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Abstract

:

Degradation rate is an important property to evaluate bioabsorbable metallic material; however, values vary depending on the method of measurement. In this study, three different methods of measuring corrosion rate are compared. The degradable samples to analyze corrosion rates include pure magnesium (Mg), lab produced Mg–Zn–Ca alloy (47-7-2), Mg–Zn–Zr–RE (rare earth) alloys (60-13, 60-14), Mg–Zn–Ca–RE alloy (59B), and pure zinc (Zn). A eudiometer was used to measure hydrogen evolution from the reaction of degradable alloys in Hank’s Balanced Salt Solution (HBSS). Corrosion rates based on volume loss of tested alloys in 30 days were calculated using Micro-computed tomography (micro-CT). Final mass change due to corrosion and corrosion removal was measured with a scale. We observed that the corrosion rates indicated by hydrogen evolution were high initially, and slowed down sharply in the following measurements. The corrosion rates of tested alloys calculated by volume loss and mass loss from high to low are: 60–13 ≈ 60–14 ≈ 47–7–2 > 59B > Mg > Zn (p < 0.05). The results provide instruction to experimental methodology to measure corrosion rates of degradable alloys.
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1. Introduction


Biodegradable magnesium (Mg) alloys are becoming key materials for biomedical orthopedic applications because of their light weight and high strength md [1]. Mg alloys’ density of 1.7 g/cm3 to 2.0 g/cm3 is close to the natural bone density which ranges from 1.8 to 2.1 g/cm3 [2]. The stiffness modulus of pure magnesium is 45 GPa, which is in the range of human bone modulus of elasticity (40 to 57 GPa) [3,4]. The similarity in mechanical properties of magnesium with natural bone makes it an excellent candidate for biomedical applications for developing biodegradable orthopedic medical devices [1]. However, the high corrosion rate of Mg alloys limits its orthopedic applications. Zinc (Zn) has been used to alloy Mg (Mg–Zn alloy) to improve the corrosion resistance [5]. Zn also was alloyed with Mg to Zn–Mg alloy showing homogenous microstructure, slowly uniform degradation, improved mechanical properties, and good biocompatibility [6]. Zn–Mg alloy was believed to be an excellent candidate material for the application of load-bearing biodegradable implant [6]. Biodegradable alloys have been studied in various physiological environments to understand the corrosion behavior of these biomaterials [1,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. Corrosion rate is one of the most studied properties of biodegradable alloys due to the importance of describing the corrosion behavior quantitatively in wide-ranging application environments.



Volume loss, mass loss, and hydrogen evolution have been used to determine corrosion rate of biodegradable alloys in in vitro tests; though these methods often give different rates [19]. There are discrepancies between degradation rate of magnesium in vitro tests, weight loss, and evolution of hydrogen gas, as compared to in vivo studies in orthopedics applications [20,21]. Corrosion rate of Mg–Gd–Zn alloys calculated by mass loss was lower than that calculated by hydrogen evolution from a eudiometer [22]. The corrosion rates obtained from the mass loss measurements were presumably because it is difficult to remove the corrosion products completely after these samples corroded severely in the long immersion test [22]. Corrosion rates of magnesium and its alloys in vitro is studied extensively to find a relationship on the weight loss to evolution of hydrogen gas after immersion testing [7,18,23]. However, accumulation of non-soluble products on the samples during immersion time makes weight loss not viable to accurately determine degradation [24]. The tendency of the corrosion rates obtained from in vitro corrosion tests calculated by mass loss were in the opposite direction as those obtained from the in vivo study measured by volume loss [25]. Methodology to evaluate the corrosion rates in vitro and in vivo has been reviewed, in which mass loss was used in an in vitro immersion test [26,27] and strictly speaking not an in vivo method [28]. Volume loss to calculate corrosion rate has been used in studies in vivo [26,29] as well as ex vivo and in vitro [30,31].



In this study, mass loss, volume loss, and hydrogen evolution were used to calculate corrosion rate of four Mg-based alloys, pure Mg and Zn. The approach of this research effort used eudiometric set ups to immerse biodegradable samples, and then conducted measurement of volume of hydrogen gas evolution every 48 h up to 14 days. The weight loss by a scale and volume loss by Micro-computed tomography (micro-CT) measurements were collected after 30 days’ immersion in the eudiometer chambers. Corrosion rates of tested biodegradable samples calculated by hydrogen evolution, mass loss, and volume loss were compared statistically.




2. Materials and Methods


2.1. Materials Preparation


Commercially available pure magnesium and zinc ≥99.99 wt. % were purchased from SIGMA-ALDRICH® (St. Louis, MO, USA). Four magnesium alloys with different compositions were used for the immersion experiment. The magnesium alloys (Table 1) were extruded at Engineering Research Center for Revolutionizing Metallic Biomaterials (ERC-RMB) in North Carolina A&T State University. The samples were cut by using electrical discharge machine and surfaces were sequentially polished with silicon carbide films of 30 μm, 15 μm, 9 μm, 5 μm, 3 μm and 1 μm discs. After polishing, the samples were cleaned with 5% Nital for about 6–8 s and 8 mL isopropanol at room temperature and air dried before exposure to physiological medium. The grain structures (Figure 1) of tested alloys were observed optical microscope (ZEISS, Oberkochen, Germany) after etching by 20% natal and acetic picral solution (10 mL acetic acid + 4.2 g picric acid + 10 mL distilled water + 70 mL 95% ethanol). Grain sizes were measured using ImageJ software (version 1.5, US National Institutes of Health, Bethesda, MD, USA).




2.2. Eudiometer Test and Hydrogen Evolution


A eudiometric system (Figure 2) was purchased from Weinkauf Medizin & Umwelttechnik (Hallerndorf, Germany), which was set up by a Cimarec™ i Telesystem Multipoint Stirrers (Thermo scientific, Stuttgart, Germany), sealed eudiometers, level bottle and reaction bottles (Selutec, Walkenmühleweg, Hechingen, Germany), a LAUDA ECO Silver immersion thermostat bath system (Lauda-Koenigshofen, Stuttgart, Baden-Württemberg, Germany), and a RMP controller (Thermo Scientific, Germany). The tested alloys were installed into a plastic net-basket and immersed into Hank’s Balanced Salt Solution (HBSS, Sigma-Aldrich, St. Louis, MO, USA) in eudiometer bottles to measure the hydrogen gas evolution (Figure 1). The hydrogen volume was recorded from the eudiometer every 48 h. Thus the volume of hydrogen gas generated every 2 days was used to calculate the corrosion rate of magnesium and its alloys based on the chemical equation Mg + 2H2O ⇌ Mg2+ + 2OH− + H2. The volume of hydrogen gas generated by pure zinc was used to calculate corrosion rate based on the chemical equation Zn + 2H2O ⇌ Zn2+ + 2OH− + H2.




2.3. Corrosion Rate Calculation by Volume Loss and Mass Loss


The experiments to analyze corrosion rates were conducted based on the ASTM in vitro testing standard (ASTM-G31-72 [32]). Pure Zn, Mg and Mg alloys were scanned by micro-computed tomography (micro-CT, GE Phoenix Nanotom-M™, GE Sensing & Inspection Technologies GmbH, Boston, MA, USA). The materials were scanned at 6.7 μm voxel resolution with X-ray emission parameters 110 kV, 90 μA. Each rotational position 2D X-ray was collected from averaging 3 images. The volumes were reconstructed using Phoenix datos|x software. The volume of residual samples was calculated using VG Studio Max software (v 2.1). The micro-CT images before and after removing corrosion product (Figure 3) were used in the software to calculate the volume loss.



Calculated change in volume used numerically to compute the volume loss. The empirical equation for corrosion rates determination from volume change of individual samples [25] is given as:


  CR =   ∆ V   A · t    



(1)




where:



CR: Corrosion rate (mm/year);



ΔV: reduction in volume that is equal to the remaining implant volume subtracted from the initial implant volume (mm3);



A: the initial surface area exposed to corrosion (mm2);



t: immersion time (year).



The mass loss obtained from by subtracting the corroded mass (mass without corrosion products) from the original mass of degradable samples. The corrosion rate unit used here chosen to be consistent with the literature in this dissertation. The empirical equation used to compute corrosion rate of magnesium by mass loss as the following formula [33]:


  CR = K ·   ∆ W   D · A · t    



(2)




where:



CR: Corrosion rate (mm/year);



K: the constant, 8.76 × 104;



ΔW: weight loss, which is calculated by reduction of corrosion products-removed remaining mass from initial mass (mg);



D: density of alloy (g/cm3);



A: the initial surface area exposed to corrosion (cm2);



t: immersion time (hour).




2.4. Statistical Analysis


Statistical analysis (one-way ANOVA and t-test) of released hydrogen volume and corrosion rates were performed in MS Excel. Significance was established at p < 0.05. Data are expressed as mean ± standard deviation (SD).





3. Results


3.1. Real-Time Corrosion Rate by Hydrogen Evolution


The volume of hydrogen evolution from Mg and its alloys in HBSS in the eudiometer system was measured every 48 h (Figure 4). All samples were observed to have a burst of corrosion initially as measured by the relatively high volumes at day 2. Pure Zn had the lower initial corrosion rate than other alloys (p < 0.05). Evolution of hydrogen gas became steady after the 4th day of immersion time. Mg alloy, 59B, released significant hydrogen volume during immersion compared with other alloys (p < 0.05).




3.2. Corrosion Rates


The sample morphologies after corrosion for 30 days’ test in the eudiometer system were collected from micro-CT data of the samples after removing corrosion product (Figure 5). The selected side and front views are at the center of the sample rod. The corrosion morphologies of pure Mg and Zn showed less corrosion than the other Mg-based alloys. Corrosion rates calculated based on volume loss according to Equation (1) are shown in Figure 6. Corrosion rates calculated by mass loss were also shown in Figure 6. The corrosion rates calculated from high to low are: 60–13 ≈ 60–14 ≈ 47–7–2 > 59B > Mg > Zn (p < 0.05). The corrosion rates of tested alloys calculated by mass loss had no significant difference with that calculated by volume loss (p > 0.05).





4. Discussion


There was steep drop in corrosion rates of tested alloys calculated by hydrogen volume (Figure 4). This was due to the formation of corrosion products, which formed a layer on alloy surfaces, protecting alloys from further corrosion [34,35,36]. Pure Zn had significant lower initial corrosion rate calculated by hydrogen evolution (Figure 4) indicating that pure Zn had better initial corrosion resistance. The corrosion rates calculated by hydrogen evolution was real-time with multiple time points, however, the overall corrosion rates were calculated by mass loss and volume loss in this study.



By the volume loss and mass loss methods, the corrosion rates of pure Mg are higher than that of pure Zn calculated by volume loss and mass loss. This result is consistent with published data [37]. Corrosion rates of pure Zn and Mg were relatively lower than tested alloys. This was due to possible impurity and secondary intermetallic phase of alloying elements (Zn, Ca, and Zr), which may induce galvanic corrosion [38,39,40]. The volume loss and mass loss data are consistent to calculate the corrosion rates of the six biodegradable samples, since there is no significant difference between volume loss and mass loss in corrosion rates calculation of all tested alloys. A lot of researchers measured the corrosion rates in various conditions by volume loss and mass loss [25]. Corrosion rates are calculated by volume loss when: (1) the tested samples are too small to measure mass loss (e.g., Mg wire [31]); (2) the change of mass is not measurable due to the short corrosion duration [30,31]; or (3) the corrosion product is not accessible to remove (e.g., in vivo [25]). Micro-CT can provide high resolution of three-dimensional images of small and light samples, and the volume changed can be measured by the software and corrosion rates can be calculated by Equation (1). However, equipment access is often limited. Not every lab can afford to maintain micro-CT equipment. Mass loss method provides the most accessible way to calculate the corrosion rates. By measuring the weight of the intact sample material before and after corrosion (after corrosion product removal), the corrosion rate can be calculated according to Equation (2).



The eudiometer system allowed real-time record of hydrogen evolution volume and corrosion rate changing over time. The initial burst of corrosion rate (Figure 4) indicates the importance of initial corrosion resistance of biodegradable material. The difficulty of using hydrogen volume to calculate corrosion rate is that the eudiometer has to be calibrated and well-sealed, since dihydrogen is the smallest molecule [41]. A eudiometer is recommended when the experiment duration is long and there are multiple measurements of time points. By a well-sealed eudiometer system, the real-time hydrogen evolution results can facilitate monitoring the process of corrosion without touching the samples. However, to measure volume and mass in different time points in a long-term experiment, the samples must be handled to measure the mass loss or volume loss, and there is a risk of damage to the sample to measure the mass or volume multiple times.




5. Conclusions


Corrosion rates calculated by mass loss, volume loss, and hydrogen evolution volume are selected according to the experimental design. Mass loss and volume loss provided consistent corrosion rate and are recommended to be used in experiments with few time points to minimize the damage during the measuring process. Eudiometer can provide better real-time measurement of alloys’ corrosion rates according to hydrogen volume evolution. Eudiometer allows the access of measurement without touching the samples, which is not accessible by mass loss and volume loss.
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Figure 1. Grain micro-structures of tested biodegradable alloys. Grain sizes in diameter are: D (47–7–2) = 17 ± 16 μm, D (59B) = 11 ± 5 μm, D (Mg) = 60 ± 19 μm, D (Zn) = 78 ± 43 μm, D (60-13) and D (60-14) <1 μm. 
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Figure 2. Eudiometer system. (A) Schematic design of one eudiometer; (B) image of eudiometer system. 






Figure 2. Eudiometer system. (A) Schematic design of one eudiometer; (B) image of eudiometer system.



[image: Applsci 08 01459 g002]







[image: Applsci 08 01459 g003 550] 





Figure 3. Images of micro-CT example procedure. Micro-CT images and volume analysis of a selected sample with corrosion product (A) and after corrosion product removed (B): (a) cross section view; (b) front view; (c) side view, (d) 3D view; (e) VG Studio Max analysis of greyscale histogram of cylinder B and background; (f) VG Studio Max analysis of greyscale histogram of digitally isolated (segmented) cylinder B. Scale bar = 2 mm. 
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Figure 4. Real-time corrosion rate based on hydrogen evolution every two days. 
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Figure 5. Micro-CT images of tested alloys of front view and vertical section view. 
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Figure 6. Corrosion rates of tested alloys calculated by mass loss and volume loss in the eudiometer system. 
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Table 1. Mechanical composition of tested alloys.
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	Alloys
	Composition





	47–7–2
	Zn 1% wt., Ca < 0.5% wt., Mg remainder



	60–13
	Zn 4% wt., REE 1% wt., Zr 1% wt., Mg 94% wt.



	60–14
	Zn 3% wt., REE < 0.5% wt., Zr 1% wt., Mg remainder



	59B
	Zn 1% wt., Ca < 0.5% wt., REE 1% wt., Mg remainder



	Mg
	≥99.99% Mg



	Zn
	≥99.99% Zn
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