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High pressure technology was employed to improve the corrosion properties of Mg-Y based alloys.
The microstructures, corrosion rate and corrosion mechanisms were investigated. The results revealed
the yttrium concentration in magnesium matrix was increased and the secondary dendrite arm spacing
was reduced as the temperature of high pressure was increased. The corrosion performances in both
simulated body fluid and Hank’s solution were evaluated by the immersion and electrochemical tests.
Remarkably difference in the electrochemical impedance spectroscopy was encountered between as-
cast and high pressure samples. Compared with the as-cast specimen with a simple inductive loop in
high frequency region, the high pressure samples mostly consist of both a capacitive loop and an
inductive loop. The improvement of corrosion properties was mainly associated with the continuous
secondary dendrite boundaries and the accumulated oxide film on the surface. It was demonstrated that
the high pressure solidification was an effective method to improve the corrosion properties of Mg
based degradation implants.
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1. INTRODUCTION

Mg alloys have been received significant interests due to their potential applications as a new
generation of biomedical implants. At the early stage of Mg biomaterials, some commercial Mg alloys
used to structural materials have been adopted as biomaterials directly, such as AZ91, AZ31, AM60B,
WEA43 etc.[1-4]. However, the strength, creep properties and thermal stability have been the main
concerns during the optimization of these alloys [5-8]. The issue of biocompatibility has barely been
considered. Consequently, the potential bio-toxicity of degradation products has been the inevitable
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problem as orthopedic biomaterials. Therefore, to develop new alloy has become an urgent issue for
the application of Mg based implants. Recently, it has been reported that hydrogen evolution has
hardly observed during the degradation process in MgZnCa glasses implants, which provided a new
method to develop biodegradable implants [9]. Thereafter, it was found that the Mg-6wt.%Zn alloy
exhibited suitable mechanical strength, good biocompatibility and moderate corrosion rate [10]. In
addition, the effects of Ca element on the bio-degradation behaviour and cyto-compatibility of Mg
have been studied, and it was suggested that Mg-1wt.% Ca alloy was one of the promising orthopedic
biodegradable materials [11]. More attractively, the binary Mg-RE (RE: rare earth element) alloys
were introduced as the novel biomaterials for fine implants or degradation stents in terms of the
toxicity and strength [12]. It is believed that these novel alloys offer high mechanical strength by
suitable structural design[13].

However, the high corrosion rate still remains a bottleneck to impede the application of Mg
based biomaterials. Generally, the coating, such as micro-arc oxidation[14], hydroxyapatite [15], acid
treatment [16] and the composite layer[17], have been performed to improve the corrosion properties.
On the one hand, these coatings increase the potential toxicity owing to the released other ions. More
cyto-compatibility experiments should be added before the clinic test. On the other hand, the corrosion
rate is out of control because the corrosion rate is accelerated as soon as the coatings have been
destroyed. Therefore, it is very stimulating to improve the corrosion properties of the implants by
means of other methods.

High pressure (especial higher than 5 GPa) has been confirmed as an important technology to
prepare some new materials, such as diamond [18], B-N-C [19] etc. Up to now, several researchers
have focused on the effects of the pressure on the microstructure and phase transition of Al-based and
Cu-based alloys [20, 21]. Schilling [22] reported that high pressure can refine the microstructures of
Al-based materials by promoting the formation of nucleus. Wang et al [23] found the glass forming
ability of the alloy can be enhanced by high pressure. In the present work, high pressure technology is
performed to improve the corrosion properties of Mg-Y based biomaterial, which could offer
outstanding mechanical strength in combination of high biocompatibility.

2. MATERIALS AND METHODS

2.1 Materials preparation

Mg-7Y-0.5Zn alloy (wt.%, all compositions given thereafter in wt.%) was prepared by zone
solidification purifying method. This method was specially developed to prepare high pure Mg based
biomaterials in our previous literature [24]. The alloys were prepared in a steel crucible protected by a
mixture of CO, and SFg. After mixing at 720 °C for 1 hour, the alloy was cast to the mold preheated at
650 °C. The filled mold was held at 670 °C for 1 hour under the protective gas. Then, the whole steel
crucible with the alloy was immersed into the cool water at 1 mm/s. When the bottom of steel crucible
touched the water, it stopped for 2 seconds. As soon as the liquid level of inside melt was alignment
with the height of water outside, the solidification process was finished. The ingot of 60 mm in
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diameter and 180 mm in length was obtained (named AC-Mg-Y). The chemical composition was
studied by X-ray fluorescence spectroscopy, and the detailed composition was Mg-6.32Y-0.43Zn.

The ingot was machined into 30 mm in diameter and the gauge length of 8 mm for high
pressure sintering (HP). The samples were wrapped with Ta foil, and then they were inserted into a
pure BN crucible. The pressure and time were 6 GPa and 60 min, respectively. The sintering
temperatures were  650°C(HP-650-Mg-Y), 750C(HP-750-Mg-Y)and 850°C(HP-850-Mg-Y),
respectively. The pressure of 6 GPa was added before increasing the temperature. The heating rate was
40 C/min. In the end of the HP process, samples were quenched to room temperature prior to
releasing the applied pressure. Finally, the HP samples were then heated slowly (5 K/min) to 473 K
and reserved at the temperature for 5 min to release the residual stress under Ar protection.

2.2 Microstructure and microhardness

The microstructural investigations were performed using optical microscopy (OM) and
scanning electron microscopy (SEM). For SEM observation, the standard metallographic procedures
were applied, including grinding, polishing and etching. The samples were etched in a picral solution
to reveal grain boundaries. The secondary dendrite arm spacing (SDAS) were measured using the
linear intercept method. The Y content in the matrix was investigated by SEM equipped with energy
dispersive X-ray analysis. The microhardness test was carried out on the Vickers hardness tester, the
test load and dwelling time were 100 g and 15 s, respectively. The hardness was measured on the
surface perpendicular to the high pressure direction. The average value is obtained based on ten spots.

2.3 Corrosion properties

2.3.1 Immersion test

The corrosion rate was tested in simulated body fluid (SBF) and Hank’s solution at 37+2°C (the
ratio of surface area to solution volume was 100 mm?%20 ml). The composition of SBF is shown in
previous literature [25]. Hank’s buffered salt solution was purchased from Gibco-invitrogen (Grand
Island, USA). The diameter and the height of tested samples were 5 mm and 5 mm, respectively. The
tested time was two weeks. The corrosion reaction of Mg-based alloys was calculated by the following
chemical equation [26]:

Mg + 2H,0 = Mg(OH), +H, T 1)

After immersion, the corrosion rate was cross-checked by measuring the weight of the
specimens before and after the immersion test. The latter was done after cleaning and removal of all
corrosion products in chromic acid (180 mg/ml, 0.5 hour immersion at room temperature). The average
corrosion rate (ACR, mm/y) is given [27]:
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ACR =(KxW)/(AxtxD) )

where the coefficient K=8.76x10°, W is the weight loss (g), A is the sample area exposed to
solution (mm?), t is the exposure time (h) and D is the density of the material (g mm3). Five samples
have been performed to calculate the average result and the standard deviation.

2.3.2 Corrosion rate by Tafel measurement

Electrochemical tests were carried out using a Bio-logic VSP potentiostat/frequency response
analysis system to evaluate the corrosion behaviors of the specimens at 37+2°C. A saturated Ag/AgCl
(saturated with KCI) was used as the reference electrode. A platinum mesh and the investigated
specimen were used as the counter electrode and the working electrode (3.96 mm? exposed area),
respectively. The electrochemical tests were conducted in both SBF and Hank’s solutions at a scan rate
of 0.25 mV/s. The polarization curves were used to estimate the corrosion and pitting potentials (Ecor,
Epp), and corrosion current density (lcor) at corrosion potential (Ecor) by the Tafel extrapolation of the
cathodic branch. Four samples have been performed to obtain the average result and the standard
deviation. The I, is related to the ACR (mm/y) using the conversion equation [28]:

ACR=22.85 leor (3)

2.3.3 Electrochemical impedance spectroscopy

The instrument and three electrodes were the same as the above electrochemical test.
Electrochemical impedance spectroscopy (EIS) studies were performed at open circuit potential with
the amplitude of 10 mV over the frequency range of 10.000-0.1Hz on specimens exposed to the
corrosive electrolyte for different durations viz., 2, 4, 6, 8 and 12 h to investigate the corrosion
mechanism. All the tests were performed at 37+2°C with stirring in the bottom, and the tests were
performed in triplicate to ascertain reproducibility.

3. RESULTS AND DISCUSSION

3.1 Microstructural characterization

Fig. 1 shows the microstructures of different state Mg-Y based alloys. It can be seen that four
samples are mainly composed of the dendrites, precipitate and the matrix. The river-shaped eutectic
phase is mostly segregated along the dendrite boundaries in the AC-Mg-Y sample. According to
previous results [29, 30], the white river-shaped precipitate is ascribed to Mgy4Ys compound.
Compared with as-cast sample, the dendrite boundaries in the HP treated samples are homogeneous
and continuous. More importantly, with the increment of the temperature, the SDAS is decreased
obviously. The detailed values are shown in Fig. 2a.
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Figure 1. SEM micrographs of the different state Mg-Y alloys, (a) AC-Mg-Y; (b) HP-650-Mg-Y;; (c)
HP-750-Mg-Y; (d) HP-850-Mg-Y.
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Figure 2. (A) SDAS of the different state Mg-Y alloys; (B) microhardness and Y concentration in
matrix of the different state Mg-Y alloys.

The SDAS value of as-cast sample is 118 um, which is about five times as high as that of the
HP-850-Mg-Y specimen. Both solid solution Y concentration and microhardness dependence of the
HP temperature are also shown Fig. 2b. It is shown that Y concentration in the matrix is enhanced with
the increased temperature. The maximum Y content is 6.8 wt.% in the HP-850 sample, which is 1.24
times as high as that in as-cast one. At the same time, as the HP-temperature is increased, the
corresponding microhardness is also improved.

3.2 Corrosion properties

The ACR of the samples immersed in both SBF solution and Hank’s solution was studied by
use of weight loss. In general, compared with the as-cast sample, the ACR is decreased after high
pressure treatment (Fig. 3).

For example, the maximum ACR of the AC-Mg-Y alloy is 2.18 mm/y in SBF solution.
However, the value changes to 1.19 mm/y of the HP-850-Mg-Y alloy. In addition, in contrast to the
ACR in SBF solution, the corresponding ACR value in Hank’s solution is lower. As far as the AC-Mg-
Y alloy is concerned, the value of 1.18 mm/y in Hank’s solution is only 54 percent of that in SBF
solution. More attractively, the corrosion rate of the samples after high pressure treatment is lower than
1 mm/y in Hank’s solution. It is demonstrated that the corrosion rate of the HP-Mg-Y alloys in Hank’s
solution meets the prerequisites of decomposed metallic implants [31].
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Figure 3. ACR of the different state Mg-Y alloys in both SBF and Hank’s solutions calculated by

weight loss.
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Table 1. Electrochemical parameters of the samples derived from polarization tests in the SBF
(standard deviation).

Alloys Ecorr (mV) Icorr (mA/mm?) Epp (mV) ACR(mmly)
AC-Mg-Y -1607+71 8.19+0.21 x10-4 -1194+61 2.02+0.05
HP-650-Mg-Y  -1549+52 6.02+0.11 x10-4 -1215+25 1.374+0.03
HP-750-Mg-Y  -1508+45 5.354£0.11 x10-4 -1145+21 1.224+0.03
HP-850-Mg-Y -1459+52 3.60+0.03 x10-4 -1250+42 0.81+0.01

The Tafel curves of different alloys in SBF at 37 C are shown in Fig. 4a. The detailed values
obtained from the Tafel curves are summarized in Table 1. The polarization curves shift toward
positive direction as the high pressure temperatures are increased, and the Egor is improved

monotonically.

For instance, the Ecorr Of the AC-Mg-Y alloy is -1607 mV (Ag/AgCl), and it changes to -1459
mV(Ag/AgCl) in the HP-850-Mg-Y alloy. In addition, the l¢r is reduced with the increment of HP-
temperature. The maximum I Of the AC-Mg-Y alloy is 8.19 x10™* mA/mm?, which is 2.28 times as
high as that of the HP-850-Mg-Y alloy. The obvious passivation potentials are observed in four

specimens.

Moreover, the passivation plateau (the passive potential region, AE=E,;—Ecorr) is also shortened
with the increased high pressure temperatures. The approximate passivation domain of the AC-Mg-Y
alloy is 413 mV, which is twice than that of the HP-850-Mg-Y alloy.
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Table 2. Electrochemical parameters of the samples derived from polarization tests in Hank’s solution
(standard deviation).

Alloys Ecorr (MV) | o (MA/MM?)  EPP (MV)  ACR(mmly)
AC-Mg-Y -1600+82 2.6£0.02 x10-4  -1061+11 0.60+0.02
HP-650-Mg-Y -1471+£52 1.1£0.02 x10-4  -1208+21 0.25+0.02
HP-750-Mg-Y -1470+20 7.9+£0.01 x10-5 -1113+£52 0.18+0.01
HP-850-Mg-Y -1466+80 6.9£0.01 x10-5 -350+12 0.16+0.01
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Figure 4. Tafel curves of the different state Mg-Y alloys, (A) in SBF; (B) in Hank’s solution.
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Fig. 4b shows the Tafel curves of different alloys in Hank’s solution at 37 °C. The detailed
values deduced from the polarization curves are listed in Table 2. The same trend that the polarization
curves alter toward positive direction is detected with the increment of high pressure temperature.
Meanwhile, the I is reduced with the increment of high pressure temperature. Additionally, all four
samples reveal the passivation behaviour. However, compared with the results in the SBF, there are
several different aspects as following. Firstly, the similar E¢or Of -1470 mV is observed in Hank’s
solution after high pressure treatment. Secondly, the lower I IS detected in contrast to the
corresponding one in SBF, which is in agreement with above immersion results. Finally, the “V-
shaped” trend of passivation plateau is confirmed in Hank’s solution. Namely, the minimum value of
270 mV is observed in the HP-650-Mg-Y alloy.

3.3 Electrochemical impedance spectroscopy

The Nyquist plots for the studied alloys after immersion in SBF solution for several times up to
12 hours are shown in Fig. 5.
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Figure 5. EIS curves in SBF after different immersion time, (a) AC-Mg-Y; (b) HP-650-Mg-Y’; (c) HP-

750-Mg-Y: (d) HP-850-Mg-Y.
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Figure 6. EIS curves in Hank’s solution after different immersion time, (a) AC-Mg-Y; (b) HP-650-
Mg-Y; (c) HP-750-Mg-Y; (d) HP-850-Mg-Y.

For the AC-Mg-Y alloy, an inductive loop in high frequency (HF) region for all the immersion
times is observed, which indicating that this corrosion layer was not very protective. On the contrary,
for other high pressure samples, it is mainly characterized by a capacitive loop at high and medium
frequencies (HF and MF) and an inductive loop in the low-frequency (LF) region (Fig. 4b-4d).

In addition, the effects of the immersion time in Hank’s solution on the Nyquist plots of the
studied alloys are shown in Fig. 6. Similarly, an inductive loop in HF region during the whole
immersion time is observed in the AC-Mg-Y alloy. However, the EIS is mainly composed of a
capacitive loop (HF and MF) and an inductive loop in the LF region for high pressure samples.
Furthermore, with increasing the immersion time, the inductive loop in the LF region is more obvious

(Fig. 5d).

4. DISCUSSION

The results reveal that high pressure is one of effective method to improve the microhardeness.
The improvement of microhardness is mainly associated with the following three aspects. Firstly, the
solid strengthening plays a significant role in enhancing the mechanical properties. It is well confirmed
that the solid solution of Y is increased with the increment of high pressure temperature. The solid
solution obeys Friedel limit that the concentration dependence of the yield stress varies as square root
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of solid solution concentration (c™%)[32]. Namely, the solid solution strengthening increases strength
of the material by increasing critical resolved shear stress to dislocation movement. Simultaneously, as
solid solution of Y element is increased, the fraction of coarse second eutectic phase is reduced, which
will effectively eliminated the stress concentration. The similar results have been also observed in Al
alloys and Cu alloys [20, 22]. Secondly, the super high pressure shortens the space between the atoms
and decreases the diffusion coefficient, and restrains the growth of the grain. The solidification of
metals under super-high pressure can result in fine and non-equilibrium microstructures owing to the
high super-cooling. The high pressure can cause crystal lattice distortion and a good deal of dislocation
in grains, resulting in more nucleation sites being provided. Thus, some nano-grained structure and
metallic glass have been prepared under high pressure [23, 33]. The homogeneous microstructure is
attributed to the increment of mechanical properties. Thirdly, the high pressure can effectively reduce
the porosity and increase the density of the alloys. It is elucidated that the defects and gases can be
significantly eliminated during the solidification. The microstructure is more compact, and the
microhardness is higher [21].
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Figure 7. Fitting equivalent circuits in both SBF and Hank’s solutions, (a) AC-Mg-Y alloy; (b) HP-
850-Mg-Y alloy.

It is well known that a HF capacitive loop is mostly associated with the charge transfer
resistance and double layer capacitance at the solution/metal interface [26]. The inductive behaviour at
low frequencies is generally attributed to high concentration of Mg ions on relatively film-free areas or
with an intermediate step in the corrosion process involving the presence of adsorbed surface species
[6]. The existence of inductive loop commonly leads to the reduction of the dissolution of the alloy due
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to formation of a corrosion layer. Two equivalent circuits are shown in Fig. 7. For the AC-Mg-Y alloy
(Fig. 7a), the fitting Nyquist plots can be represented as Rs(CcpeRct). On the contrary, for another HP-
850-Mg-Y sample (Fig. 7b), the fitting Nyquist plots is characterized as Rs(Ccpe(Ret RL), Where Ccpe
and R stand a constant phase element (CPE) and an inductance (L), Rs and R are solution resistance
and charge transfer resistance, respectively. Meanwhile, R includes both the cathodic and anodic
resistance. CPE was used instead of a pure capacitance due to non-uniform distribution of the surface

reaction.

700
(a)
600 by
' ®
"
—~ 500 - L
NE v
G 400} v s
E M
- 4
3,, 300 $ $
X 200 ] n m AC-Mg-Y alloy
® HP-650-Mg-Y alloy
& HP-750-Mg-Y alloy
100 - v HP-850-Mg-Y alloy
0 1 L 1 2 1 L 1 N 1 L 1 " 1
0 2 4 6 8 10 12

Immersion time (h)

B AC-Mg-Y alloy
(b)950 " ® HP-650-Mg-Y alloy
A HP-750-Mg-Y alloy L
900 -y HP-850-Mg-Y alloy
NE 850 |- T
5) n
: 800
S TSOL T
x” = g
700 - s 1 ¥
650 &—a e 7
I ® v ©
600 + ¢
2 4 6 8 10 12

Immersion time (h)
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The R dependence of the immersion time in both SBF and Hands solution is shown in Fig. 8. It
can be seen that the fluctuation of R in the SBF is decreased after high pressure treatment. Namely,
the AC-Mg-Y alloy shows the largest ARs of 410 ohm in the SBF solution. This trend is more obvious
that the largest ARg of the AC-Mg-Y alloy is 190 ohm in Hank’s solution. Nevertheless, the constant
Rs of 650 ohm is observed in three samples after high pressure treatment during the investigated range.
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It is indicated that the majority of corrosion products are mostly dissolved in the SBF for the AC-Mg-
Y alloy. The decomposed products are accumulated on the surface, which hardly affect the resistance
of solution.

The morphologies after immersion in the SBF and schematic diagrams of different corrosion
mechanisms are shown in Fig. 9.
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Figure 9. Morphologies after immersion in SBF for 2 days and corrosion mechanisms of the different
state Mg-Y alloys, (a)-(c) AC-Mg-Y; (d)-(f) HP-850-Mg-Y.

For the AC-Mg-Y alloy, some large and deep holes are observed on the surface, which means
that pitting corrosion dominates during the process (Fig. 9a-c). At the same time, the corrosion
products are dissolved in the solution, which is consistent with the above EIS results. However, for the
HP-850-Mg-Y alloy, the Mg matrix is decomposed and the convex secondary dendrites are retained on
the surface (Fig. 9d-f). The corrosion process of the HP-850-Mg-Y alloy can be interpreted that a
stable double layer at the dendrite/electrolyte interface forms at the beginning of corrosion. It is shown
that the corrosion products are mainly segregated on the surface to form a corrosion film. As a
consequence, the continuous and homogeneous secondary dendrites and the existence of film formed
by the decomposed products are mainly associated with the improved corrosion properties. The similar
results are reported by Miller et.al.[34] that the improved corrosion resistance is achieved when Y is
confined to the solid solution for non-equilibrium Mg-Y alloys. Additionally, Sudholz et.al [30]
confirmed that the corrosion properties of as-cast Mg-Y alloys were decreased with increment of the
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fraction of second Mga.Ys precipitate recently. Davenport et.al. [35] revealed that the heat treatment
and the redistribution of the Y-rich regions in WE43 can improve corrosion resistance. Yao et.al. [36]
reported that the alloying of Mg with RE elements allowed the RE elements to be incorporated into the
passive film, which can impede corrosion. Those results also demonstrated that the high cooling rate
and fine and well-distributed second phase are of benefit to improve the corrosion properties of Mg-RE
alloys.

In addition, the value measured by immersion test is higher than that calculated by the Tafel
curve. It is mainly because that the irregular pits formed readily at the beginning of corrosion. These
pits act differently comparatively to those formed on the Al alloys [37]. They spread laterally covering
the entire surface instead of the growth of the depth. As a result, it provokes the undermining of grain.
When enough mass has been lost around them, the particles would fall away. Therefore, the falling
particles during corrosion are overestimated compared with that calculated from Tafel curve [38].

5. CONCLUSIONS

High pressure technology was introduced to improve the corrosion properties of Mg-Y based
biomaterials. On the base of microstructure, corrosion rate and corrosion mechanisms of the alloys, the
following conclusions can be drawn:

o The secondary dendrite arm spacing is decreased greatly after high pressure
solidification.

[ The microhardness is improved owing to the solid solution strengthening, homogeneous
non-equilibrium microstructure and the reduction of defects.

o The improvement of corrosion properties of high pressure samples is mostly associated
with the continuous dendrite boundaries and the formation of oxide layer on the surface.

° Compared with the results calculated from Tafel curve, the higher corrosion rate is

observed by immersion test owing to the isolated particles during the corrosion process.
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