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Abstract

In this paper, Zinc-based alloys with different ratios of Mg (magnesium) were fabricated as degradable
bone plate for medical applications. Zinc with Mg percentages (0.5, 1.0, 1.5 and 2.0 wt. %) were prepared.
Compatibility assurance study was done to measure the suitability to be used as degradable bone plates.
Composition and microstructure of Zn-Mg alloy were investigated by SEM (scanning electron microscope) and
EDS (energy dispersive spectrometer). Density, hardness, and compression strength were measured. The
corrosion resistance in SBF (simulated body fluid) were measured, also. Good microstructure, the highest
hardness and wear resistance were observed for alloy with 0.5% Mg. Measurements indicated that the density
decreases with increasing Mg by 10.4% and 14%. Corrosion resistance was improved 71.68 % for 0.5 % Mg
compared to pure Zn. Hardness and compression enhanced by addition of Mg, while the highest wear resistance
achieved for 0.5 wt. % Mg. Tensile strength of Zn—-Mg alloy were enhanced from 39 MPa for pure zinc to 320
MPa and 300 MPa for Zn—0.5 Mg alloy and Zn—-2Mg alloy. This can be explained due to preparation process
and presence of Mg + MgZn mixture in the structure. Compression strength of Zn—Mg alloy were enhanced
from 65-75 MPa for pure zinc to 600 MPa and 620 for Zn—0.5 Mg alloy and Zn—2Mg alloy. No change in

weight was detected for the different plates after immersion test.

Zinc alloy with 0.5 % Mg magnesium has the highest mechanical biocompatibility that approaches
mechanical properties of cortical bone and exceeded. It has the highest corrosion resistance. So, it is a suitable

degradable material could be used for dental and bone plates applications.
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1. TIntroduction degradable. Magnesium plate’s density ranged

Nowadays, biomaterials have a main role in from 1.8 to 2 g/cm3 and has mechanical properties
various biomedical applications engineering. There similar to properties of bone. Magnesium as
are requirements for that material used in contact degradable bone plate lose its mechanical strength
with patient should be satisfied [1-2]. In-Vivo with rate greater than rate of cell growth [4-6]. For
applications may require biodegradable materials to its high degradation rate by means of low corrosion
avoid other surgery for removing it [3]. Magnesium resistant,  processing is need to control the
(Mg) considered a pioneer biomaterial used as a corrosion rate that also effects on mechanical
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properties as hardness, tensile strength, and
compression strength [6-7]. Magnesium and Zinc
are natural metals found in body. Now, Zinc is an
attractive degradable material used for tissue
engineering and biomedical applications. Unlike
Magnesium, Zinc has low melting point that
enables easy fabrication. It also has low tensile
strength and low costs [8]. Zinc alloy plates have
superior low corrosion resistant and mechanical
properties for some applications [8-13]. Product of
corrosion should be controlled to avoid toxicity as

a result of high zinc concentration [14- 16].

Few years ago, zinc alloys had great
attention. Using Zinc as pure material is limited as
it has poor tensile strength and hardness. Zinc alloy
shows some toxicity for different cell type [17-19].
For example, Zn-3Mg alloy shows decreasing
viability of cells with limited biocompatibility [20—
25]. Alloy composed of Mg—Zn—Ca shows some
compatibility, and decreased hydrogen evolution.
Presence of MgZn eutectic with Mg decreases
mechanical properties [26-28].  Corrosion rate
decreased for zinc based alloy compared to pure
zine [23, 29-30]. Recently, investigations are done
for using zinc based-XMg alloy for degradable

orthopedics application [31-33].

This investigation deals with mechanical and
corrosion for biocompatibility studies of Zinc
based alloy reinforced with magnesium with
various  weight for

percentages orthopedic

applications.

2. Experimental Methods and Procedures

2.1 Material Preparation

Zinc based Magnesium alloy were prepared with
various Mg ratios of 0.5, 1, 1.5 and 2 wt. % using
pure Zn (99.995 wt.%) and pure magnesium(99.8
wt.%). Melting was performed at 500°C in a
graphite crucible placed in an electric resistance
furnace. A protective Argon gas was employed
during melting and casting processes to avoid
oxidation and contamination,. Stirring for 3 min
using stainless steel rod to achieve homogenization,
then hold for 15 min for complete metals
homogenization. It is meaningless, the slag was
removed and the melt was poured at 500°C into a
preheated cast iron mold. The mold was hollow
cylinder with outer diameter of 100 mm, inner
diameter of 50 mm and 250mm length. The
chemical analysis was performed using X-ray
fluorescence (XRF) analyzer,(Axios advanced-
PANALYTICAL, Netherlands).

compositions of the alloys are shown in Table-1.

The chemical

Table 1: Chemical composition of the prepared alloys in wt. %

Alloy code 7n Mg Fe Cu
Zn Bal. - 0.015 0.002
Zn-0.5Mg Bal. 0.47 0.021 0.0015
Zn-1Mg Bal. 1.15 0.023 0.0021
Zn-1.5Mg Bal. 1.45 0.021 0.0018
Zn-2Mg Bal. 1.96 0.022 0.0016

2.2 Materials Characterization
2.2.1. Microstructure

Disks with thickness 10 mm were cut for
microstructure investigations. Then grinding was
performed on sandpapers up to 1200 grit. The
specimens were polished using alumina suspension

of particle size 2um and distilled water. Nital
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solution composed of 95 % ethanol and 5 % nitric
acid was used for specimens to reveal the
microstructure. Immersion specimens in solution
for 40 sec. then dried in blast of dried air. Optical
microscope (OM) (model OPTIKA M-790, Italy)
was used for metallographic observations. Five OM
micrographs were taken for each specimen at low

magnification of 200x. The average size of the Zn-
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Mg grains was measured by image analyzer

AxioVision SE64 Rel. 4.9 software.

2.2.2._Physical Properties Measurements

The density of the compositions were calculated
using theoretical
7.13g/cm3), and Mg (1.8-2.0 g/cm3) using
equation below [34].

density values for zinc (

100
= mym 1
Pth. (_)+(_) (D

P m P1

Where, pth, pm, and plare the theoretical density,
matrix, and the dispersed phase, respectively. Wm
and W1 are the weight percent of the matrix and
the dispersed phase. On other hand, the sintered
materials  densities were determined using
Archimedes principal according to ASTM C 373-
72, 1984 according to equation -2 [34].

Wair (2)

Parch. =
(Wair—Wwater)

Where, Wair and Wwater are the samples weight in
air and water, respectively.

To study microstructure, morphology and

element distribution, the sample was polished using

Table 2: test conditions
Test condition

Specimen radius 10 mm
12 mm

Stainless steel-62 HR

Specimen high
Disc material

SiC papers. Then, the surface was polished with
three micro-meter particle size diamond paste.
QUANTA FEG250-EDAX Genesis SEM equipped
with an energy X-ray micro-analyzer (EDS) was
used. Samples composition were investigated using
Brukur X-ray diffractometer [ D8 kristalloflex (Ni-
filtered Cu Ka)].

2.2.3 Mechanical properties investigation

Hardness of prepared samples were measured
using Vickers hardness tester (Matsuzawa JAPAN)
by applying 20 kg load for 15 sec loading time at
room temperature. The test was repeated five times
for each alloy and result values were averaged.

The test conditions are given in Table-2. The
samples and the ring of machine were cleaned
using ultrasonic and acetone for washing. Wear
rate was studied by recording the weight and the
loss with sensitivity of 0.0001 gm. The value was

recorded twice and averaged.

Apply 20 kg load for 15 sec at room temperature

Tensile strength and compression strength were measured using universal testing machine with rate of 1mm/min

according to standard test method.

2.2.4 Electrochemical Measurements

Corrosion rate and electrochemical measurements
of Zn-Mg implants are measured at room
temperature using electrochemical working station
(AUTOLAB, PGSTA30, Netherlands). The used
electrolyte was simulated body fluid (SBF) with
shown composition in Table 3 [35]. Each sample of
the surface area 0.785 cm? is polished before the

test. In the test, a platinum counter electrode and a
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saturated calomel reference electrode (SCE) were
used.

The open-circuit potential (OCP) of each
sample was monitored for 0.5 hr in SBF. Then, the
potentiodynamic polarization test is measured with
a scan rate of 2mVs'. Corrosion parameters
including corrosion potential (Ecorr) and corrosion
current density (Icor) are estimated from the
polarization curves by Tafel analysis based on the

polarization plots.
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Table 3: Composition of simulated body fluid (SBF)

Material Amount

NaCl 8.0g

NaHCO3 0.35¢g
KClI 0.25g
K2HPO4.3H20 0.25g
MgCI2.6H20 0.30g
IM.HCI 50ml
CaCl2 0.30g
NasO4 0.08g
(CH20H)3CNH2 6.00g

The immersion test is carried out according to ASTM-G31-72 [36], where each Zn-Mg sample immersed
in 100 ml solution for 21 days at room temperature.
3. Result and Discussion the primary Zn dendrites (light) and eutectic

3.1. Physical characterization mixture of Zn andMg2Znl1 (dark) as shown in
Figs. 1b-e. Fig. 2 shows the variation of with

3.L1 Microstructure characterization average dendrite length of the primary Zn dendrites

Fig. 1 presents the OM microstructures of pure with Mg content [37]. With addition of 2 wt% Mg,
Zn and Zn-XMg alloys with different Mg content. the fine primary Zn dendrites are formed and their
The pure Zn in Fig. la contains large Zn dendrites average length reduced to about85um as shown in
with an average dendrite length of about 550 um. Fig. 2.

With Zn-XMg alloys, the microstructures consist of
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Fig. 1:The OM microstructures of (a) pure Zn and Zn-XMg alloys with different Mg content: (b) 0.5 wt%, (c)
1wt%, (d) 1.5 wt% and (e) 2 wt%.

700

=)
(=4
(=]

500

400

%
(=3
(=]

Average denderite length, pm

(=3
(=]

0 0.5

L5 2

1

Mg content, wt%

Fig. 2: average dendrite length of the primary Zn dendrites with Mg content.

3.1.2. Density measurements
The experimental densities Zn-Mg are shown in

Figure 3. It shows that the theoretical densities of
pure zinc sample decreased gradually by increasing
Mg content. When the density of Mg is lower than
the density of zinc, the total density of the
composite decreased. The density of Mg (1.9
g/cm3) is lower than density of Zn (7,13 g/cm3)

matrix. So, the overall density of alloy decreased

7.2
7.1

7
6.9
6.8
6.7
6.6
6.5
6.4
6.3

6.2

pure Zn Zn-0.5Mg

M theoritical

according to percentage of Mg. Density decreased
by range of 4% to 8.83% according to Mg
percentage. As, no porosity sample is difficult to
should be

obtain, the effect of this point

melting

considered. pressure,

Compaction
temperature and sintering time are factors effect on
density. Figure-3 shows the measured densities.
Also, agglomerations of Mg causing presence some

pores may decrease the density value.

Zn-1.0Mg

Zn-1.5Mg Zn-2.0Mg

M Experimental ®

Fig. 3: The densities of Zn sample with different Mg ratios

3.1.3. Composites microstructure
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The SEM images of the Zn-Mg
samples are shown in Figure.4. Excellent
adhesion is clear at the interface between
the two materials (Zn and Mg). Lamellar
structures are seen in some images.
Lamellar structures were not affected by
changing Mg content as shown in Fgure.4.

It is clear from Excellent

image.

distribution of constituents is achieved in
all samples. Some agglomerations formed
by increasing the Mg percent that may
cause pores. Mg was completely diffused
in the zinc and some agglomerations are
observed in the sample with 2.0 wt. %
Mg.

Fig.4 SEM micrographs of(a) Pure Zinc, (b) Zn-0.5 Mg, (c) Zn-1.0 Mg., (d) Zn-1.5 Mg ZrO,and (e) Zn-2.0 Mg

samples

Mapping was performed for all samples and the

images show distribution of the constituents over

samples. The distribution of Zn, Mg, and O are
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shown in Figure.5. Excellent distribution of all
components were observed. Porosity was shown

as black spots with few agglomerations.
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Fig. 5: SEM mapping of (a) Zn-0.5 Mg,(b) Zn-1.0 Mg,(c) Zn-1.5 Mg ZrO, and (d) Zn-2.0 Mg samples
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EDAX analysis on all samples were done at different regions as shown in Figure 6. Regions involved peaks of

zinc, magnesium, and oxygen. Images show good distribution and homogeneity in samples. No impurities

gy

i
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were detected.”

. . [ o 12 " e i e

Fig. 6 SEM/EDAX analysis of Zn-0.5%Mg samples.

3.1.4. Hardness test

The effect of magnesium on hardness of
pure zinc is shown in Figure.7. As shown from the
figure, addition of 0.5 wt. % Mg increases hardness

from 39(£2.2) to 78 (x1.7) [38]. Hardness

100
90

Hardness Value
o O O

o

pure Zn-0.5Mg

Zn-1.0Mg

gradually increased with increasing the percentage
of Mg. Due to magnesium agglomerations that
causes the presence of porosity, measuring value
decreased in some samples but still within the

desired range for bone implants [39].

80
70
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50
4
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0

Zn-1.5Mg  Zn-2.0Mg

Fig.7: Hardness of the Zn alloy.

3.1.5. Mechanical properties

The wear rate of Zinc alloy was done with
20N, 300 r.p.m. for 30min. Wear rate decreased
with the addition of 0.5 Mg compared to pure zinc
due to the high hardness achieved with adding
magnesium.  Also, this may be related to the
homogeneous distribution of magnesium. Other
magnesium ratios show higher wear rate may be

attributed porosity and agglomeration.

Tensile strength of Zn—Mg alloy were
enhanced from 39 MPa for pure zinc to 320 MPa
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and 300 MPa for Zn—-0.5 Mg alloy and Zn-2Mg
alloy as shown in Figure.8. These values were
higher compared to 270 MPa for Zn—1Mg. This
may be explained due to process and presence of
Mg + MgZn mixture in the structure that is brittle.
Figure.9 shows that Compression strength of Zn—
Mg alloy were enhanced from 65-75 MPa for pure
zinc to 600 MPa and 620 for Zn—0.5 Mg alloy and
Zn—2Mg alloy. For other magnesium ratio,
compression strength was 570 and 550. These
values of strength are still close to that required for

bone implants.
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Fig.8 Tensile strength of the Zn alloy.
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Fig.9 Compression strength of the Zn alloy.

Regarding to result, Hardness for zinc—0.5Mg in
Fig.7 increased by 92% more than that of pure zinc.
Increasing Mg ratio in alloy, increases hardness

with percentage range from 2% to 10%.

Tensile strength and compression strength
increased also with nearly ten times that of pure
zinc. Tensile strength of zinc-XMg alloy was
higher than strength of Titanium (UTS:220 Mpa)
and pure magnesium (UTS: 160 Mpa) [40].
Compression strength for zinc—1.0Mg was more
than zinc—0.5Mg by 3.33%. It concludes that zinc—

0.5Mg alloy has improved mechanical properties
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and approached that needed to mimic bone and its

mechanical values.

3.1.6. Electrochemical corrosion
Figure 10 shows the potentio-dynamic

polarization curves of pure zinc, zinc—0.5Mg and
zinc—1.0 Mg simulated body fluid (SBF) solution.
The zinc—0.5Mg exhibit polarization behaviors
better than pure zinc and zinc alloys with other Mg
ratios. Corrosion parameters of pure zinc zinc—-Mg
alloys were mentioned in Table (4). The lowest
corrosion rate is shown by zinc—0.5Mg then pure
zing, zinc—2.0Mg; zinc—1.5Mg and finally zinc—1.0
Mg. This is can be attributed to pores that aid
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penetration of the SBF solution inside the plate
sample causing increasing of corrosion rate. It

was noticed that Mg and its good distribution

works as an internal passive material lead to

decrease of the corrosion rate.
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Fig.10 Potentio-dynamic polarization curves of Zn-XMg plates tested in SBF solution

Table4: Corrosion parameters of pure Zn and Zn alloy according to electrochemical measurements in SBF

solution. The degradation rate was 0.0383 mm/year and 0.0525 mm/year for Zn-0.5 Mg alloy and pure zinc

respectively. These degradation rates were lower than that for pure magnesium (0.54mm/year) [41-42].

Materials E corr, obs Leorr Be Ba Corrosion rate
V) (LA /em?) mV/dec mV/dec (mm/year)
Zn Pure -1.0166 4.52197 112.507 59.9983 0.0525423
Zn-0.5 Mg -1.0066 3.29511 194.013 59.1480 0.038287
Zn-1.0 Mg -1.0505 10.9822 62.01529 179.714 0.127606
Zn-1.5 Mg -1.1616 11.7417 134.026 82.0475 0.136431
Zn-2.0 Mg -1.2874 30.1662 396.075 218.836 0.451722

Figure.11 shows Nyquist plots of the prepared
plates in the SBF solution. Nyquist spectra showed
semicircle behavior that related to a formation of
complete passive barrier film on surface [43].
Semicircle in Nyquist spectra was seen as a
characteristic for zinc [40]. The equivalent circuit

was driven to simulate the EIS behavior in as
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shown in Figure.12, where R; and R» represent

solution resistance and polarization resistance

respectively.

capacitance

polarization.

derived by

While, C; and C, represent the

of the electrode surface, and

These parameters were automatically

the software of the EIS testing

instrument and listed in Table (5). It shows that
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the highest resistance was for Zn-0.5Mg that
indicate highest corrosion resistance for that alloy
compared to pure zinc and other prepared alloys. It
is noticed also that Zn-0.5Mg represents the lowest
level of corrosion rate compared to the pure Zn or

Zn-1.5Mg and Zn-2.0 Mg composite as shown in

Z"/ohm

Figure.13. The Bode plots in Fig.14 shows that
samples represents the same behavior with the best

result for Zn-0.5Mg.

From immersion test, No obvious change
in weight that support the conclusion of low

degradation rate for Zn-XMg alloy.
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Fig.11: The Nyquist plotsof pure zinc and Zn-XMg composites in SBF.
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Fig.12: The equivalent circuit for curve-fitting of the EIS results and fitting curve
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Table 5: Corrosion parameters of pure Zinc and Zinc-XMg alloys according to impedance measurements in

simulated body fluid (SBF).

Vaterials R1 (ohm) R2 (ohm) C1 (uF) C2 (uF)
Zn Pure 374.63 231.39 6.09 2.60
Zn-0.5 Mg 276.15 688.64 237 3.54
Zn-1.0 Mg 261.05 442.73 2.39 3.14
Zn-1.5 Mg 261.45 529.74 2.98 4.98
Zn-2.0 Mg 257.75 599.42 3.59 2.79
0.5
0.45
0.4
0.35
& 03
i 0.25
0.15
- '
o )
0
pure Zn-0.5Mg Zn-1.0Mg Zn-1.5Mg Zn-2.0Mg

Fig.13: Corrosion rate of the Zn-XMg alloy.

70



Engineering Research Journal (ERJ)

Khaled Waly, Mohamed Tarek Elwakad et al.

Vol. 1, N0.48 Apr. 2021, pp. 59-73

Pure Zn
900 = Zn-0.5mg
4 Zn-1mg
800 Zn-1.5mg
] Zn-2mg
700 -
600 -
500 -
E .
O 400
N 300+
200 -
1004 /
o] =
) ) v ) ) ) v ) )
-1 0 1 2 3 4 5
Log F/Hz

Fig.14 The Bode plots of pure Zinc and Zn-Mg
alloys in SBF

4. Conclusions

Zinc-based alloys with different ratios of
magnesium were fabricated for different medical
applications with Mg percentages (0.5, 1.0, 1.5 and
2.0 wt. %). The study indicates high compatibility
of zinc based-magnesium alloy for different
medical applications. The mechanical properties
and the degradation rate of Zinc alloy, are
improved by adding Mg with different weight (0.5-
2%). The properties were higher than that of the
conventional used titanium plates or implants.
Hardness, compression and tensile strength values
enhanced corresponded to that of bone and
manufactured plates. Zn-0.5Mg increases hardness
from 39(+2.2) for pure zinc to 78 (+1.7). Tensile
strength also increased up to 320MPa. Zinc based
alloy was high compatibility comparing to other
famous degradable less

plates. They have

degradable rate ranged from  0.05 to 0.45 mm
/year while degradable rate for Mg alloys ranged

from 0.5 till 1.5 mm /year [44]. Mg in zinc alloy
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works as an internal passive material that leads to
decreasing of the corrosion rate. The mapping of
Zn-Mg alloy also shows excellent distribution of
Mg in alloys. The density decreased, mechanical
properties and corrosion resistance improved with
adding Mg. The most suitable alloy was Zn-0.5Mg
as, it has the highest strength and high corrosion
resistance that mean it has low degradable rate. In
the future, more work is expected on Zinc based
alloy as a bio-degradable bone plate to study the

effect on growth of normal bone cells.
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