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Abstract:



Mg matrix in situ composites were fabricated from Mg and ZnO powder by a spark plasma sintering method. The composition and microstructure of the sintered samples were characterized. Corrosion properties of fabricated composites were evaluated by immersion and by electrochemical tests using Hanks’ solution. The results showed that the formation of in situ products improved significantly the corrosion resistance of the fabricated composites compared with pure Mg; Mg-10 wt % ZnO composites especially exhibited the lowest corrosion rate. In addition, an energy-dispersive X-ray (EDX) analysis showed that calcium phosphate formed as a corrosion product on the surface of Mg-10 wt % ZnO composites, while Mg(OH)2 appeared as a corrosion product on the surface of Mg-20 wt % ZnO composite. The findings suggested Mg-10 wt % ZnO composite as a potential candidate for temporary implant application.






Keywords:


Mg matrix composites; corrosion property; spark plasma sintering; corrosion rate








1. Introduction


In recent decades, traditional metallic biomaterials including pure Ti and its alloys, CoCr alloys, and stainless steel have been widely applied into bone replacement and bone fixation devices in order to repair bone fractures or support in the healing process. However, these types of traditional metallic biomaterials required secondary surgery in order to remove the implants after healing [1,2,3]. Recently, Magnesium and its alloys emerged as promising candidates for biodegradable implant applications that do not require additional surgery for removal of implant after healing. Mg and its alloys are not only biocompatible but also contribute to the stimulation of bone growth and the healing process [4,5]. In addition, Mg-based materials have similar mechanical properties and Young’s modulus compared with those of natural bone, avoiding a stress-shielding effect [6,7]. However, the drawback of Mg and its alloys is a fast degradation rate in vivo, affecting the mechanical integrity of the healing process [8]. Thus, it is essential to improve both initial mechanical properties and corrosion resistance of Mg-based materials. So far, there have been many research works on the development of mechanical properties and corrosion resistance of conventional Mg-matrix composites for biodegradable implant applications. However, as-developed composites either exhibited poor mechanical properties [9,10,11] or were not fully biodegradable due to very low solubility of reinforcements in vivo [12,13,14,15]. In such a situation, the Mg-matrix in situ composites became potential candidates.



Deng et al. [16] and Lei et al. [17] successfully fabricated Mg-matrix in situ composites from mixed Mg-ZnO powder by a conventional sintering method. However, the fabricated composites exhibited limitation in the improvement of mechanical properties and corrosion resistance due to the insufficient sintering degree. Recently, Cao et al. [18] employed a spark plasma sintering (SPS) technique and fabricated Mg matrix in situ composites with excellent mechanical properties from mixed Mg-ZnO powder. The work indicated that in situ reaction products including MgO, Zn, and intermetallic compounds significantly reinforced mechanical performance of the fabricated composites. Previous research has shown that Zn is an effective additive that improves the mechanical properties as well as the corrosion resistance of Mg-based biomaterials [19,20,21,22]. In addition, Zn is also biocompatible and biodegradable with a daily moderate amount of allowance [23,24]. Many previous works demonstrated that Zn-based biomaterials exhibited mechanical properties, corrosion rate, and biocompatibility that are promising for a bio-absorbable endovascular stent [25]. In this study, with the purpose of using Zn and its compounds as reinforcements in order to improve corrosion resistance, Mg-matrix in situ composites were fabricated from homogeneously mixed Mg-ZnO powder via the spark plasma sintering (SPS) technique.



The SPS is a well-known new sintering method with high-speed powder consolidation technology. During the SPS sintering process, spark plasma generated by direct pulse current associated with uniaxial pressure on powder resulted in lower temperatures and shorter sintering times than conventional sintering methods. These advantages make SPS an effective sintering method to fabricate Mg matrix composites, which are normally difficult to be fully sintered by conventional sintering techniques [26,27].



In this study, SPS was employed for fabricating Mg matrix in situ composites from mixed Mg-ZnO powders. The corrosion property of fabricated composites was investigated by various corrosion tests.




2. Experimental Procedure


2.1. Sample Preparation


Mg powders with a purity of 99.5% and particle size of 180 μm and ZnO powders with a purity of 99.9% and particle size of 1 μm supplied by Kujundo Chemical Laboratory (Sakado, Japan) were used for sample preparation. Mg/ZnO powders with three different weight fractions (0, 10, 20 wt %) were mixed homogeneously with zirconia balls (2.5 of ball to powder weight ratio) in an argon atmosphere using a planetary micro ball mill (Pulverisette 7, Fritsch, Oberstein, Germany) with rotation speed of 500 rpm for 12 h. No process control agent was used. The mixed powders were set inside the Tungsten-Carbide die (NJS, Yokohama, Japan) of 120 mm in height and 15 mm in an inner diameter for the spark plasma sintering using a 511S, Syntex SPS system.



Five kinds of samples named A, B-1, B-2, C-1, and C-2 were fabricated with different ZnO weight fractions and sintering conditions. Sample A, B-1, and C-1 were directly sintered by SPS while sample B-2 and C-2 were sintered in a vacuum furnace before sintering by SPS. The details of fabrication process are shown in Table 1.



Table 1. Composition and sintering conditions of five kinds of samples.







	
Sample Name

	
Composition

	
Sintering in Vacuum Furnace

Time/Temperature/Pressure

	
Sintering by SPS

Time/Temperature/Pressure






	
A

	
Mg-0 wt % ZnO

	
-

	
10 min/550 °C/50 MPa




	
B-1

	
Mg-10 wt % ZnO

	
-

	
10 min/550 °C/50 MPa




	
B-2

	
Mg-10 wt % ZnO

	
2.5 h/550 °C/0 MPa

	
10 min/550 °C/50 MPa




	
C-1

	
Mg-20 wt % ZnO

	
-

	
10 min/550 °C/50 MPa




	
C-2

	
Mg-20 wt % ZnO

	
2.5 h/550 °C/0 MPa

	
10 min/550 °C/50 MPa










All the sintering processes were performed in a high vacuum chamber. After the sintering processes, the samples were cooled down to room temperature inside the vacuum chamber.




2.2. Composition and Microstructure Analysis


The sintered composites were machined into a disk shape with the size of Φ15 mm × 2 mm. The machined samples were ground using SiC papers up to 4000 grit, successively polished with 1/4-μm diamond paste, ultrasonically cleaned with ethanol and then dried for sample characterization. X-ray diffractometry (XRD) was conducted using a RINT2100 RIGAKU diffractometer (Rigaku, Tokyo, Japan). Microstructural observation was performed using a backscattering electron microscope (BSEM) (Miniscope 1000, Hitachi, Tokyo, Japan).




2.3. Immersion Tests


Disk shape specimens with dimensions of Φ14 mm × 2 mm were immersed in Hanks’ solution at 37 °C for 14 days in air. The specimens were placed on a clip to expose the bottom surface to the solution. The composition of Hanks’ solution is described in Table 2. The ratio of surface area to solution volume was 1 cm2:50 mL. The immersion test was conducted in triplicate for each sample condition.



Table 2. Composition of Hanks’ solution using for immersion tests.







	
Reagent

	
NaCl

	
KCl

	
Na2HPO4·H2O

	
KH2PO4

	
MgSO4·7H2O

	
NaHCO3

	
CaCl2






	
Concentration (g/L)

	
8.00

	
0.40

	
0.06

	
0.06

	
0.20

	
0.35

	
0.14










The amount of Mg2+ ions dissolved in the sampled medium was quantified by a colorimetric method using Xylidyl blue-I [28,29]. In addition, hydrogen gas generated was collected by a burette with a funnel that was placed over the immersed sample. XRD, SEM, EDX, and Fourier-transform infrared spectroscopy (FTIR) were conducted for the samples after the immersion test for 14 days.




2.4. Polarization and Impedance Tests


Polarization tests were carried out in Hanks’ solution. The surface was coated with epoxy resin to expose the measurement area of 1 cm2 to Hanks’ solution at 37 °C. The open circuit potential was measured for 1500 s. Subsequently, potentiodynamic polarization curves were measured in the potential range from −0.1 V vs. open circuit potential (Eocp) at a scan rate of 1 mV/s. Electrochemical impedance spectroscopy (EIS) measurements were performed at Eocp with the scan frequency ranged from 100 kHz to 0.01 Hz, and with the perturbation amplitude of 5 mV. The reference and counter electrodes were saturated Ag/AgCl and Pt electrodes, respectively.





3. Results and Discussion


3.1. Composition and Microstructure of Composites


XRD patterns of the samples A, B-1, B-2, C-1, and C-2 in Figure 1a–c show that there are peaks of MgO, Zn, and Mg-Zn intermetallic compounds for all composite samples. In addition, there are peaks of ZnO detected for samples C-1 and C-2.


Figure 1. XRD (X-ray diffractometry) patterns of as fabricated samples, (a) full scan range of 2θ from 30 to 60 degrees; (b) magnification of 2θ from 36 to 37.5 degrees; and (c) magnification of 2θ from 38 to 45 degrees.
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In previous work, Cao et al. [18] demonstrated that the following in situ reactions occurred during sintering mixed Mg-ZnO powders from room temperature to 550 °C.


[image: there is no content]



(1)
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(2)
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(3)




where the subscripts (s) and (l) refer to solid state and liquid state, respectively, and MgxZny includes MgZn, Mg2Zn3 and Mg7Zn3 intermetallic compounds.



The peak of ZnO of sample C-1 is higher than that of sample C-2, indicating that the amount of remaining ZnO in sample C-1 is larger than that in sample C-2. This is reasonable because sintering time of sample C-1 was much shorter than that of sample C-2. Consequently, the amount of ZnO in sample C-2 involved in reaction (1) was much higher than that in sample C-1 resulting in lower amount of remaining ZnO in sample C-2 compared with that in sample C-1. Similarly, the intensity of MgO peak of samples C-1 and C-2 is higher than that of samples B-1 and B-2. Therefore, the amount of newly produced MgO in samples C-1 and C-2 is much higher than that in samples B-1 and B-2 because the amount of initial ZnO in sample C-1 and C-2 is the double of that in samples B-1 and B-2, respectively.



Figure 2 shows SEM images of four samples B-1, B-2, C-1, and C-2. Focus on second phase region, it can be seen that there are remaining ZnO white particles randomly distributed in the reaction products. The amount of remaining ZnO increased in the following order: B-2 < B-1 < C-2 < C-1. This is reasonable because of following reasons: firstly, the initial amount of ZnO in samples B-1 and B-2 is 10%, and the initial amount of ZnO in samples C-1 and C-2 is 20%. Sintering time of samples B-1 and C-1 is 10 min, while sintering time of samples B-2 and C-2 is 2.5 h. Consequently, ZnO involved in reaction (1) of sample B-2 is higher than that of sample B-1. Similarly, ZnO involved in reaction (1) of sample C-2 is higher than that of sample C-1. In addition, from SEM images, it can be seen that ZnO displayed as while particles distributed in the second phase region. The density of white particles in second phase increased in the following order: B-2 < B-1 < C-2 < C-1. Combining all above reasons and XRD result, it is possible to conclude that the amount of remaining ZnO increased in the following order: B-2 < B-1 < C-2 < C-1. This reveals that sintering in a vacuum furnace significantly decreased the remaining ZnO in samples C-2 and B-2 compared to C-1 and B-1, respectively.


Figure 2. SEM (scattering electron microscope) images of (a) sample B-1; (b) sample B-2; (c) sample C-1; and (d) sample C-2.
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3.2. Corrosion Behavior under Static Immersion


3.2.1. Mg2+ Ion Release Behavior


Figure 3 shows the amount of Mg2+ ion released per cm2 in Hanks’ solution as a function of immersion period of fabricated samples. It could be seen that all samples show the highest Mg2+ ion release rate in the first 2 days. After 2 days, the Mg2+ ion release rate decreased. This suggests that corrosion occurred most severely during the first 2 days. After 2 days, corrosion products formed and deposited on the surface of samples. This corrosion product layer acted as a protective layer, which inhibited severe corrosion, leading to lower Mg2+ ion release rates in the subsequent days. In another aspect, Mg-10 wt % ZnO composites (samples B-1 and B-2) exhibited the lowest corrosion rates, while pure Mg sample (sample A) showed the highest corrosion rate. Although Mg-20 wt % ZnO composites (samples C-1 and C-2) showed a slight improvement in corrosion resistance compared with pure Mg sample, they exhibited much higher corrosion rate than that of Mg-10 wt % ZnO composites.


Figure 3. Mg2+ ion release in the Hanks’ solution during immersion test.
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As for the effect of sintering time, with the same initial composition, the composites sintered in vacuum furnace for 2.5 h and by SPS for 10 min showed lower corrosion rates than the composites sintered only by SPS for 10 min. The improvement of corrosion resistance of the composites can be understood by the positive effect of produced Zn and Mg-Zn intermetallic compounds. As demonstrated in previous works [19,20,21,22], Zn is able to significantly improve the corrosion resistance of Mg matrix. On the other hand, the above results suggested that the remaining ZnO and newly produced MgO had negative effects on the corrosion resistance of these composites. The higher the composite with the amount of remaining ZnO and newly produced MgO, the higher corrosion rate it exhibited.




3.2.2. H2 Gas Evolution Behavior


Figure 4 reveals hydrogen-evolution behavior of fabricated samples during immersion in Hanks’ solution. The hydrogen-evolution behavior exhibited similar trend to Mg2+ ion release behavior. Specifically, sample A showed strongest gas evolution over the limitation of the gas container after 1 day. Samples C-1 and C-2 exhibited second and third gas evolution rates and over the limitation of gas container after 6 and 8 days, respectively. Whereas samples B-1 and B-2 featured the lowest gas evolution rates. This result is in agreement with the result of Mg2+ ion release measurement shown in Figure 3 that samples B-1 and B-2 showed lowest corrosion rates, while sample A showed highest corrosion rate.


Figure 4. Hydrogen gas evolution during immersion test.
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3.2.3. Surface Morphology and Composition of Immersed Sample Surface


Figure 5 shows surface morphology of the samples before and after immersion tests. The images of samples A and C-1 were taken in Hanks’ solution. It could be seen that samples A (Figure 5f) and C-1 (Figure 5i) were fractured during the immersion period, indicating the lowest corrosion resistance. While sample B-2 (Figure 5h) showed the least corrosion with partially corroded area on the surface. Surface appearance of sample C-2 (Figure 5k) showed filiform corrosion on the most surface area with corrosion products deposited. On the surface of sample B-1 (Figure 5g), there were a lot of pits on the surface area instead of filiform corrosion. On the sample B-2 (Figure 5h), there was a part of surface area covered by filiform corrosion and randomly pits appeared. It could be seen that the corrosion area ratios are consistent to the amounts of released Mg2+ ion showed in Figure 3.


Figure 5. (a–k) Surface morphology of samples before and after immersion test.



[image: Metals 07 00358 g005]






Figure 6 shows SEM images of surface of immersed samples B-1, B-2, and C-2. All three surfaces showed deposited corrosion products. Samples B-1 and B-2 showed similar corrosion product with a solid structure, while corrosion products deposited on surface of sample C-2 showed porous structure. The structure of corrosion product layers on surface of samples B-1 and B-2 indicated that they played an important role as protective layers avoiding severe corrosion. On the other hand, the porous structure of the corrosion product on the surface of sample C-2 indicated a weak protective layer compared with the stronger protective layer of corrosion products on samples B-1 and B-2. This kind of porous structure layer can be diffused by solution more easily than the solid structure layer of corrosion products on samples B-1 and B-2. Consequently, the corrosion process of sample C-2 occurred more severe compare to that of samples B-1 and B-2.


Figure 6. SEM images of immersed samples: (a) B-1; (b) B-2; and (c) C-2.
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Table 3 shows the result of EDX analysis of corrosion products on the surface of samples B-1, B-2, and C-2. The analyzed areas were marked by yellow circles on Figure 6. As for samples B-1 and B-2, the ratio of atomic percentages of Ca:P:O suggest the formation of calcium phosphate on the surfaces of these samples.



Table 3. EDX (energy-dispersive X-ray) analysis result on the surfaces of immersed samples.







	
Element

	
Sample B-1

	
Sample B-2

	
Sample C-2






	
Oxygen (at %)

	
70

	
62

	
68




	
Calcium (at %)

	
14

	
15

	
0




	
Phosphorus (at %)

	
10

	
12

	
1




	
Magnesium (at %)

	
6

	
11

	
31










The atomic percentages of Mg and Zn on the surface of sample B-1 were lower than those on surface of sample B-2 confirming that corrosion product layer on sample B-1 was thicker than that on sample B-2. As discussed in previous works [30,31], the formation of calcium phosphate on surface of samples B-1 and B-2 not only increases the corrosion resistance of Mg-based materials but also enhances the osseointegration.



On the other hand, the EDX analysis result on sample C-2 suggested the formation of Mg(OH)2 on the surface of this sample because the ratio of atomic percent of Mg:O ≈ 1:2.



Figure 7 shows XRD patterns of sample B-1, B-2, and C-2 samples. The results confirmed that Mg(OH)2 formed only on the surface of sample C-2 since the peak of Mg(OH)2 was detected only on the pattern of this sample. The formation of Mg(OH)2 on C-2 sample might be due to the high amount of MgO existing in this sample before immersion. It should be noted that this sample contained highest amount of MgO compared with that in B-1 and B-2 sample.


Figure 7. XRD patterns of immersed samples B-1, B-2, and C-2.
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It was confirmed in previous work [12] that the corrosion products of the Mg-based materials in the simulated body fluid were composed of magnesium hydroxide and calcium phosphate. Therefore, the formation of Mg(OH)2 on the surface of sample C-2 and calcium phosphate compounds on the surface of sample B-1 and B-2 as the protective layers are reasonable in this research. However, calcium phosphate is known to strongly increase the corrosion resistance of B-1 and B-2 sample, while Mg(OH)2 contributed to slight improvement in corrosion resistance of C-2 sample.



Figure 8 shows FTIR spectra of immersed samples B-1, B-2, and C-2. It could be seen that the presence of OH− peak only for sample C-2 confirms that Mg(OH)2 formed only on surface of sample C-2. The presence of [image: there is no content] and [image: there is no content] peaks for all three samples, suggesting that calcium phosphate and carbonates formed on the surface of three samples. However, the amount of calcium phosphate formed on surface of sample C-2 and amount of carbonates formed on the surface of three samples are too low to be detected by EDX analysis.


Figure 8. FTIR (Fourier-transform infrared spectroscopy) spectra of immersed samples B-1, B-2, and C-2.
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From EDX analysis, XRD patterns, and FTIR spectra of immersed samples B-1, B-2, and C-2, it can be concluded that Mg(OH)2 is the main corrosion product deposited on the surface of sample C-2, while calcium phosphate formed as main corrosion product on the surface of samples B-1 and B-2.





3.3. Polarization and Impedance Behavior


Figure 9 and Figure 10 show the polarization curves and Bode plots of all samples in Hanks’ solution, respectively. Generally, the dissolution rate of Mg2+ ions corresponds the anodic current density, while the reduction rate of water is hydrogen evolution reaction corresponds to the cathodic current density [32].


Anodic reaction:  Mg → Mg2+ + 2e−










Cathodic reaction: 2H2O +2e− → H2 + 2OH−










Figure 9. Potentiodynamic polarization curves of as fabricated samples in Hanks’ solution.
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Figure 10. Bode plots of samples B-1, B-2, C-1, and C-2 immersed in Hank’s solution.
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In this work, corrosion current density (Icorr) was obtained by Tafel extrapolation method since cathodic polarization curves showed a linear region. The corrosion potential (Ecorr) and corrosion current density (Icorr) of the all samples are listed in Table 4. As shown, the Tafel curve for sample A exhibits the most negative corrosion potential at −1.63 V (vs. SCE) and highest corrosion current density at 2.7 × 10−5 A cm−2 indicating highest corrosion rate, whereas Tafel curves for sample B-2 and B-1 exhibit the most positive corrosion potentials at −1.47 V (vs. SCE) and −1.50 V (vs. SCE), and lowest corrosion current densities at 2.2 × 10−6 A cm−2 and 3.0 × 10−6 A cm−2, respectively, indicating the lowest corrosion rates. This result is consistent with immersion test result.



Table 4. Corrosion potential (Ecorr) and corrosion current density (Icorr) of the as fabricated samples.







	
Sample

	
Ecorr

(V vs. SCE)

	
Icorr

(A cm−2)






	
A

	
−1.63

	
2.7 × 10−5




	
B-1

	
−1.50

	
3.0 × 10−6




	
B-2

	
−1.47

	
2.2 × 10−6




	
C-1

	
−1.59

	
3.0 × 10−5




	
C-2

	
−1.57

	
8.0 × 10−6










The difference in impedance between 105 Hz and 10−2 Hz corresponds to the polarization resistance (Rp). The initial increase of Rp from 0 h to 0.5 h indicates the formation of a deposited corrosion product layer which showed corrosion protection property. The impedance result indicates that the corrosion product layer was formed in the pre-immersion of polarization test. The magnitude of cathodic current density of all samples except C-1 was similar, which is attributed to the formation of the corrosion product layer.



The impedance spectra showed that the polarization resistance of B-1 increased from 0 h to 2 h, decreased at 4 h and recovered at 6 h. The impedance spectrum at 4 h showed a lot of fluctuations and the phase shift became below zero. These results indicate that the local corrosion occurred around 4 h and the corrosion pit was recovered afterwards. B-2 showed the larger increase of Rp than B-1, and Rp at 6 h of B-2 was higher than that of B-1 although the Rp showed a decrease at 2 h and 4 h. The higher Rp of B-2 than that of B-1 is consistent with the smaller Mg2+ ion release from B-2 than that from B-1 in the static immersion test.



The Rp of C-1 and C-2 increased from 0 h to 0.5 h, but the impedance decreased and the phase shift showed negative value in the low-frequency region. This result indicates that the corrosion product layer formed on C-1 and C-2 had defects from the beginning. The low Rp value is consistent with the large Mg2+ ion release from C-1 and C-2. The defects may be due to the large area ratio of the reaction product region on the surface. The corrosion product layer might not be able to cover the reaction product region.



The significant noise at some frequencies of the impedance test results should be noted. The source of this noise might be from the effect of electricity to the measurement devices at some frequencies. This is because during the measurement, a filter to eliminate the noise caused by electricity was not used. However, the result of impedance tests still reveals precisely the measured property and is consistent with immersion tests and polarization tests.





4. Conclusions


Mg-ZnO matrix in situ composites were synthesized and their corrosion property was investigated. Findings of the research are summarized as following:

	(1)

	
Several in situ reactions occurred during sintering process from room temperature to 550 °C to form Zn, MgO and Mg-Zn intermetallic compounds.




	(2)

	
Newly formed Zn and Mg-Zn intermetallic compounds have positive effects while the remained ZnO has negative effects on the corrosion resistance of as fabricated composites.




	(3)

	
Mg-20 wt % ZnO composites promoted the formation of Mg(OH)2 on the surface of the sample during immersion. This Mg(OH)2 film plays as a weak protective layer resulting in slight improvement of corrosion resistance.




	(4)

	
Mg-10 wt % ZnO composites promoted the formation of calcium phosphate on the surface of samples. The calcium phosphate layer is possible to not only significantly increase the corrosion resistance of the composites but also is beneficial for osseointegration. These results suggested Mg-10 wt % ZnO composites become very promising candidates for temporary implant applications.
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