegration and biocompatibil-
ity of Zn alloy were improved with TCP, Mg, and Ti.
The addition of Cu provided antibacterial perform-
ance, strength, and ductility. As seen from Fig. 7, the
maximum elastic (Young’s) modulus values were in
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Fig. 7. Variation of Young’s modulus of porous Zn al-
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Zn-Cu and Zn-Fe samples, while the minimum
Young’s modulus was in Zn-TCP, Zn-Si, and Zn-Mg
samples. Cu and Fe additions increased the mechani-
cal properties of Zn by solid solution strengthening.
As seen from Fig.7, the decrease in the elastic
(Young’s) modulus values of the samples was about
10-15% in 21 days.

Biodegradable metals must show mechanical pro-
perties close to bone, a biodegradation rate close to
the tissue healing rate, and high biocompatibility.
Open porous structure is important in implants for
vascularization and tissue ingrowth. Open-cell foams
can be manufactured by powder metallurgy. Sadighi-
kia et al. [9] manufactured Zn foams with open-cell
microstructure by powder metallurgy using carba-
mide as a pore former. Azizi et al. [10] used powder
metallurgy to produce Zn-Al-Cu alloy. Berent et al.
[13] studied cast eutectic Zn-Al-Si alloy and showed
that the addition of Si to Zn-Al alloys increases the
mechanical properties. Kafri et al. [14] studied Zn-Fe
alloy for biodegradable implants. Fe was used as an
alloying element in order to adjust the biodegradation
rate due to the micro-galvanic effect produced by se-
condary phases. Zn-Fe alloy samples were manufac-
tured by casting. The corrosion rate of Zn-Fe alloy
samples was higher than that of pure Zn. Qu et al.
[23] studied biodegradable Zn-Cu alloys. They found
that Zn-Cu alloy shows antibacterial activity by inhi-
biting pathogen adhesion and biofilm formation. Zn-
2Cu alloy had the best mechanical properties, bio-
compatibility, and osteogenic properties. The find-
ings indicated that Zn-2Cu alloy can inhibit both co-
agulase-positive and coagulase-negative as well as
antibiotic-resistant strains by preventing biofilm for-
mation. The group treated with Zn-2Cu alloy showed
antibacterial activity, lower inflammatory and toxic
side effects, and reduced bone loss. Shi et al. [29]
studied the optimization of Fe addition in Zn through

second phase refinement. The authors used Zn-0.3Fe
alloy suffered from coarse FeZn,; second phase par-
ticles as a touchstone to testify the effect of micro-
structure refinement via rapid solidification and mul-
tipass rolling. The size of FeZn,; particles decreased
from 24 to 2 pm, and Zn grains were refined to 5 pm.
The results showed that microstructure refinement
improves the mechanical and biodegradation proper-
ties of Zn alloys.

Tong et al. [30] studied the biodegradation rate,
antibacterial properties, and cytotoxicity of Zn-Cu al-
loy foams (Zn-3Cu, Zn-3.5Cu, Zn-11Cu) with 54—
77% porosity for bone implant applications. Shi et al.
[31] studied FeZn;; intermetallic compounds (main
second phase) in biodegradable Fe-containing Zn al-
loys (Zn-Fe, Zn-Mn-Fe, Zn-Cu-Fe). Lin et al. [32]
produced and studied biodegradable Zn-1.0Cu-0.1Ti
alloy with antibacterial properties for implant appli-
cations. The microstructure of Zn-1Cu-0.1Ti alloy
was composed of a n-Zn matrix phase, an intermetal-
lic compound TiZns phase, and an e-CuZns phase.
Most of the intermetallic compound TiZn;s phase
was distributed along the grain boundaries.

Figure 8 presents the electrochemical corrosion
rate values of Fe alloys. The corrosion rate of Fe-
TCP and Fe-Mg samples was relatively high. The
corrosion rate of Fe-Ti sample was lower than for
pure Fe. As seen from the figure, the addition of Si,
Zn, and Mn elements also increased the corrosion
rate of Fe alloy samples.

Figures 9 and 10 show the metal (Fe*") ion release
and weight change (loss) values of highly porous Fe
alloys for 21 days of immersion in SBF solution. It
can be seen that the metal (Fe’") ion release and
weight loss values increased with time in the static
immersion tests. The amount of metal ion release
was lower than the daily upper limit for iron (Fe*).
The maximum metal ion release values were observ-
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ed in Fe-TCP and Fe-Mg samples, while the mini-
mum metal ion release was in Fe-Ti alloy. The maxi-
mum weight change was in Fe-TCP and Fe-Mg sam-
ples, and the minimum one was in Fe-Ti sample.
Figure 11 illustrates the Young’s modulus variati-
on of highly porous Fe alloys with immersion time in
SBF. The data indicate that the Young’s modulus va-
lues of highly porous Fe alloys decreased with im-
mersion time. One method to increase the biodegra-
dation rate of Fe is the addition of biocompatible ele-
ments with lower standard electrode potential. The
second method involves the addition of alloying ele-
ments to Fe in order to produce phases that induce
galvanic corrosion and increase the corrosion rate. In
the present study, Ti, Zn, Si, Mn, Mg, and TCP addi-
tions decreased the mechanical properties and in-
creased the biodegradation rates of Fe alloys. Ac-
cording to Fig. 11, the maximum elastic (Young’s)
modulus values were achieved in Fe-Zn and pure Fe
samples, while the minimum elastic (Young’s) mo-
dulus was in Fe-TCP and Fe-Mg samples. TCP and
Mg additions reduced the mechanical properties of
Fe due to their low strength. The decrease in the
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Fig. 11. Variation of Young’s modulus of porous Fe al-
loys with immersion time (color online).
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Young’s modulus values of the samples was about 8—
10% in 21 days.

Francis et al. [19] studied Fe alloys for stent appli-
cations. It was shown that implants based on Fe al-
loys show high strength, corrosion rate, and biocom-
patibility. Fe alloy stents may biodegrade slowly
while retaining their mechanical integrity. Orinakova
et al. [20] produced iron alloy foams by the replicati-
on method using foamed polyurethane. Capek et al.
[21] produced Fe foams by powder metallurgy using
ammonium bicarbonate as a pore former. Gasior
et al. [33] examined biodegradable iron alloys. They
concluded that some of the methods of obtaining fer-
rous biomaterials such as spark plasma sintering and
vacuum induction melting should be abandoned.
Other methods such as vacuum arc melting and elec-
troforming should be reconsidered once again. Pow-
der metallurgy and template-based synthesis of po-
rous systems have the potential to produce degrading
iron-based systems. Further work is needed to achi-
eve desired iron-based systems and to find new phase
additions for iron, taking into account that some deg-
radation products may lead to negative side effects.
In the case of pure iron, the focus should be placed
on optimizing the degradation rate related to morpho-
logy, excluding the influence of other elements. So-
toudehbagha et al. [34] discussed antibacterial biode-
gradable Fe-Mn-Ag alloys produced by powder me-
tallurgy. Various compositions and synthesis me-
thods of biodegradable iron alloys were considered
aiming for temporary implants. Fe-30Mn-(1-3)Ag al-
loys were synthesized by powder metallurgy and as-
sessed for their microstructure, mechanical proper-
ties, corrosion rate, antibacterial activity, and cytoto-
xicity. Alloy with 3wt% Ag displayed the highest
density, strength, and corrosion rate. Optimal cytoto-
xicity and antibacterial activity were reached by ad-
dition of 1wt% Ag. Hermawan et al. [35] studied
Fe-Mn alloys for biodegradable stents. The biodegra-
dation products of Fe-Mn alloys consisted of metal
hydroxides and calcium/phosphorus layers. The al-
loys showed low inhibition with respect to fibroblast
cells. Liu et al. [36] studied Fe-Mn-Ag alloys as bio-
degradable metals. Biodegradable pure Fe, Fe-30Mn,
and Fe-30Mn-Ag alloys were produced by rapid soli-
dification. A fine alpha-Fe dendrite was formed in
Fe, resulting in a high strength. Fe-30Mn alloy with
1% Ag exhibited an increase in the biodegradation
rate due to the precipitation of Ag-rich particles and
microgalvanic corrosion. Fe-30Mn-Ag alloy also ex-
hibited magnetic compatibility.
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Fig. 12. Corrosion rate values of porous Mg alloys (color
online).

Figure 12 presents the corrosion rate values of Mg
alloys. One can see that the corrosion rate of pure Mg
sample was relatively high. The corrosion rate values
of Mg-Ti and Mg-Fe samples were lower.

Figures 13 and 14 show the metal (Mg”") ion re-
lease and weight change (loss) values of highly po-
rous Mg alloys for 21 days of immersion in SBF so-
lution. The metal (Mg”") ion release and weight loss
values increased with time in the static immersion
tests. The amount of metal ion release was lower than
the daily upper limit for magnesium. The maximum
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Fig. 13. Mg ion release values for porous Mg alloys
(color online).
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Fig. 14. Weight change values of porous Mg alloys
(color online).

metal ion release was observed in pure Mg and Mg-
Zn samples, while the minimum ion release was in
Mg-Cu and Mg-Fe samples. The maximum weight
change was in pure Mg and Mg-Si, while the mini-
mum one was in Mg-Cu and Mg-Fe.

Figure 15 illustrates the Young’s modulus varia-
tion of highly porous Mg alloys with immersion time
in SBF environment. According to the diagram, the
Young’s modulus values of highly porous Mg alloys
deceased with immersion time. Cu, Zn, Ti, Fe, Mn,
and Si additions increased the mechanical properties
and decreased the biodegradation rates of Mg alloys.
The maximum elastic (Young’s) modulus values
were in Mg-Cu and Mg-Fe samples, and the mini-
mum elastic moduli were in pure Mg and Mg-Si. Cu
and Fe additions increased the mechanical properties
of Mg by solid solution strengthening. Ti and Mn ad-
ditions increased the mechanical properties of Mg at
moderate level. The decrease in the Young’s mo-
dulus values of the samples was about 30-40% in
21 days.

Seyedraoufin and Mirdamadi [2] prepared Mg-Zn
scaffolds. According to their results, Mg-Zn alloy
can be considered as a scaffold material. Porous Mg
has potential as a biodegradable scaffold. Dissolved
Mg ions may promote cell attachment and tissue
growth. Bobe et al. [37] fabricated a biodegradable
open-porous scaffold from Mg alloy by sintering. It
was shown that the in vitro environment affects the
corrosion rates compared with the in vivo environ-
ment. The composition of culture media affects the
ionic composition of the extract by selectively dis-
solving ions. Aghion et al. [38] produced Mg foams
by the space holder method as a scaffold. The
amount and delivery time of the released drug were
controlled by space holder. Wen et al. [39] produced
Mg foams for scaffold applications. They investi-
gated the mechanical properties of Mg with a poro-
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Fig. 15. Variation of Young’s modulus of porous Mg al-
loys with immersion time (color online).
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Fig. 16. Variation of Young’s modulus of porous Fe (a),
Mg (b) and Zn (c) alloys with porosity.

sity of 35-55% and a pore size of 70400 um. The
results indicated that the elastic modulus of the mate-
rial increases with decreasing porosity. The mechani-
cal properties were close to bone. Erryani et al. [40]
studied microstructures and mechanical properties of
Mg alloy foam based on Mg-Zn-Ca-CaCO; system.
The objective of the study was to characterize the
microstructure and mechanical characteristics of Mg-
Ca-Zn-CaCOs; alloy as a porous implant material.
CaCOs; functioned as a foaming agent to produce gas
bubbles. Mg-Ca-Zn-CaCO; alloy was produced by
powder metallurgy with three compositions (96Mg-
Ca-3Zn-CaCO;, 91Mg-Ca-3Zn-5CaCO;, 86Mg-Ca-
3Zn-10CaCOs). The mixed and milled powders were
pressed at 200 MPa. Sintering was carried out at
650°C for 15 hours.

The curves of Young’s modulus variation of sin-
tered highly porous Fe, Mg, and Zn alloys are pre-
sented in Fig. 16. As seen from the figure, the elastic
modulus of the samples decreased with increasing
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porosity. The Young’s modulus values of sintered
70% porous Fe, Mg, and Zn alloys were respectively
about 5.20, 0.24, and 2.15 GPa. The Young’s moduli
of sintered 70-75% porous Fe, Mg, and Zn alloys
were close to bone. The final pore size of sintered
Zn, Mg, and Fe alloy samples was also related to the
pore former (carbamide) particle size. The mean par-
ticle size of carbamide was 800-850 um, while the
pore diameter of the sintered samples was 500—
600 um. The smaller pore sizes were attributed to
crushing of the pore former during compaction. In
general, the minimum requirement for the pore size
is 100 um due to cell migration and transport. With
pores smaller than about 100 um, cells do not grow
into open pores because of pore clogging by huge
cells [41].

Trivedi et al. [42] investigated the effect of the
grain size on the mechanical properties of forged
Mg-27Zn-2Gd alloy. As-cast and annealed samples
were forged for 2 passes. Multiaxial forging reduced
the grain size to 1 um. When the samples were forg-
ed, the strength increased. The improvement in me-
chanical properties was attributed to the homogene-
ous structure, which resulted from grain fragmentati-
on. Annealing also led to fine distribution of precipi-
tates. Guan et al. [43] investigated Mg-Sn-Mn-La al-
loys strengthened by nanoscale precipitates. The au-
thors explored the effect of La on the microstructure
and mechanical properties of Mg-Sn-Mn-La alloy
plates processed by rheo-rolling. At 0.2%, La dis-
solved in Mg. At a 0.6% La content, plate-shaped
compounds (LasSn;, Mg,Sn, Mg;La,) were formed,
which had a pinning effect.

4. CONCLUSIONS

In this study, highly porous biocompatible and
biodegradable Zn, Fe, and Mg alloy foams were ob-
tained for temporary implant and scaffold applicati-
ons. Highly porous samples with interconnected po-
rous structure were fabricated by the conventional
powder metallurgy (press-sinter) based space holder
method. Mg, Fe, and Zn are three main bioabsorable
metals. Mg alloys biodegrade too fast with H, evolu-
tion. The biodegradation rate of Fe alloys is too slow,
and by-products of Fe remain inside the body for a
long time. Zn is also identified as a promising biode-
gradable metal along with Mg and Fe alloys. Zn al-
loys show biodegradation rates in the middle be-
tween Mg and Fe alloys (closer to the ideal values),
and their biodegradation by-products are mainly bio-
resorbable. Here we produced and characterized se-
veral Fe, Zn, and Mg alloys. The effects of alloying
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elements on biodegradation, corrosion, and mechani-
cal properties were investigated separately. Since the
mechanical properties of temporary hard tissue im-
plants must decrease slowly, the variation of mecha-
nical properties with time in the foams was investi-
gated. Electrochemical corrosion tests of the samples
were conducted in a simulated body fluid (SBF) solu-
tion. The biodegradation behavior of sintered Mg,
Zn, and Fe alloy samples was investigated by weight
loss and metal ion release measurements after im-
mersion in SBF solution. Fe*", Zn*", and Mg”" ion re-
lease amounts were negligible compared with the
daily recommended limit for humans according to
the experimental data. Ti, Zn, Si, Fe, Mn, Mg, and
TCP additions decreased the mechanical properties
and increased the biodegradation rates of Fe alloys.
Cu, Zn, Ti, Fe, Mn, and Si additions increased the
mechanical properties and decreased the biodegrada-
tion rates of Mg alloys. The main disadvantage of Zn
is its poor strength. It was shown that alloying with
Fe, Mg, Ti, and Cu improves the strength of pure Zn.
Si addition decreases the grain size of the alloy. Os-
seointegration and biocompatibility of Zn alloy was
improved with TCP, Mg, and Ti. The addition of Cu
provided antibacterial performance, strength, and
ductility.
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