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Abstract: The effects of micro-alloying treatment on corrosion resistance and mechanical properties of biomaterial magnesium alloy
were investigated by optical microscope (OM), scanning electron microscope (SEM), immersion test, electrochemical test, and tensile
test. The results show that after successively adding Zn, Zr, and Dy, the grain of magnesium alloys is refined and the second phase is
generated and grows up. When Zn, Zr, and Dy are simultaneously added into magnesium alloy, the grain size of alloy is decreased
from 1087 um to 70 pm and the microstructure becomes more uniform. Moreover, the addition of Zn, Zr, and Dy significantly
improves the corrosion resistance and mechanical properties of magnesium alloy: the corrosion rate decreases from 2.01 mm/a to 0.92
mm/a; the self-corrosion current density decreases from 4.22 pA/cm’ to 2.05 pA/cm?; the yield strength, ultimate tensile strength, and

elongation increase from 30.5 MPa, 69.5 MPa, and 6% to 84 MPa, 154 MPa, and 8.6%, respectively.
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Magnesium alloys can avoid stress shielding effect because
their elastic modulus and density are similar to those of
human bone. Moreover, magnesium ion is one of the
fundamental elements of life activity! . However, because of
the rapid corrosion rate in human body, magnesium alloys can
hardly meet the service requirements and may even lead to the
accumulation of corrosion products and hydrogen bubbles,
which may cause clinical complications for patients™®.

To overcome the disadvantages of fast corrosion rate during
the service life of magnesium alloys, many studies have been
conducted to improve the corrosion resistance, such as micro-
alloying, heat treatment, and thermal deformation”. Micro-
alloying is one of the most basic and important methods of
modifying magnesium alloys, which can effectively improve
the mechanical properties and corrosion resistance of
magnesium. The suitable alloying elements are normally
beneficial or at least harmless to humans®. Zn and Zr
elements have low toxicity to human organs and can promote
the growth of human bone cells, which are beneficial for bone

[9-11]
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improving the mechanical
alloys™*'4,

significantly improve the mechanical properties and corrosion
[15

properties
The addition of rare earth elements can

of magnesium

resistance of magnesium alloys as well™”. Rare earth elements
can eliminate the impurities, increase the electrode potential
of magnesium matrix, and form a stable protective film to
improve the corrosion resistance of magnesium alloys"®'".
Among the rare earth elements, Dy element is less toxic than
other commonly used rare earth elements, such as Nd, Y, La,
and Pr'"*". In addition, Dy is soluble in magnesium alloys,
which improves the solution strengthening effect, and its
electrode potential is higher than that of magnesium, which is
beneficial for increasing the electrode potential of the
magnesium matrix, thus decreasing the corrosion rate of the
alloy™”.

Zhang et al"” studied Mg-Zn alloys and found that the
proper addition of Zn element improves the corrosion
resistance and mechanical properties of magnesium alloys.
Gandel et al”” found that the addition of Zr and Sr elements

can refine the grains, which is beneficial for the improvement
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of the corrosion resistance and mechanical properties of as-
cast Mg-Zr-Sr alloys as biodegradable orthopedic implants. Bi

12223 studied the effects of extrusion and heat treatment on

et al
the structure, mechanical properties, and corrosion resistance
of Mg-1Zn-12Dy alloys and found that the addition of Dy
element leads to the formation of long period stacking ordered
(LPSO) phase in the alloy and the morphology and
distribution of LPSO phase have obvious influence on the
mechanical properties and corrosion resistance of the alloy.
Yao et al®" pointed out that the addition of various alloying
elements in magnesium alloys contributes to the strengthening
of mechanical properties and corrosion resistance of
magnesium alloys. However, the high content of the added
elements is likely to have adverse effects on human body. For
example, excess Zn may cause zinc poisoning. When the
content of Zr and Dy is high, Zr and Dy are easy to
accumulate in the body and affect human health, especially
the organs, such as kidney and liver. Based on the above
analysis, this research designed four alloys, namely, Mg, Mg-
27n, Mg-27Zn-0.5Zr, and Mg-2Zn-0.5Zr-1.5Dy, to analyze the
effects of trace Zn, Zr, and Dy addition and the number of
alloying elements on the properties of magnesium alloys.

1 Experiment

Different contents of elements Zn, Zr, and Dy were added
into magnesium (99.95wt%) to obtain Mg-2Zn, Mg-2Zn-0.5Zr,
and Mg-27Zn-0.5Zr-1.5Dy alloys. The alloys were melted in a
ZGJL0.01-40-4 type furnace, and the mixed gas of SF+CO,
was used as the protective gas. When the alloys were heated to
740 °C in a graphite crucible and kept at 720 °C for 5 min, the
melted alloys were then poured into a preheated steel mold
with the size of 160 mmx45 mmx100 mm at 200 °C. Mg
(99.95wt%) and Zn (99.99wt%) were added as pure metals, Zr
was added as Mg-Zr with 30wt% Zr, and Dy was added as
Mg-Dy with 20wt% Dy.

The alloys were machined by cutting-wire into specimens
of @11.3 mmx8 mm in size. The specimen surface was firstly
polished by sandpaper of 800#, 1000#, 1500#, and 2000# and
then by the polishing machine. Finally the specimens were
washed by pure water and ethanol to observe the micro-
structure of the specimen by scanning electron microscope
(SEM, JSM-5610LV, JEOL, JAPAN) equipped with an energy
dispersive X-ray spectrometer (EDS). The specimen surface
was etched and polished by 4vol% nitric acid alcohol solution,
and the microstructure was observed by Zeiss optical micro-
scope (OM, OLYMPUS PMG3, JAPAN). D8 ADVANCE
X-ray diffractometer (XRD) equipped with Cu target Ko rays
was used to analyze the phases of alloys. The angle range was
set as 15°~85°, and the scanning speed was set as 2°/min.

Specimens with a size of @18 mmx5 mm were obtained for
the immersion test, and the corrosion was conducted in the
simulated body fluid (SBF) solution. The ratio of the SBF
volume to the specimen area was 30 mL/cm’, the temperature
of solution was kept at 37+0.5 °C, the pH value was adjusted
to 7.6+0.2, the total immersion duration was 120 h, and SBF
solution was replaced every 24 h. The mass of specimens was

weighed and recorded. After immersion for 120 h, the
specimens were put in chromic acid solution (20wt% CrO,+
1wt% AgNO,) and cleaned ultrasonically for 5 min to remove
the corrosion products on the surface. After removing the
corrosion products, the specimens were weighed and recorded
again. The experiment conditions of the hydrogen evolution
test were similar, and the hydrogen evolution experiment
recorded the amount of released hydrogen every 24 h. The
corrosion rate of magnesium alloy could be calculated by
Eq.(1), as follows:

CR=8.76Wx10*ApT )
where CR is the corrosion rate of alloy (mm/a); W is the mass
loss after immersion (g); 4 is the area of specimen (cm’); p is
the density of alloys (g/cm’); T is the immersion time of alloys
(h)™. Each type of alloys was tested 3 times.

The specimen size for electrochemical test was @11.3 mmx
8 mm. The polarization curve and impedance were obtained
by NOVA Autolab electrochemical workstation (AUT84580).
The electrochemical test started after the specimen was
immersed in SBF solution for 1 h. The potential range of the
polarization curve was set as —1.9~—1.2 V, and the scan rate
was 0.005 V/s. The impedance frequency range was set as
10"'~10° Hz, and the amplitude was 5 mV.

The specimen size for tensile test was set according to the
GB6397-86 standard. Shimadzu AG-1250KN material testing
machine was used for tensile test at room temperature. The
tensile rate was 1 mm/min, and each type of alloys was tested
5 times.

2 Results

2.1 Microstructure

Fig. 1 shows the OM microstructure of Mg and different
alloys. The average grain sizes of Mg, Mg-2Zn,
Mg-27Zn-0.5Zr, and Mg-2Zn-0.5Zr-1.5Dy alloys are 1087,
181, 144, and 70 um, respectively. Due to the addition of
elements, the grains of alloys are refined. In addition, there are
many twins in the crystal grains in as-cast magnesium matrix.
With the addition of Zn, the twins disappear and many
dendrites appear in the magnesium matrix. Zhang et al®”
found that the second phase is mainly distributed along the
dendrite boundary. When Zn and Zr are added, the grains are
equiaxed crystal, and the content of the second phase is less.
As for Mg-2Zn-0.5Zr-1.5Dy alloy, the grains are equiaxed
crystal and the second phase is generated along the grain
boundaries.

Fig.2 shows the SEM microstructure of Mg and different
alloys. It can be observed that there are almost no white
particles after Zn addition. After Zn and Zr are added, the
white particles remain stable. However, the white particles are
increased in volume fraction and distributed along the grain
boundary after the addition of Zn, Zr, and Dy. EDS analyses
show that white particles at point A and B mainly consist of
Mg and Zn elements, and those at point C mainly consist of
Mg, Zn, and Dy, as shown in Table 1. From Table 1, the
second phase of Mg-2Zn and Mg-2Zn-0.5Zr alloys is
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Fig.1 OM microstructures of Mg (a), Mg-2Zn (b), Mg-2Zn-0.5Zr (c), and Mg-2Zn-0.5Zr-1.5Dy (d) alloys

Fig.2 SEM microstructures of Mg (a), Mg-2Zn (b), Mg-2Zn-0.5Zr (c), and Mg-2Zn-0.5Zr-1.5Dy (d) alloys

Table 1 Composition of point A in Fig.2b, point B in Fig.2¢c, and

point C in Fig.2d
Point Mass fraction/wt% Atomic fraction/at%
oini
Mg Zn Dy Mg Zn Dy
A 96.78 3.22 - 98.78 1.22 -
B 96.95 3.05 - 98.84 1.16 -

C 74.21 11.95 13.84 91.93 5.50 2.57

composed of Mg and Zn elements, and the chemical
composition is equivalent. The second phase of Mg-2Zn-

0.5Zr-1.5Dy is composed of Mg, Zn, and Dy elements.

XRD patterns of different alloys are shown in Fig. 3.
Mg-Zn-Dy appears after Dy addition, but the second phase of
Mg-Zn cannot be detected because the content is too small.
There is little second phase in the alloys, so it can be inferred
that some added elements are dissolved into the alloys. Zn and
Dy have a good solid solubility in magnesium alloys, which
can lead to solid solution strengthening of the alloys and
improve the corrosion resistance and mechanical properties of
the alloys™.
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Fig.3 XRD patterns of Mg-2Zn, Mg-2Zn-0.5Zr, and Mg-2Zn-0.5Zr-
1.5Dy alloys

2.2 Corrosion resistance

Fig. 4a shows the results of immersion experiment. The
corrosion rate of Mg is 2.01 mm/a. With gradually increasing
the number of alloying elements, the corrosion rate of alloys is
decreased. The corrosion rate of Mg-2Zn-0.5Zr-1.5Dy alloy is
the lowest of 0.92 mm/a, and it is reduced by 63.7% compared
with that of magnesium matrix. The change trend of corrosion
rate result is consistent with that of the hydrogen evolution
result, as shown in Fig.4b.

Fig.4b shows the results of hydrogen evolution of Mg and
different alloys. With gradually increasing the number of
alloying elements, the volume of released hydrogen is
decreased. According to the chemical reaction of Mg+2H'=
Mg”*+H,, it can be seen that the greater the volume of released
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Fig.4 Corrosion rate (a) and average hydrogen evolution rate (b) of

Mg and different alloys

hydrogen, the worse the corrosion resistance of alloys.
Therefore, the corrosion resistance of the alloys is enhanced
after adding alloying elements. The Mg-2Zn-0.5Zr-1.5Dy
alloy shows the best corrosion resistance among the
investigated alloys, which further proves that the addition of
alloying elements is beneficial to improve the corrosion
resistance of the magnesium alloys.

Fig. 5 shows the appearances of Mg and different alloys
after soaking in SBF solution for 120 h and then removing the
corrosion products. With gradually increasing the number of
alloying elements, the corrosion situation of alloys is eased,
and the surface corrosion morphologies become more and
more uniform. The corrosion of Mg specimen is the most
serious, showing a large number of corrosion pits. After the
addition of Zn element, the corrosion pits on the alloy surface
are obviously less. After the addition of Zn and Zr elements, a
banded corrosion morphology appears on the alloy surface,
and the corrosion pits become shallow. After the addition of
Zn, Zr, and Dy elements, the surface corrosion morphology of
the alloy is the least serious and uniform, which indicates that
the corrosion resistance of the alloy is improved with the
addition of Zn, Zr, and Dy elements.

Fig. 6 shows the corrosion morphologies of the specimens
after immersion for 120 h. The corrosion morphology of Mg
specimen shows mainly big and deep corrosion pits. After
adding Zn element, the corrosion pits of the alloy become
small and shallow. After adding Zn and Zr eclements, the
obvious filiform corrosion appears and there are a few small
and shallow corrosion pits. After adding Zn, Zr, and Dy
elements, the corrosion morphology of the alloy is the least
serious, mainly showing the filiform corrosion.

The polarization curves of different alloys after immersion
for 1 h are shown in Fig.7. Based on the polarization curves,
the self-corrosion potential (£,,) and self-corrosion current
density (/) of Mg and alloy specimens can be estimated. As
shown in Table 2, I, of Mg specimen is 4.22 pA/cm’. With

> “corr

gradually increasing the number of alloying elements, /. is

of the Mg-2Zn-0.5Zr-1.5Dy alloy is
the minimum of 2.05 pA/cm’. E, is the breakdown potential of

gradually decreased.
the alloy protective film in SBF solution, which can reflect the
pitting-corrosion resistance. With gradually increasing the
number of alloying elements, E, of the alloys is increased.

As shown in Fig. 8a~8c, the electrochemical impedance
spectroscopy (EIS) diagrams show that the reaction capacity
of the alloys in solution is usually based on the magnitude of
the arc resistance modulus. The larger the modulus, the greater
the reaction resistance and the slower the corrosion rate of

anode alloy™”

. According to the impedance curves, the
resistance arc of Mg-2Zn-0.5Zr-1.5Dy alloy is the largest,
which indicates that Mg-2Zn-0.5Zr-1.5Dy alloy has the best
corrosion resistance.

Fig. 8d shows the equivalent circuit obtained from the
impedance arc. Since two capacitive arcs appear in the
impedance spectrum, there are two time constants in the
equivalent circuit. CEP, represents the capacitive reactance

between the SBF solution and the substrate, and CEP,
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Fig.6 Corrosion morphologies of Mg (a) and different alloys after immersion for 120 h: (b) Mg-2Zn, (c) Mg-2Zn-0.5Zr, and

(d) Mg-2Zn-0.5Zr-1.5Dy

represents the double-layer capacitive reactance between the
substrate and the solution. R, R, and R, denote the solution
resistance, corrosion product layer resistance, and Faraday
resistance, respectively. Table 3 shows the soft fitting results
of the corresponding equivalent circuits of Mg and different
alloy specimens. It can be seen from the results that when Zn,

Zr, and Dy elements are added, the sum of R, and R, is the

largest, indicating that the exchange of electronegative ions is
difficult and the corrosion rate of the alloy is the lowest.
2.3 Mechanical properties

Fig. 9 shows the tensile test results of Mg and different
alloys. The yield strength (YS), ultimate tensile strength
(UTS), and elongation (EL) of Mg specimen are 30.5 MPa,
69.5 MPa, and 6%, respectively. With gradually increasing the
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Fig.7 Polarization curves of Mg and different alloys after

immersion in SBF solution for 1 h

Table 2 Related experiment results from polarization curves

Specimen E N I, /uA-cm™ E/N

Mg -1.64 4.22 -1.44
Mg-27Zn -1.63 3.16 143
Mg-27n-0.5Zr -1.59 237 -1.43
Mg-27n-0.5Zr-1.5Dy -1.55 2.05 -1.40

number of alloying elements, the comprehensive mechanical
properties of magnesium alloys are gradually optimized.
Mg-27Zn-0.5Zr-1.5Dy alloy has the best comprehensive
mechanical properties and its YS, UTS, and EL are 84 MPa,
154 MPa, and 8.6%, which are 83%, 121.6%, and 43.3%

20000

higher than those of Mg specimen, respectively.
3 Discussion

The pitting corrosion occurs due to the potential difference
between the particles in the alloy and the magnesium matrix,
which alleviates the corrosion of magnesium in SBF solution.
The greater the potential difference, the faster the corrosion
rate. When the magnesium matrix around the particles is
dissolved in SBF solution, the particles fall off to form pits.
The pitting corrosion can be formed deeply in the alloy, so it
has a great influence on the mechanical properties of the alloy.
Filiform corrosion is formed because the protective film can
be easily formed on the surface of magnesium alloys. The
surface with initial protective film cannot be easily corroded in
SBF solution, but the surface without protection can be easily
corroded. Therefore, the corrosion occurs along the edge of the
film layer and a new film layer can be continuously formed
after corrosion, which can slow the corrosion rate of alloys™*.

Magnesium alloy contains impurity particles which may
easily cause a potential difference between impurity particles
and the magnesium matrix, and accelerate the corrosion of the
magnesium matrix around the impurity particles™. After the
impurity particles fall off, the corrosion pits are formed. With
the addition of Zn element, the Mg-Zn phase appears in the
alloy and then forms a potential difference between the
magnesium matrix and the surrounding Mg-Zn phase. When
the alloys are immersed in SBF solution, the magnesium
matrix can easily lose electrons and be corroded. After the
second phase falls off, the corrosion pits appear'”. Yang et
al™ found that the addition of Zr element can reduce the
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Fig.8 EIS diagrams (a~c) and equivalent EIS circuit (d) of Mg and different alloys: (a) Nyquist diagram, (b) Bode diagram of phase-frequency,

and (c) Bode diagram of Z-frequency
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Table 3  Soft fitting results of EIS circuit of Mg and different alloy specimens in SBF solution

Specimen R/Q CEP /x107° F-cm’ n R /Q-cm’ CEP,/F-cm’ R/Q-cm’
Mg 28.95 1.42 0.688 110.7 3.96x10™ 4392
Mg-27Zn 27.52 7.478 0.758 104.8 2.65%107 7233
Mg-27Zn-0.5Zr 21.59 2.306 0.630 181.5 4.50%10°° 9788
Mg-27Zn-0.5Zr-1.5Dy 2573.00 1.886 0.640 309.2 4.27x10° 18 140
180 15 be calculated (Table 2). It can be seen that with the addition of
YS . . .
150l Y urs alloying elements, /, is decreased and E, is increased. The
EL 1 125 Mg-2Zn-0.5Zr-1.5Dy alloy has the lowest 7, of 2.05 pA/cm’
s120r ) = and the highest E, of —1.40 V. Therefore, it can be concluded
b= 90l g that the corrosion resistance of the Mg-27Zn-0.5Zr-1.5Dy alloy
;’g % 1.5 is the best and the addition of Zn, Zr, and Dy elements can
& N IEE . o Lo A, .
60 % E improve the pitting-corrosion resistance of the magnesium
30 % 13 & alloys.
% The UTS is increased from 69.5 MPa to 154 MPa, and the
0 Mg Mg-2Zn  Mg-2Zn. OASZngZZnOSZr(-)LSDy YS is increased from 30.5 MPa to 84 MPa because of the

Fig.9 Mechanical properties of Mg and different alloys

influence of Fe and other impurity elements on the corrosion
resistance of magnesium alloys, thereby improving the
corrosion resistance of the alloys. With the addition of Zn and
Zr elements, the impurity elements in the alloy are purified
and a protective film is formed due to the second phase
particles. Therefore, the surface of the Mg-2Zn-0.5Zr alloy is
pitted, and filiform corrosion occurs at the outside of alloys.
As for Mg-27Zn-0.5Zr-1.5Dy alloy, there is a large amount of
Mg-Zn-Dy phase distributed along the grain boundaries,
which leads to the formation of a large area of protective film.
So the alloy presents filiform corrosion in SBF solution. Zong
et al”™ also believed that the fine and continuous second phase
(Fig. 2d) is beneficial to slow down the corrosion rate of
magnesium alloys, and magnesium alloys with pitting
corrosion are not suitable for implantation material, such as
cardiovascular stents, in human body.

Zr element can purify the impurity elements in magnesium,
thereby improving the corrosion resistance of alloys. The
standard electrode potential of Zn (=0.76 V) and Dy (-2.35 V)
is higher than that of the Mg matrix (-2.37 V)©"**. Zn and Dy
can dissolve in Mg matrix, then improve the electrode
potentials of Mg alloys, reduce the potential difference between
Mg matrix and the second phases, and finally slow down the
corrosion rate of alloys in SBF solution. Therefore, with the
addition of alloying elements, the corrosion resistance of the
alloy is gradually increased, and the corrosion rate of the
alloys is gradually decreased. Mg-2Zn-0.5Zr-1.5Dy alloy has
the lowest corrosion rate and its corrosion morphology shows
mainly filiform corrosion. So Mg-2Zn-0.5Zr-1.5Dy alloy is a
more suitable implant material for human body.

The characteristic of /. and E, from the electrochemical
test system can reflect the corrosion rate of alloys. The lower
the /

corr?

the better the corrosion resistance of the alloy™**. The

higher the E,, the stronger the pitting-corrosion resistance®”.

According to the polarization curves in Fig.7, / and E, can

addition of Zn, Zr, and Dy elements. During the tensile
deformation of alloys, lattice distortion occurs at the grain
boundaries. Slippage needs to overcome the hindrance of the
grain boundaries™. The finer the alloy grains, the greater the
resistance of the grain boundaries to the slippage and the
greater the force required for slippage.

Besides, the pinning of the second phase particles can also
hinder the slippage. Due to the addition of alloying elements,
the grain is refined and the second phase are generated,
thereby improving the overall mechanical properties of the
alloys. In addition to the strengthening effects of the
intermetallic phase, the addition of Dy may also contribute to
the solid solution strengthening of the Mg matrix”". The large
difference in the atomic radius between Dy (0.1774 nm) and
Mg (0.1602 nm) may lead to the significant lattice distortion.
Therefore, the tensile strength is increased by adding Dy
element. The small grain size increases or activates the grain
boundary sliding and torsion of the basic slip system and
angular slip system, shortens the distance of dislocation
movement, and greatly improves the plasticity™. Chen et al®”
believed that the refined grains and the redistribution of the
second phase can also affect the mechanical properties of the
alloys. According to Hall-Patch theory, the dislocations can be
propagated from one type of grains to another one through the
grain boundary. The increase of grain boundaries in number
caused by grain refinement may hinder the dislocation
propagation, resulting in an increase in the strength of the
alloy with fine grains. In addition, it is also found that the
grain refinement of magnesium alloys can increase or activate
the sliding of the matrix and the pyramid, promote the sliding
and rotation of the grain boundaries, and shorten the
movement distance of dislocations, thereby greatly improving
the plastic deformation ability of magnesium alloys.

4 Conclusions

1) The addition of Zn, Zr, and Dy elements can refine the
grain size, reduce the self-corrosion current density, and
enhance the corrosion resistance of magnesium alloys.
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WM Zn. Zr. Dy TEXEYRE SRR NF

4 BE BRI R

SRR, R, OB, A XK, HEHE!
(1. W ERHE RS MORRL S TR, W #FH 471023)
Q. BEEREMFEAH H G, W EH 471023)
(3. B & mHARL S Jaidtin T AR B S AL v A ALE O, TR PH 471023)

O EeEEME (OM). PR TEMEE (SEM). 2556, AL BRI RIGHT 7T T A A AP bl & 2 i
PVERERI A ZEERE RN . SRR, BEE Zn. Zr. Dy CRIVRM, BEESMRE AL, A& WS HAERIFK K. HILE Zn.
Zr. Dy [FRZHRMBEES &HE, &20 RS A 1087 umIF/NE] 70 um, SRALHBASELS], AL, HI0Zn. Zr. Dy ji& ] &%
DR G T T D AN ke . ARAEIRVSEIG T A, WA JCER G, A4S MEHUE A M 2.01 mmv/a FEAK 2 0.92 mm/a;  F B Il IR &
JEM4.22 pA/en’ BRI 2.05 pA/em®s JEARSRIZ . PR BURLHIGEFZFIHK 2 ) 30.5 MPa, 69.5 MPa i1 6% 1% )13 84 MPa. 154 MPa f18.6%.
KHEIR: TR BG4 MIhikRE; JrtetERE
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