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Abstract: Mg-6Zn-1Y (mass fraction, %) alloys were prepared for degradable biomaterials. The billets of the alloy were produced
by powder metallurgy (PM) method and then hot extruded. The extruded samples were aged for 24 and 72 h at 150 °C. The

microstructure and corrosion behavior of the experimental alloys were investigated. The microstructure observations indicate that the

alloys contain a-Mg, MgZn, MgZn, and Mg;YZne (I-phase) phases. The hot extrusion process significantly refines the grains and

leads to better mechanical properties with the value of compressive strength in the range of 365~399 MPa, and better corrosion

resistance for the PM alloy shows higher hydrogen volume in the immersion test. Furthermore, due to more uniform corrosion

behavior, the alloy aged for 72 h presents lower corrosion rate and corrosion current density in the immersion test and

potentiodynamic polarization test, and higher resistance value (R,) results from the electrochemical impedance spectroscopy (EIS),

which means the alloy aged for 72 h exhibits better corrosion resistance than the other three alloys.
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Magnesium and its alloys have attracted wide attention
on biodegradable orthopaedic implants due to their
excellent biodegradation and bone-like mechanical
property'"*. The implants made by magnesium will degrade
during the healing period of injured bone and need not to be
removed in a secondary surgery. However, magnesium and
its alloys show poor corrosion resistance, especially in
solution containing chloride ion (CI), which has greatly
restricted their practical clinical application as implant
materials. Many effective measures have been taken into
consideration, such as alloying treatment and deformation
processing®. Zn-containing and Y-containing Mg alloys
like Mg-Zn alloys'™, and WE43!"*!alloys have been studied
a lot for their excellent corrosion resistance, good
biocompatibility and suitable mechanical properties.

It has been reported that Zinc is one of the most abundant
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nutritionally essential and no-toxic elements in human body .
The addition of Zn facilitates the formation of a protective
passive film on the surface of the magnesium alloy, which
improves the corrosion resistance in the body fluid .
Besides, Zn can slow down the corrosion rate of magnesium
alloys by elevating the corrosion potential in simulated
body fluid (SBF) .. RE element yttrium (Y) can promote
the formation of protective surface film and enhance the
corrosion resistance of magnesium alloys '*. The addition of
Y in Mg-Zn alloy can induce the formation of ternary
equilibrium Mg-Zn-Y phases which can restrain grain
growth during dynamic recrystallization, and thus more
refined grains are obtained during plastic deformation'’.
Although different binary or ternary phases are found in
Mg-Zn-Y alloys due to different ratios of Zn/Y, the strength
and creep resistance of the alloys are largely determined by
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the Mg;YZns phase (I-phase) in the previous work!"".
However, Liu!""! reported that too high Y content will cause
severe micro-galvanic corrosion because of the large
amount of Y-containing intermetallic compounds. Therefore,
the low content Y is a reasonable choice.

Powder metallurgy (PM) is a promising method to
prepare alloys and it can alter their properties by changing
the ratio of element powder. Studies on magnesium matrix
composite have been taken on this preparation method ">,
Moreover, previous studies reported that lower extrusion
temperature and lower extrusion ration resulted in finer
grains and better corrosion resistance |'*"'*. Besides, it can
obtain better distribution of I-phase in the Mg matrix using
thermo-mechanical processes!'®. Therefore, Mg-6Zn-1Y
alloys in the present paper were prepared by powder
metallurgy, hot extrusion and heat treatment. The
microstructure and corrosion behavior of the alloys in
different states (PM sintered state, as-extruded state and
as-aged state) were investigated in Ringer’s solution to
evaluate their biodegradability.

1 Experiment

The experimental alloys have the composition of 6%Zn,
1%Y and the rest of it is Mg. The samples were prepared by
powder metallurgy method sintered in a vacuum furnace at
620~640 °C for 2 h under argon gas protection. The
sintered billets (named PM) were pre-heated at 300 °C for 2
h and then hot extruded into @20 mm rods with an
extrusion ratio of 9:1. The extruded rods (named EX) were
aged at 150 °C for 24 h (named A1) and 72 h (named A2).

The experimental samples cut from the four alloys were
10 mmx10 mmx5 mm in size and were all ground with SiC
abrasive paper up to 2000 grit and polished by absolute
ethanol subsequently.

The microstructures of the PM, EX, Al and A2
specimens were observed by an OLYMPUS optical
microscope (OM) and a JSM-7800F scanning electron
microscope (SEM) with an energy dispersive spectroscope
(EDS). The microstructures of EX, Al and A2 samples
were observed from extrusion direction (RD) of the
extruded rods. The phase analysis of the four state alloys
were conducted using D/MAX-2500X X-ray diffraction
(XRD). The specimens were etched by the solution: ethanol
100 mL, picric acid 5 g, acetic acid 5 mL and distilled water
10 mL.

Compressive test was carried out at room temperature by
a MTS810 machine with a compression speed 1 mm/min.
The samples were machined into cylinders with 10 mm in
diameter and 20 mm in height. The results are from the
average value of three repeat tests.

Immersion tests were carried out in (37+0.5) °C Ringer's
solution, which contains sodium 8.6 g/L, potassium
chloride 0.3 g/L, calcium chloride 0.33 g/l and the

remaining composition is distilled water. The evolved
hydrogen value and pH value were recorded every 4 h
during the 72 h immersion. After 24 and 72 h immersion
time, the microstructures of the specimens were
characterized by SEM with EDS and XRD. The corrosion
products formed on the surface were removed using a
boiling 20% chromic acid + 1% AgNO; solution and
cleaned by ultrasonic in absolute ethanol.

The electrochemical tests were carried out using
CHI660D
three-electrode cell system was used with a saturated
calomel electrode (SCE) as the reference electrode and a
platinum plate as the counter one at (37+1) °C in the
Ringer’s solution. The potentiodynamic polarization test
mV/s.
Electrochemical impedance spectra (EIS) were measured

electrochemical  system. The  standard

was performed at a scanning rate of 1
with the frequency range between 100 kHz and 10 mHz
using the AC potential amplitude at 10 mV. The results are
from the average value of three repeat tests.

2 Results and Discussion

2.1 Microstructures and mechanical properties of
the four alloys

The microstructures of the PM, EX, Al and A2 alloys are
shown in Fig.1 and Fig.2. The average particle size of the
PM alloy is about 7~33 pum (Fig.la). Compared to the
coarse particles resulting from the powder metallurgy
method, the microstructures of the as-extruded alloys are
refined with smaller grain size, as shown in Fig.1b~1d.
These fine equiaxed grains are significantly refined by
dynamic recrystallization during hot deformation. The
average grain sizes of the Al and A2 alloy are similar to
each other but both larger than that of the EX alloy due to
the aging treatment, which is shown in Fig.lc~1d. As
shown in Fig.2a, the addition of alloying elements (Zn and
Y) leads to formation of secondary phases. These phases
distribute randomly in the a-Mg matrix with different sizes.
The large particles are crushed into strip-like secondary
phases after hot extrusion and distributed along ED
(Fig.1b~1d). The amount of strip-like secondary phase
increases due to aging treatment as is shown in Fig.2b and
Fig.2c, and changes little with the increase of aging time
(Fig.2c and Fig.2d). To further determine the phase
composition, the four Mg-6Zn-1Y alloys were analyzed by
XRD (Fig.3). The results show that the main phases are
o-Mg, MgZn and I-phase (Mg;YZn4), while other phase
such as MgZn, phase is also detected. It can be seen that
MgZn, phase and I-phase are much more easier to be
detected in the Al and A2 alloys than those in the EX and
PM alloys. Moreover, from the insert in Fig.2d, there are
small precipitated phases distributed along ED in the A2
alloy. Combined with the results in XRD patterns, it can be
deduced that those phases are MgZn, and I-phase.
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Fig.2 SEM images of the four Mg-6Zn-1Y alloys: (a) PM, (b) EX, (c) Al, and (d) A2
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Fig.3 XRD patterns of the Mg-Zn-Y alloys

The mechanical properties including  ultimate
compression strength (UCS), yield strength (YS) and the
modulus (£) of the four Mg-6Zn-1Y alloys at room
temperature are displayed in Fig.4. The PM alloy has the
lowest UCS (274 MPa) and YS (103 MPa), which is due to
the large particles and coarse microstructure. The
mechanical properties of the alloys are significantly
enhanced after hot extrusion and the ultimate compression
strength and yield strength are in the range of 365~399 MPa
and 174~203 MPa. This is probably due to the refined
microstructure which can be explained via the Hall-Petch
equation. Besides, the elimination of the defects in the PM
alloys also contributes to the good mechanical properties.
The strength of the EX alloy is higher than that of the Al
and A2 alloys, which may result from the recovery during
the low temperature aging treatment.
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Fig.4 Mechanical properties of the four Mg-6Zn-1Y alloys

Moreover, the modulus of the four alloys are in the range of
33~37 GPa, which is close to the modulus of the natural bone
(5~23 GPa). The results show that Mg-6Zn-1Y alloys exhibit
good mechanical properties as medical metallic implants.

2.2 Invitro degradation performance
2.2.1 Immersion tests of experimental alloys in Ringer’s
solution

Fig.5 shows the change of hydrogen evolution volume
(H3*) and pH value of the solution for the four alloys with
the increase of immersion time. During the 72 h immersion
test, the H;* of the PM alloy is higher than those of the
other three alloys, indicating that hot extrusion can improve
the corrosion resistance, as is reported by Birbilis!'"\.
Besides, the corrosion rates of the Al and A2 alloys are
slower than that of the EX alloy, which can be deduced that
aging treatment may have a positive influence on slowing
down the corrosion rate of magnesium alloy. Though the
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Fig.5 Hydrogen evolution volume and pH value of Mg-6Zn-1Y

alloy immersed in Ringer’s solution for 3 d

number of second phases in the A2 alloy is close to that of
A1l alloy, the distribution of second phase for A1 and A2
alloy is different: for the Al alloy, the second phase is
dispersed locally with large size, while for the A2 alloy,
there are a large number of small size secondary phases,
especially I-phase, dispersed uniformly in the a-Mg matrix
(Fig.3). F. Shi "® has reported that a lot of fine and
dispersed I-phases in the a-Mg matrix can slow down the
corrosion rate of Mg alloys. Besides, as the grains are
refined in the Al and A2 alloys, with many small size
phases distributed continuously in the a-Mg matrix of the
A2 alloy and the distance between each secondary particles
in the a-Mg matrix smaller than that of the Al alloy, the
corrosion reaction between the «a-Mg matrix and the
secondary phases will be impeded by the formation of the
corrosion product and thus slow down the corrosion rate of
the A2 alloy to a certain extent '*’,

The release of hydrogen results in the increase of OH
concentration of the solution. The pH variation over the 72
h of the immersion test is shown in Fig.5. During the first
20 h, the pH value of the solution increases rapidly with
immersion time. All the alloys come to the dynamic state
after 30 h immersion, as the formation rate and the
dissolution rate of the magnesium hydroxide and other
products have reached a balance state. At the end of the 72
h immersion tests, the pH is 9.45 for the PM alloy, 9.35 for
the EX alloy, 9.24 for the Al alloy and 9.16 for the A2
alloy.

To investigate the corrosion progress of the Mg-6Zn-1Y
alloys, the A1 and A2 alloys with better corrosion resistance
are chosen, and the corrosion morphologies with corrosion
product of the A1 and A2 alloys after immersed for 24 and
72 h are presented in Fig.6a~6d. And Fig.6e~6f represent
the corrosion morphologies without corrosion product after
being immersed for 72 h. With the increasing of immersion
time, more white corrosion products are formed on the
surface of the both alloys. The XRD analysis of the
corrosion product of the two alloys is shown in Fig.7, and

Fig.6 Surface morphologies of Mg-6Zn-1Y alloy: (a~d) Al and
A2 alloys before removing the corrosion products; (e~f)

Al and A2 alloys after removing the corrosion products
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Fig.7 XRD patterns of the corrosion products

the results reveal that the main composition of the white
products is Mg(OH),, while some Y-containing oxides such
as Y,0; and Y(OH); are found in the corrosion product of
the A2 alloy. In Fig.6e~6f, pit corrosion has been seen in
both alloys, but the A2 alloy exhibits more uniform
corrosion morphology than the Al alloy. The secondary
phases in the a-Mg matrix will lead to micro galvanic
reaction when exposed to Ringer’s solution and the a-Mg
matrix will dissolute for acting as the anode phase. For the
A2 alloy, there are a large number of small secondary
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phases in the a-Mg matrix. Once the a-Mg matrix around
the secondary phases dissolute, the secondary phases will
fall off from the matrix leaving small pits on the surface of
the alloy. Meanwhile, these pits will be filled with corrosion
products formed in the reaction and thus slow down the
corrosion rate. However, for the Al alloy, there are not
enough corrosion products to fill the deeper and larger pits
in a-Mg matrix compared to the A2 alloy when secondary
phases fall off from the surface. Hence, the pits are exposed
to the Ringer’s solution and the secondary phases inside the
pits start to react with the fresh a-Mg matrix, which
accelerate the corrosion rate of the Al alloy. Therefore,
localized corrosion has a bad effect for biodegradable
alloys, for it may lead a division of alloys and destroy the
mechanical property when exposed in body fluid even

201 On the contrary,

though the corrosion rate is low
uniform biodegradation will prevent this large size collapse
of the implant alloy. Therefore, the A2 alloy shows good
corrosion resistance during the immersion test due to more
uniform corrosion behavior.

Magnesium is an active metal that will react with water when
immersed in Ringer’s solution. During the reaction, the hydrogen
gas is released from the solution and corrosion products are
formed on the surface of alloy. The whole reaction of this

corrosion process can be described as follows:

Mg— Mg*" + 2¢ (anodic reaction) @)
2H,0 + 2e” — H, + 20H’ (cathodic reaction) 2)
Mg + 2H,0 — Mg(OH), + H,1 (total reaction) 3)

According to the reactions, Mg(OH), is deposited on the
surface of magnesium alloys and a protective film is formed
to prevent further corrosion. However, the CI" in the
Ringer’s solution will accelerate the corrosion rate of
magnesium alloys for the reason that Mg(OH), can be

transformed into more soluble MgClzm], due to the
following reaction:
Mg(OH), + 2CI" — MgCl, + 20H" “4)
Then, the weakest areas of passive films will

preferentially act as anodic sites and cause the localized

; [22]
corrosion

, just like the severely localized corrosion in
Fig.6e. Furthermore, Y element is detected in the corrosion
products according to Fig.7. It exists as yttrium-containing
oxide film and it can be deduced that following reactions **!
have occurred:

4Y + 30, — 2Y,04 5)

Y,0;5 + 3H,0 — 2Y(OH); (6)

The addition of Y can increase the corrosion resistance
for the presence of Y,0; layer on the surface 241 This is
because that compared to the a-Mg = 0.81 (density of oxide
film for Mg) 1, the value for Y is much bigger (aY>1),
leading to a more compact Y,0; oxide film. Besides, the
increased I-phases can act as effective barriers to suppress
the growth of pits as is reported by D. K. Xu et al .
Therefore, the fine dispersed small size Y contained

I-phases are beneficial for preventing the A2 alloy from
severe pit corrosion in Fig.6, and the film formed on the
surface of the A2 alloy is more protective, which both lead
to better corrosion resistance.
2.2.2 Electrochemical measurements of experimental alloys
To investigate the corrosion behavior during the 72 h
immersion test, the polarization curves of the four alloys
immersed in Ringer’s solution for 1, 12, 24, 48 and 72 h are
shown in Fig.8. The variation of corrosion potential (E.o)
and corrosion current density (J..,) are presented in Fig.9.
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Fig.8  Potentiodynamic polarization curves for the alloys
immersed in Ringer’s solution for different time: (a) PM,
(b) EX, (c) Al, and (d) A2
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All the potentiodynamic polarization curves of the four
alloys are very similar and the values of initial E,, are
close. Fig.9 shows that the E,,, of the PM alloy during the
72 h immersion reaches its noblest value of —1.469 V at 48h
with J,,, reaching the top at the same time. The J,, of the
PM alloy is much higher than that of the other three alloys
in every time interval, which indicates its poor corrosion
resistance. The J,,, of the EX and Al alloy are close during
the 72 h immersion and are much lower than that of the PM
alloy, which suggests that hot extrusion can slow down the
corrosion rate. The A2 alloy exhibits a steady increasing in
E o during the 72 immersion and the J,., changes little in
the range of 39.81~79.43 pA/cm?, which indicates a steady
corrode in Ringer’s solution. As the J.,, value has a
relationship with the corrosion rate, the A2 alloy with the
lowest J.o; value shows its best corrosion resistance among
the four alloys.

0 10 20 30 40 50 60 70
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Fig.9 Econ (a) and Jeorr (b) of the four Mg-6Zn-1Y alloys

3 Conclusions

1) The grains of the EX, A1 and A2 alloys are refined due
to dynamic recrystallization occurring during the hot
extrusion. Strip second-phases can be observed after
extrusion and small phases precipitate in matrix a-Mg after
72 h aging. The second-phases are proved to be MgZn,
MgZn, and I-phase.

2) The mechanical properties of the alloys are enhanced
by the hot extrusion and the values of compressive strength
of the PM, EX, A1l and A2 alloys are 274, 365, 385 and 399

MPa, respectively. The modulus of the four alloys are in the
range of 33~37 GPa, which is close to that of the natural
bone.

3) The results of immersion tests show that the A2 alloy
exhibits the slowest corrosion rate and the conclusion
derived from the result of potentiodynamic polarization
curves are the same as that from immersion tests. Therefore,
the A2 alloy exhibits better corrosion resistance than the
other three alloys.

4) The corrosion resistance of the EX alloy, A1 alloy and
A2 alloy are much better than the PM alloy, due to the fine
grains obtained by hot-extrusion. Aging time also
influences the corrosion resistance of Mg-6Zn-1Y alloy,
attributed to the alternative distribution and effect of
varying second particles.

5) Pit corrosion occurs during the corrosion process and
the A2 alloy shows better corrosion resistance than the EX
alloy after 72 h immersion due to a more protective surface
film and uniform corrosion behavior.
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