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Abstract—The efforts to develop structural materials for
biodegradable metal implants have lately shifted their focus
from Magnesium and Iron base alloys towards Zinc. This
was mainly due to the accelerated corrosion rate of Mg that
is accompanied by hydrogen gas evolution, formation of
voluminous iron oxide products with reduced degradation
rate in the case of Iron implants and the crucial role of Zn in
many physiological processes. However the mechanical
properties and degradation capabilities of pure zinc in
physiological environment are limited and do not comply
with the requirements of biodegradable implants. The
present study aims at evaluating the effect of 4%Fe on the
in-vitro and in-vivo behavior of pure Zinc. This was carried
out in order to address the inherent disadvantages of pure
zinc in terms of mechanical properties and biodegradability.
The results obtained clearly indicate that the biocompatibil-
ity and mechanical properties of the new material system was
in accord with the prospective requirements of biodegradable
implants. However the corrosion degradation of the new
alloy in in-vivo conditions was quite similar to that of pure
zinc in spite of the significant micro-galvanic effect created by
Delta phase Zn11Fe.

Keywords—Zinc, Biodegradable, Biocompatible, In-vivo, In-

vitro, Corrosion degradation.

INTRODUCTION

Traditionally the research developments of
biodegradable metal implants were mainly attributed to
iron and magnesium base systems due to their inherent
biocompatibility and suitable mechanical properties. In
the case of iron base implants,8,10,13,24,30 although iron
corrodes at a reasonable rate it accumulates a volumi-
nous corrosion product that repels neighboring cells and

biological matrix and does not appear to be excreted or
metabolized at an appreciable rate. The interest in Mg
based implants3,4,9,12,15,16,21,27,29,31,42 relates to their
excellent biocompatibility, adequate mechanical prop-
erties, and their beneficial contribution to bone
growth.11,35,39,40 However, the degradation of Mg base
systems in physiological environment encounter for-
mation of hydrogen gas babbles that can lead to tissues
separation and in rare cases gas embolism.2,34

In light of the inherent disadvantages of Mg and Fe,
Zinc emerges as a promising implant element that
naturally participate in numerous physiological pro-
cess such as signal transduction, gene expression and
nucleic acid metabolism.5,17 However the main draw-
backs of pure Zn as a biodegradable implant are poor
mechanical properties,6,7 risk of anemia and poor
growth when high levels of Zn are found in the
body,26,33 and relatively reduced corrosion rate.43

Hence, the improvement of the mechanical properties
of Zn base alloys as well as controlling their corrosion
rate while maintaining its biocompatibility was the
main focus of several research activi-
ties.1,18,22,23,25,32,36–38,41 The present study aims at
evaluating the prospects of Zn-4%Fe alloy as a new
structural material for biodegradable implants. This
was based on the assumption that alloying Zn with Fe
can enhance the corrosion rate of pure Zn by micro-
galvanic effect as well as improving the mechanical
properties by solid solution and phase precipitation
while maintaining the implant’s biocompatibility.

MATERIALS AND METHODS

The Zn base alloy used by this study was of Zn-
4%Fe, produced by gravity casting process followed
by machining from the central part of the cast ingot.
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The full chemical composition of that alloy as obtained
by an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-SPECTRO, ARCOS FHS-12) re-
veal 4.105 of Fe, 0.0014 of Pb, 0.0045 of Al, 0.0017 of
Cu and less than 0.0002 of Cd, all in wt%.

The microstructure examination was obtained by
scanning electron microscopy (SEM) using JEOL
JSM-5600 (JEOL, Tokyo, Japan) with an energy dis-
persive spectrometer (EDS) detector (Thermo fisher
scientific, Ma, USA). Phase identification was carried
out using an X-ray diffractometer RIGAKU-2100H
(RIGAKU, Tokyo, Japan) with Cu-Ka radiation.
Diffraction parameters were 40 kV/30 mA and the
scanning rate was 2�/min.

Vickers hardness measurements were obtained using
a Zwick/Roell Indentec-Quantarad Technologies and
the tensile tests after subsequent extrusion were done
using a CORMET slow strain rate machine (C76,
Finland) at a rate of 0.5 mm/min. tensile test specimen
were with a gauge length of 16 mm and a diameter of
4 mm in accordance with ASTM E8 standard.

The in-vitro environmental behavior of the Zn-
4%Fe alloy was examined by an immersion test per-
formed in a phosphate-buffered saline (PBS) solution
at 37 �C with pH level of ~ 7.4 for up to 30 days
according to ASTM G31-12a standard. The corrosion
products post immersions were removed using a 10%
NH4Cl solution according to ASTM G1-03 standard
procedure. Electrochemical behavior in terms of elec-
trochemical impedance spectroscopy (EIS) was con-
ducted using a Bio-Logic SP-200 potentiostat equipped
with EC-Lab software. The corrosion chamber for the
electrochemical testing was composed of a three-elec-
trode cell system having a calomel reference electrode
(SCE), a platinum counter electrode, and the tested
sample as the working electrode. The exposed area of
the working electrode was 1 cm2 while the EIS testing
was carried out between 10 kHz and 100 mHz at
10 mV amplitude over the open circuit potential. Prior
to electrochemical testing, the samples were polished
up to 2500 grit, cleaned in an ultrasonic bath for 5 min,
washed with alcohol, and dried in hot air.

The samples used for the in-vivo experiments were the
Zn-4%Fe alloy and Ti-6Al-4 V as a reference metal. The
in-vivo behavior was evaluated over a period of 6 months
usingmetal implantations in the formof 2 cylindrical discs
(7 mm diameter and 2 mm height) implanted in males
Wistar rats. The implantation procedure included 6 rats
with Zn-4%Fe implants (n = 6) and 6 rats with Ti-6Al-
4 V implants (n = 6). The rats were anesthetized using
Isoflurane (Terrel TM Piramal Critical Care, Inc, Beth-
lehem PA, USA) followed by aseptically implantation
subcutaneously in the midline of the back of the rats, one
between scapula’s and another in mid-lumbar area. Post
implantation procedure included daily monitoring of the

incision area, locomotion in cage and general wellbeing
behavior of the rats during the first week. This was fol-
lowed by weekly evaluation of the rats’ body weight and
their wellbeing behavior. Routinely, every 4 weeks blood
was collected from the retro-orbital sinus. Whole blood
(1 mL)was collected inEDTA for a complete blood count
(CBC) for red blood cells (RBC), hemoglobin (HGB) and
white blood cells (WBC). Serum (1 mL) was collected for
determination of Zn levels. At week 14 post implantation
half of the rats in each group were euthanized with
intraperitoneal 150 mg/kg Pentobarbital (CTS Chemical
Industries Ltd, HodHasharon, Israel) for alloy and tissue
harvest.Tissue fromeachalloy locationwasplaced in 10%
formaldehyde for histology. Histological analysis of tis-
sues surrounding the implants was examined in order to
evaluate possible inflammation, necrosis and tissue fibro-
sis. Samples were trimmed, embedded in paraffin and
stained with hematoxylin & eosin (H&E) and assessed
blindly by a veterinary pathologist (Patho-Logica, Ness
Ziona, Israel).

In order to evaluate the in-vivo corrosion rate, the
corrosion products were removed and weighted using
the same 10% NH4Cl solution used in the in-vitro tests.

All the animal experimentswere approvedby theBen-
Gurion University of the Negev (BGU) Committee for
the Ethical Care andUse of LaboratoryAnimals (BGU-
IACUC). The experiments were performed according to
the Israel Animal Welfare law (1994) and the NRC
Guide for the Care and Use of Laboratory Animals
(2011). BGU’s animal care and use program is approved
by theAssociation for theAssessment andAccreditation
of Laboratory Animal Care International (AAALAC).
The in vivo experiments were carried out at BGU rodent
facility. Twelve 250 g male Wistar rats (Envigo, Jer-
usalem, Israel) were selected for the in vivo assessment.

RESULTS

Typical microstructure and spot chemical compo-
sition analysis of Zn-4%Fe alloy obtained by SEM and
EDS detection is shown in Fig. 1a. This has revealed a
Zn base matrix with a second Fe-rich phase that was
scattered evenly across the entire bulk material. The Fe
content in the Fe-rich phase was between 9 and 11
wt% indicating that the second phase is Zn-delta
phase.14 The X-ray diffraction analysis revealed the
presence of two major phases: pure Zn and Fe-rich
phase as shown in Fig. 1b. The Fe-rich phase was
identified as Zn11Fe (according to ICDD 045-1184)
which comes in line with the EDS detection shown in
Fig. 1a. Both examinations clearly indicate that the
Fe-rich phase is Zn-Delta phase.

In order to evaluate the mechanical properties of the
Zn-base alloy following gravity casting and hot

BIOMEDICAL
ENGINEERING 
SOCIETY

The Effects of 4%Fe on the Performance of Pure Zinc 1401



extrusion, hardness and tensile test were conducted.
The hardness of the Zn-4%Fe alloy was 87 ± 4 HV
(hardness Vickers) compared to pure Zn hardness of
40 ± 3. Tensile test results reveal a significant
improvement in mechanical properties compared to
pure Zn: uniaxial tensile strength (UTS) of
126.4 ± 4.8 MPa, yield strength (YS) of
96 ± 4.1 MPa and elongation (%E) of 12.4 ± 1.6 in
comparison with the pure Zn properties of UTS of
52.8 ± 6.9, YS of 44.8 ± 2.7 and %E of 4.8 ± 0.3.
This have revealed adequate mechanical properties as
biodegradable metal implant that comes in line with
the basic mechanical requirements of implants for
orthopedic and cardiovascular applications. The rela-
tively high elongation value is attributed to the bene-
ficial effects of the extrusion process.

Immersion test for up to 30 days revealed a general
corrosion attack with decreasing corrosion rate of the
Zn-4%Fe alloy compared to pure Zn as shown in
Fig. 2a. The relatively reduced corrosion rate of the
Zn-4%Fe alloy in time can be attributed to the
extensive production of corrosion products that may
provide some type of passivation effect to the alloy.
Close-up views at a cross section of the corroded alloy
after the removal of corrosion products was carried
out in order to understand the corrosion mechanism.
This has revealed a uniform corrosion attack as can be
clearly seen in Fig. 2a. Close-up examinations shown
in Figs. 2c and 2d indicated that the Fe-rich phase
(Delta phase) was relatively un-attacked compared to

the corroded Zn matrix. This can explain the increased
corrosion rate of Zn-4%Fe alloy compared to Pure Zn
that is generated due to the micro-galvanic effect
produced by the Delta phase.18,19

Electrochemical behavior by EIS carried out in PBS
solution is shown in Figs. 3a and 3b in terms of Ny-
quist and Bode plot respectively. Different exposure
times were used in order to explore the effect of
exposure time on the decrease in corrosion rate of the
alloy. The EIS analysis in terms of Nyquist examina-
tion indicated an improved corrosion resistance as
implied by the larger radius curvature of the 12 h
exposure line. Bode plot analysis showed increased
corrosion resistance with time as seen by the inter-
ception of the bode line with Y-axis. This increase in
corrosion resistance over time (7744 Ohm at 1 h, 10447
Ohm at 6 h and 15885 Ohm at 12 h) may explain the
decrease in corrosion rate calculated from the immer-
sion test as a function of time. Electrical equivalent
circuit (EEC) was fitted based on the Nyquist plots as
shown in Fig. 3c. While the same circuit model was
fitted to all exposure times, the variations in the com-
ponent values were significant. This relates to
RS—solution resistance between the reference elec-
trode and the working electrode, Rdl—a constant
phase element, Qdl—relates to the double layer,
Rdl—charge transfer resistance related to the electro-
chemical reaction and the Qdl component related to the
capacitance of the double layer.20,23 Constant phase
elements such as Qdl are governed by the exponent a,

FIGURE 1. Typical microstructure and X-ray diffraction analysis of Zn-4%Fe alloy (a) Microstructure at a close-up view with
locations of spot chemical composition analysis; (b) Diffraction analysis.
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where a = 1 indicates an ideal capacitor C. As pre-
dicted, the solution resistance of all tested samples is
the same and the double layer capacitance is in the
same order magnitude. On the other hand, the values
of the charge transfer resistor, Rdl increases rapidly

over time, more than twice in 12 h of exposure.
Overall, the result of the EIS analysis corresponds with
the corrosion rate calculated by the immersion tests.

Relating to in-vivo examinations the influence of the
Zn-4%Fe implant on the wellbeing of the rats is rep-

FIGURE 2. Corrosion rate measurements and cross section view of pure Zn and Zn-4%Fe alloy after immersion test in PBS
solution at 37 �C; (a) Corrosion rate vs. exposure time (b) general cross section view (c, d) close-up view of corrosion degradation.

FIGURE 3. Nyquist and Bode plots obtained after immersion of Zn-4%Fe alloy in PBS solution after 1, 6 and 12 h; (a) Nyquist plot
(b) Bode plot (c) Electrical equivalent circuit.
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resented by the normal weight gain in comparison to
the weight gain of the control group, as seen in Fig. 4a.
Weekly monitoring of the animal behavior, locomo-
tion in cage and the appearance of the surgical incision
showed no sign of negative or harmful effects gener-
ated by the Zn-4%Fe implants. Serum Zinc levels be-
fore and post implantation are shown in Fig. 4b. The
slightly increased Zn serum levels, in the rats implanted
with the Zn-4%Fe alloy compared to the rats im-
planted with titanium alloy, are within the normal
range of 168–190 [lg/dL].44

Prior to the sacrificing of the rats, radiographic
images were taken from rats with Zn-base and Ti-6Al-
4 V implants, in order to disclose any traces of
hydrogen gas forming during the degradation of the
implants. Typical images have clearly indicated that no
gas evolution occurred during the 24 weeks of
implantation as shown in Fig. 5.

Analysis of blood sampled in terms of RBC, HGB
and WBC levels before implantation and up to
24 weeks post implantation are shown in Fig. 6. In

addition, all the tested biochemical parameters were all
within normal range28: RBC 7.62–9.99 [10*6/lL],
HGB 13.6–17.4 [g/dL] and WBC 1.98–11.06 [10*3/lL].
These findings suggest that no harmful effect was
developed as a result of Zn-4%Fe alloy implantations.

In order to evaluate the corrosion rate of the im-
plants in in-vivo conditions the corrosion products
formed on the external surface of the implants were
removed and measured against the original weight of
the implants. The calculated corrosion rate of Zn-
4%Fe alloy exhibits a decrease over time as were the
corrosion rate of Zn-4%Fe after 14 weeks was
0.063 ± 0.009 mm/y compared to 0.033 ± 0.009 mm/
year after 24 weeks. Although this result comes in line
with the in-vitro results shown earlier it should be
pointed out that relatively reduced amount of Fe
(about 2%) in Zn–Fe system has a reverse trend as
discovered by a previous paper of the authors.18

Histological analysis of subcutaneous tissues lo-
cated close to the metals implants is shown in Fig. 7.
No signs of inflammation or necrosis were evident in

FIGURE 4. Rat body weight and Serum Zinc level vs. time (post-implantation); (a) Body weight (b) Serum Zinc level.
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FIGURE 5. Radiographic assessment of rats with metal implants; (a, b) Zn-4%Fe implants after 14 and 24 weeks post-implantation
respectively. (c, d) Ti-6Al-4 V implants after 14 and 24 weeks post-implantation respectively.

FIGURE 6. Blood biochemistry test vs. time (post-implantation); (a) Red blood cells (RBC) level (b) Hemoglobin (HGB) level (c)
White blood cells (WBC) level.
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any of the tested tissues close to the Zn-4%Fe and
Ti6Al4 V metal implants. This clearly indicates that no
detrimental effect is being generated by the presence of
Zn-4%Fe implant and its corrosion products during
normal in-vivo degradation conditions. In addition,
comparing tissues originated form the same rat, no
marked differences were observed, suggesting that the
location of the implant within the rat (cranial or cau-
dal) was insignificant in this case.

DISCUSSION

The results obtained by the in-vivo assessment post
implantation in terms of rat’s weight gain, level of
serum Zn, red blood cells, hemoglobin, white blood
cells and histological analysis clearly indicate that Zn-
4%Fe alloy can be considered as a biocompatible im-
plant material. This was also supported by the radio-
graphic assessment that showed no evidence of

FIGURE 7. Histological analysis at subcutaneous tissues (harvested from cranial and caudal orientation) located in the vicinity of
the implanted metals (marked by asterisks), 14 and 24 weeks post-implantation; (a, b) Zn-4%Fe implants 14 weeks post-
implantation, (c,d) Zn-4%Fe implants 24 weeks post-implantation. (e, f) Ti-6Al-4 V implants 24 weeks post-implantation.
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hydrogen gas evolution as in the case of biodegradable
Mg based implants.16 The corrosion rate of this alloy
in in-vivo conditions after 14 and 24 weeks post
implantation was quite similar to that of pure Zn.18

This result indicate that the addition of 4%Fe did not
accelerate the corrosion rate of pure Zn as required in
order that the alloy can be considered as an accept-
able biodegradable material. The nature of this result
was also highlighted by the in-vitro assessment that
showed that although the relatively corrosion rate of
Zn-4%Fe was increased after 10 days post implanta-
tion, this tendency was reversed after 20 and 30 days
where the corrosion rate of pure zinc was even higher.
This outcome was not in line with our previous
results18 when the amount of Fe was reduced to just
about 2% and the corrosion rate was considerably
increased compared to pure Zinc.

Hence it is believed that the excess amount of iron in
Zn-Fe alloy (4%Fe vs. 2%Fe) resulted in increased
corrosion rate after initial exposure to physiological
environment that consequently created some form of
passivation behavior. This assumption was also sup-
ported by the EIS assessment in terms of Nyquist
examination and Bode plot analysis that showed im-
proved corrosion resistance as exposure time increased
(Fig. 3). Probably the accelerated formation of corro-
sion products was generated due to relatively excessive
amount of Delta phase (Zn11Fe) that have a significant
micro-galvanic effect in relation to the zinc matrix.
This was clearly evident from the examination of the
corrosion attack surface (Fig. 2d) that showed that
Delta phase was nearly un-attacked compared to the
corroded Zn matrix.

The mechanical behavior the Zn-4%Fe alloy
showed acceptable properties as implant material for
orthopedic applications. This was demonstrated in
terms of yield strength and elongation, 126 MPa and
12% respectively vs. typical bone properties: 104 MPa
yield strength and above 5% elongation,22 As for
cardiovascular applications and stents in particular the
obtained mechanical properties of Zn-4%Fe also
comes in line with the basic mechanical requirements
as indicated by Bowen et al.10

Altogether although the properties of Zn-4%Fe al-
loy as a structural material for biodegradable implant
applications in terms of biocompatibility and
mechanical properties are acceptable its corrosion
degradation in in-vivo conditions do not introduce any
advantage compared to pure zinc. Consequently, as the
corrosion rate of pure Zinc is currently too low for
practical biodegradable implants the applicability of
Zn-4%Fe alloy is limited and do not address the
degradability requirements as obtained by Zn-Fe sys-
tems with reduced amount of iron.
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