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1- Introduction

Zn-Al biodegradable alloys exhibit good compatibility
with surrounding artery tissues where despite the presence
of acute and chronic inflammatory signals, the histology
evidences fail to discover necrotic tissue in the samples
examined. Due to conflicting reports regarding the toxicity
and negative effects of Al on the nervous system and its
impact on the occurrence of Alzheimer's disease, dilute
Zn-Al alloys (containing less than 4 wt. % Al) have gained
the attention of biomedical industries. However, to meet
the required mechanical properties of biomedical
components, it is necessary to enhance their mechanical
properties through alloying with non-toxic elements
and/or post-processing techniques. In the present study, an
attempt was made for the first time to improve the
mechanical properties and corrosion resistance of
biodegradable Zn-(0.5-4) Al alloys via increasing the
solidification cooling rate (SCR) or “chill modification”.
Chill modification is a cost-effective approach that is
known to be potentially applicable in an industrial scale.
This method does not require special equipment, does not
introduce impurities into the melt, exhibits lower
limitations regarding the sample size and geometry, and
affects almost the entire alloy microstructure. Increasing
the SCR can also decrease the grain size, reduce the
secondary dendritic arm spacing (SDAS), refine second-
phases/micropores, and reduce the elemental segregations.
Therefore, it thought to be capable of substantial
enhancing the properties of Zn-(0.5-4) Al alloys.

2- Materials and Methods

The experimental Zn—Al alloys were made in a resistance
furnace using an SiC crucible. Pure Zn ingots were
charged and melted under the protection of ZnCl,-based
covering flux. After adding the appropriate amounts of
pure Al (99.9 wt.%) the melt was alternatively stirred.
Following the removal of the surface dross, molten Zn-
(0.5-4) Al alloys were solidified at two different SCRs of
4.1 °C/s and 14.7 °C/s. To investigate the tensile

properties, the tensile samples were prepared from the
castings using a CNC milling machine. Then, the samples
were tested with a Zwick/Roell Z100 uniaxial tensile
machine at room temperature with a load cell of 10 kN.
The tensile properties were measured at a strain rate of 0.5
mm/min. The sample's microhardness was also measured
under an indentation load of 500 g and a dwell time of 15
seconds according to the ASTM E-92 standard. Surface
preparation of the metallography samples was performed
using SiC paper followed by diamond paste polishing (1
um). Then, etching was performed in 3 ml HNO3 + 97 ml
Ethanol solution for 3 s at room temperature.
Microstructural examination was also performed using an
Olympus Optica optical microscope (OM), a VEGA
TESCAN-LMU scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectrometer
(EDS), and X-ray diffraction (XRD). XRD was performed
using a Philips Expert Pro diffractometer with a voltage of
45 kV and a copper anode under Cu-Ka radiation with a
wavelength of A =1.56 4 and in the range of 26 = 20°-80°.
Corrosion testing was performed using the Tafel
polarization method in simulated body fluid as the
electrolyte. To measure the corrosion potential, an open
circuit potential test was performed for 10 min and a
potential range of -1 to 2 V and a scan rate of 2 mV/s were
applied to extract Tafel diagrams on the samples.

3- Results and Discussion

The effect of SCR (4.1 and 14.7 °C/s) on the
microstructure of Zn-xAl alloys is shown in Fig. 1. As
seen, for a given Al content, increasing the SCR refines the
phases and promotes their more uniform distribution
within the matrix. At the SCR of 14.7 °C/s, the secondary
dendrite arm spacing (SDAS) is about 22.4+9.4 um, which
is about 75% lower than that of the sample containing the
same Al content solidified at SCR of 4.1 °C/s (i.e.,
86.7£18.2 um). Increasing Al content from 0.5 to 4 wt. %
also increased the eutectoid regions fraction from
3.742.2% in Zn-0.5Al alloy to about 63.7+£2.8% in the Zn-
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4Al alloy, which is relatively lower compared to the same
values in samples solidified at 4.1 °C/s.

The variation of tensile properties and hardness of Zn-xAl
alloys at the different SCRs is shown in Fig. 2. As seen, at
0.5, 1, 2, and 4 wt. % Al, increasing the SCR from 4.1 to
14.7 °C/s increases the tensile strength by 10, 12, 15, and
20%, respectively. Zn-2Al alloy provides the benchmark
mechanical properties of biomedical applications.

Preheated s_teel mold

LR e

- qephasc

) £ N R
S B 5 o
:f;.;"'
e TN Sl | i
8 1
e

Fig
500 _ =
- Average cooling rate = 4.1 "C/s (a)
400 |
s [
% 300 + 3 ¢
55} i ¢ S :
5 200 ¢ 3
@ -0
100 + ¢ Yield strength
g e Tensile strength
0 s
0 05 1 15 2 25 3 35 4 45 5
Al content, wt. %
40 T
35 ¢ (c)
o
S e
= 25’; % i
= F
s, 20 | $ i
5 15|
= E
10 | ] .
r © Ave cooling rate: 4.1 "C/s
3 g; e Ave cooling rate: 14.7 °C/s
0 Fro b
0 05 1 15 2 25 3 35 4 45 5

Al content, wt. %

Strength, MPa

Hardness, HV

Considering the possible toxic effects of Al, this can be
considered an important achievement in biodegradable Zn-
Al alloys. This improvement can be explained by the fine
distribution of microstructural constituents, reduced SDAS
(reduced size of interdendritic phases), reduced grain size,
reduced fraction of porosity, and improved solid solution
strengthening.
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.1 OM microstructures of Zn-Al alloys containing different Al content (a) 0.5 wt. %, (b) 1 wt. %,
(c) 2 wt. % and (d) 4 wt. % (at two different SCRs of 4.1 and 14.7 °C/s).
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Fig. 2: Effect of Al content and SCR on (a) yield strength, (b) tensile strength,
(c) percent elongation, and (d) microhardness of Zn-xAl alloys.
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Fig. 3 Tafel polarization curves (a) pure Zn, (b) and
(c) Zn-xAl alloys solidified at SCRs of 4.1 and 14.7 °C/s, respectively.

Considering the Tafel polarization curves (Fig. 3), at
the SCR of 14.7 °C/s, the Zn-2Al and Zn-1Al samples with
corrosion currents of 4.514x10% A/cm? and 3.773x10°®
Alcm?, respectively, have the highest and lowest corrosion
resistance, respectively. Also, at the SCR of 4.1 °C/s, Zn-
2Al alloy with corrosion current of 5.661x10°% A/cm? and
Zn-0.5Al alloy with corrosion current of 3.512x10° A/cm?
have the highest and lowest corrosion resistance,
respectively. The corrosion potential of the samples is
almost the same.

4- Conclusion

Increasing the SCR from 4.1 to 14.7 °C/s decreased the
grain size and SDAS and promoted fine distribution of
micro-constituents within the matrix. This improved the
mechanical properties, where the tensile strength of 0.5, 1,
2, and 4 wt. % Al containing samples increased by about
10, 12, 15, and 20%, respectively. At the SCR of 14.7°C/s
Zn-2Al alloy fulfilled the benchmark mechanical
properties for biomedical applications and showed the
highest corrosion resistance (corrosion current 4.514x10
Alcm?).
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Effect of Solidification Rate on Mechanical and Corrosion Behavior of Zn-xAl Biodegradable Alloys

Zeynab Ahmadi  Reza Taghiabadi ~ Morteza Saghafi Yazdi

Abstract The effect of solidification cooling rate (4.1 and 14.7 °C/s) was studied on the microstructure, mechanical
properties and corrosion behavior of biodegradable Zn-Al alloys containing 0.5, 1, 2 and 4 wt. % Al. According to the
results, the addition of Al developed a microstructure comprising of Zn-rich dendrites (7-phase) and Al-rich a-phase and
n-phase eutectoid in interdendritic regions. At the solidification rate of 4.1 °C/s, the Zn-4Al alloy with a tensile strength
of 321 MPa and an elongation of 16.2 % fulfilled the benchmark mechanical properties of biomedical implants.
Increasing the solidification cooling rate enhanced the mechanical properties where the Zn-2Al alloy with a tensile
strength and elongation of 330 MPa and 24 %, respectively, fulfilled the benchmark mechanical properties of
biodegradable alloys. According to the Tafel polarization tests, irrespective the cooling rate, the addition of 1 wt. % Al
increased the corrosion rate/corrosion current of pure Zn. The addition of ~2 wt. % Al improved the corrosion resistance
(corrosion current density of 4.514x10° A/cm?), but its further increase to ~4 wt. % increased the corrosion rate again.
The lowest corrosion rate was observed in the Zn-2Al alloy solidified at a cooling rate of 14.7 °C/s.

Keywords Biodegradable, Zn-Al alloy, Solidification cooling rate, Mechanical properties, Corrosion behavior.
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