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Abstract

:

Magnesium is a suitable candidate material for temporary implant applications, such as a miniplate, due to its biocompatibility, density, and elastic modulus comparable to that of human bone. The biodegradability property of magnesium can minimize the need for a second surgery after the healing process, thereby reducing costs and pain for patients. On the other hand, microforming is a promising technology for manufacturing miniplates with high production rates and good mechanical properties. However, the application of magnesium in microforming is limited and remains a challenge in resolving issues related to the size effect in microforming and the low formability of magnesium, especially at room temperature. Grain refinement and homogenization are alternative approaches to controlling the size effect in magnesium microforming and improving formability. As the grain refinement process influences the mechanical and corrosion behavior of magnesium, this research shows that the grain refinement process for pure magnesium improves the overall performance of the microforming process for implant applications.
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1. Introduction


The research on medical implants has reached a third generation, which has gained significant interest and is currently undergoing intensive development in biodegradable materials for fracture fixation [1]. Among various metallic biodegradable materials, magnesium stands out as a promising candidate for temporary implants, such as miniplates, due to its biocompatibility, comparable density, and elastic modulus to human bone and its role as an essential component for metabolism [2]. The utilization of magnesium can minimize the need for a second surgery to remove the implant after the healing process, thus reducing costs and alleviating patient discomfort [3]. However, the application of magnesium as a biodegradable implant has issues due to its low strength and ductility, coupled with a high corrosion rate [4].



Improvements in the mechanical properties and corrosion resistance of magnesium have been achieved through alloying with other essential elements [5,6]. Rare earth, aluminum, and other elements with lower biocompatibility have been studied to enhance mechanical properties [6,7,8]. However, to prevent contamination and minimize side effects on the human body, the preference lies in the use of pure magnesium. Another method to enhance the mechanical properties and corrosion resistance of magnesium is through plastic deformation. Plastic deformation proves to be an effective approach for pure magnesium as it leads to grain refinement, resulting in improved strength according to the Hall–Petch equation and resistance to dislocation movement through grain boundary strengthening [9,10]. The influence of the grain refinement process and grain size on the corrosion susceptibility of magnesium was conducted by Ralston et al. Grain refinement appears to increase the corrosion resistance of magnesium alloys, primarily due to an improvement in passive film formation and adhesion resulting from increased grain boundary density. However, it is worth noting that some reports have indicated that grain refinement could also lead to a decrease in corrosion resistance and accelerate the corrosion process [11]. This is because, in addition to grain refinement, other factors such as surface roughening, texture modification, formation of high-density dislocations, induction of residual stress, dissolution of second phases, and contaminant pickup are often present and can influence the overall corrosion behavior [12].



There are two types of plastic deformation methods, conventional deformation and severe plastic deformation (SPD). Conventional deformation processes like drawing, cold rolling, and extrusion can cause significant plastic strains, which in turn refine the grain structure [13]. However, in these conventional processes, an increase in strength is often accompanied by a reduction in ductility. On the other hand, in the SPD method, the material is formed under high hydrostatic pressure, resulting in large deformations and high dislocation densities without causing any significant change in the material’s dimensions. SPD has the ability to more effectively refine the grain structure. The most common technique used for SPD is equal channel angular pressing (ECAP). The ECAP process involves pressing the specimen through dies comprising two intersecting channels, resulting in a deformation angle. During ECAP, the applied pressure induces plastic deformation in the material, leading to grain refinement, as well as an increase in the material’s strength and ductility [14]. Processing magnesium using ECAP is not straightforward. This is mainly due to the inherent brittleness of magnesium. As a result, processing is usually carried out at high temperatures to make the material more malleable and easier to work with during ECAP. However, the mechanism of grain refinement in magnesium may lead to a heterogeneous grain structure with a multi-modal grain size distribution [15].



Recently, magnesium miniplates have been mainly manufactured through machining. However, microforming is a promising alternative with high mechanical properties, productivity, and cost-effectiveness by minimizing material waste. Microforming is the process of manufacturing parts in the submillimeter range through plastic deformation [16]. The microforming process for miniplate includes microshearing, which consists of microblanking and micropunching. The shearing process involves elastic and plastic deformation, as well as the fracture of the metal sheet between the punch and die. Material separation occurs in the cutting zone when the shear stress reaches the ultimate shear strength [17]. The geometry of the shear edge in microshearing is an indicator of product quality. The larger or higher the smooth and shiny shear zone surface and the smaller the fracture surface and burr, the better the quality of the microshearing result. This depends on several parameters, including punch-die clearance, punch-die corner radius, punchspeed, material properties, tool wear, misalignment, and temperature [18].



So far, the research trend in magnesium microforming primarily focuses on elevated temperatures, which provide a homogenizing effect suitable for controlling size effects and reducing scattering [19]. Furthermore, the magnesium process at elevated temperatures enhances the activation of non-basal slip, which can induce the dynamic recrystallization (DRX) process and improve formability [20]. However, the undesirable grain growth that occurs above a certain temperature should be carefully considered. Kim et al. conducted an investigation on the microforging of a magnesium alloy using V-grooved dies. The AZ91 alloy underwent refinement through differential speed rolling (HRDSR), resulting in fine grains that exhibited remarkable superplasticity and formability at temperatures ranging from 220 °C to 300 °C. However, at 300 °C, formability decreased due to grain growth [21]. Su et al. conducted a study on the microembossing process of ultrafine-grained LZ91 Mg-Li to produce micro-array channels with widths ranging from 50 to 200 μm. The channels were found to be influenced by temperature and grain size. The presence of an ultrafine-grained structure led to smooth and high-quality filling at a temperature of 150 °C [22].



Therefore, to bring the microforming process to room temperature, several challenges need to be addressed, including the size effect in microforming and the low formability of magnesium [23]. One alternative approach to tackle these challenges is grain refinement using the ECAP process. Grain refinement enhances grain boundary sliding and facilitates further deformation, thus improving formability, as studied by Biswas [24]. However, it is essential for the grain refinement process not only to result in finer grains but also to achieve homogeneity to prevent scattering due to the size effect.



A new method employed to homogenize the ECAP microstructure distribution is recrystallization. However, during the recrystallization process, the growth of new grains may occur, which is determined by temperature, degree of deformation, and time. Zhu et al. stated that stored energy plays a key role in controlling recrystallization [25]. Song et al. found that high stored energy can promote recrystallization nucleation and inhibit grain coarsening during the recrystallization process [26]. Moreover, the higher the deformation experienced, the lower the recrystallization temperature required. Increasing the temperature results in a decrease in the crystal lattice’s stiffness, leading to grain growth. Furthermore, fine grains exhibit more significant recrystallization compared to coarse grains due to the dominance of grain boundary nucleation [27].



In this research, a combination of magnesium grain refinement using ECAP and recrystallization was conducted to homogenize and reduce the size effect in microforming. The study also investigated its influence on mechanical properties and corrosion resistance for microforming applications.




2. Materials and Methods


A cast ingot of commercially pure Mg (99.8%) with the chemical composition shown in Table 1 was used as the starting material for the work, with a grain size of 632 μm. Specimens were prepared through equal channel angular pressing (ECAP) with up to eight passes.



The ECAP specimens were cylindrical billets measuring 11.87 mm in diameter and 65.88 mm in length. The ECAP process involves inserting the specimens into dies through a special channel with an intersecting angle of 120°, as shown in Figure 1. During the ECAP process, the specimens were heated to a temperature of 300 °C while applying a pressure of 2500 kN. The process was repeated for two, six, and eight passes. In the subsequent repetitions, the specimens underwent a change in direction compared to the previous process, following route Bc, where the billet was rotated in a clockwise direction by 90° to the longitudinal axis between consecutive passes.



Subsequently, the recrystallization process after ECAP was carried out by heating the specimens in a vacuum tube furnace at a temperature of 200 °C for 30 min.



The characterization process involved various analyses of pure magnesium with a thickness of 0.5 mm, including microstructure examination using an optical microscope, density measurement, uniaxial tensile tests, and corrosion tests with potentiodynamic polarization and immersion methods.



Microstructure analysis and grain size measurement were conducted using a microscope. Specimens were prepared using SiC paper and diamond suspension. Etching was performed for specific durations in dilute acetic-picral and ethylene glycol/nitric/ethanol solutions to reveal the microstructure. The grain size was measured following ASTM E112 standard test methods for determining average grain size, using the Heyn Lineal Intercept procedure. The average grain size was obtained by dividing the length of a straight line by the number of grains intersecting the line in the optical microstructure image. The straight line had to be sufficiently long, cutting across a minimum of 50 grains.



The density testing used a density meter (DH-300X) with a resolution of 0.001 g/cm3 at a temperature of 27 °C.



For mechanical properties evaluation, tensile tests were performed on specimens cut from the as-received and ECAP billets following the DIN 50125:2009-07 H standard. The tensile specimens had a gauge length of 12 mm and a gauge width of 2 mm, as shown in Figure 2 [28]. Tensile testing was carried out at a constant speed of 10 mm/minute.



Electrochemical experiments, especially potentiodynamic polarization, were conducted using quiescent 3.5% NaCl solutions. The Digi-Ivy DY2311 was utilized with Ag/AgCl serving as the Reference Electrode (RE) and platinum wire as the Counter Electrode (CE). The test samples had a working area of 1 cm2, and a potential scan rate of 1 mV/s was applied. Meanwhile, corrosion testing on the miniplate was conducted by immersion in a 0.9% NaCl solution following the ASTM F3268-18 standard guide for in vitro degradation testing of absorbable metals.



The microforming process was conducted using a 5 kN capacity microforming machine, as depicted in Figure 3. The machine was powered by an Oriental type NX940MS-PS10-3 servo motor equipped with an SCX10 motor controller. The punch and die used in the process were made from SKD 11 (AISI D2) material. The clearance between the punch and die was set at 0.01 mm per side [29]. Details of the tooling and experimental parameters can be found in Table 2. The punches and dies used in the microforming process are of two types, rectangular and circular. The circular ones are used for creating holes in the miniplate.




3. Results and Discussion


3.1. ECAP Process


The ECAP process is a severe plastic deformation process in which the material shaping is performed under high hydrostatic pressure, resulting in significant deformation. During this plastic deformation process, there is no change in the dimensions of the specimen. The specimens resulting from the ECAP process are shown in Figure 4.



The ECAP process was conducted at a temperature of 300 °C to accommodate deformation through the activation of non-basal slip systems. The presence of proper critical strain during high-temperature deformation will result in dynamic recrystallization. The representative image of the grain structure of the material in the as-cast condition and the ECAP process with two passes are displayed in Figure 5. The image showed coarse grains as the initial microstructures.



During the ECAP process with two passes, the magnesium undergoes a transformation where fine grains are formed, exhibiting an average grain size smaller than the as-received magnesium. However, this dynamic recrystallization process falls short of perfection as coarser grains can still be observed, resulting in a heterogeneous distribution. This occurrence is attributed to the insufficient strain experienced during the two-pass ECAP process, preventing complete recrystallization. By increasing the number of ECAP passes, the repeated deformation introduces additional strain that proves beneficial in achieving a more flawless recrystallization process and a greater quantity of finely shaped equiaxed grains.



The number of ECAP passes varied for each specimen. Figure 6 shows the grain size obtained after two, six, and eight passes of ECAP, compared to magnesium in its as-received (0 passes) condition. The most significant grain refinement occurred during the ECAP two-pass process, reducing the size from 632 μm to 115 μm. The grain size increases from two passes to six passes. This is because the deformation strain experienced is not sufficient to inhibit grain growth during the ECAP process at a temperature of 300 °C.



As the number of passes increases, the deformation becomes more significant, leading to the prominence of dynamic recrystallization and grain refinement in ECAP eight-pass, which effectively hinders grain growth. Consequently, the grain size resulting from the ECAP eight-pass processes is finer in comparison to that of the ECAP six-pass.



The number of passes in the ECAP process is related to the equivalent strain, which causes grain boundary pinning, resulting in finer grains. The grain refinement process can be analogized as a repeated process of dynamic recovery and recrystallization in each pass. The eight-pass ECAP process leads to dynamic recrystallization, resulting in a highly homogeneous grain distribution with the difference in grain size across various regions of the specimen reaches a minimum. The plastic deformation process during the eight-pass ECAP generates an intense strain of 5.36, causing the grain boundaries to become less distinct.



Upon examining the grain size distribution resulting from the ECAP process, it becomes evident that there are variations in grain size observed in the outer, middle, and central regions of the specimens corresponding to 0, 2.5, and 5 mm distance from the specimen surface edge, as depicted in Figure 7. Despite undergoing multiple repetitions of the process, the distribution of grain sizes remains heterogeneous, and coarse grains persist. Notably, the grain size in the outer region of the specimen appears finer due to displacement against the die wall during the ECAP process. Conversely, the central region exhibits the largest grain size, indicating a relatively lower strain experienced and longer storage temperature by this part of the specimen. With an increasing number of passes, the level of heterogeneity diminishes.



Figure 8 displays the microstructure resulting from each ECAP pass observed at the edge, middle, and center of the specimen. The non-homogeneous grain size distribution in the ECAP process is a consequence of conducting the process at a temperature of 300 °C. Within the ECAP microstructure, twins are observed, leading to a significant increase in ductility.




3.2. The Influence of the ECAP Process on Mechanical Properties


Figure 9 shows the influence of the number of ECAP passes of pure magnesium on mechanical properties, and the corresponding results are shown in Table 3. In the ECAP two-pass specimen, there is a decrease in ductility compared to the as-received state, despite grain refinement. In contrast, the ECAP six and eight-pass specimens exhibit an increase in ductility by 22% (from 18 to 22) and 83% (from 18 to 33), respectively. The increase in ductility is particularly significant for the ECAP eight-pass specimens. The ECAP eight-pass experience a more dominant rotation of the basal planes and activation of non-basal planes, further enhanced by the presence of a large number of twinning. This study also supports the findings of Hakimian et al. [30].



According to the Hall–Petch equation, the yield strength in ECAP two, six, and eight passes increases with grain refinement compared to the as-received state, with respective increases 83%, 6%, and 28% in ECAP two, six, and eight passes. The smallest increase in yield strength occurs in the ECAP six-pass, corresponding to its larger grain size.



Dynamic recrystallization during the ECAP process not only leads to grain refinement but also results in the formation of a weak basal texture. The specific texture plays a significant role in strength despite grain refinement. The mechanical strength shows only a modest increase with the ECAP process. The tensile strength increases by 1.2% (from 82 to 83 MPa) and 5% (from 82 to 86 MPa) for the ECAP 2 and eight-pass specimens, respectively. The fine grain size contributes to strengthening through grain boundary strengthening, which hinders dislocation movement, although the effect is not significant due to the evolution of a weak texture. On the contrary, in the ECAP six-pass, the strength decreases compared to the as-received magnesium. A similar phenomenon was observed by Tong et al., 2019, where mechanical strength decreased due to grain refinement resulting in a weak texture after the ECAP process [10].



Tensile testing was conducted using specimens with a thickness of 0.5 in accordance with the DIN 50125:2009-07 H standard. The tensile testing observed a size effect, where the elongation of the as-received magnesium increased from 9.1% to 18% in the testing conducted using the ASTM E8 standard. However, the tensile strength values were almost the same, namely 73.5 compared to 82 MPa.



Table 3 shows the density of ECAP specimens. The data indicate a relationship between density and grain size in the results of ECAP. ECAP two and eight-pass specimens, which have finer grain sizes than ECAP six-pass, exhibit higher density. However, the density of ECAP six-pass is lower compared to the as-received condition due to defects in the specimen caused by high deformation during the ECAP process.




3.3. Annealing Process


During the ECAP process, the grain boundaries are at a high energy level due to the increasing formation ratio. This is because the number of dislocations accumulates at the grain boundaries and hinders further plastic deformation. To restore the formability properties, an annealing process can be performed. During the recrystallization stage, new grains start to grow homogeneously at the triple points of the previous grain boundaries, and dislocations can be eliminated due to atomic diffusion.



Annealing was conducted on the ECAP two-pass specimens. As seen in Figure 10, the grain size distribution at the surface edge, center, and core, corresponding to 0, 2.5, and 5 mm distance from the specimen surface edge, is shown. The grain size distribution of the ECAP two-pass specimens, as well as the ECAP specimens annealed at 200 °C and 250 °C for 30 min, can be observed in the figure. The annealing process on the ECAP two-pass specimens at 200 °C resulted in an average grain size of 56 μm (at the surface edge 50 μm, center 50 μm, and core 67 μm) and a more homogeneous microstructure. On the other hand, annealing at 250 °C produced finer grains, with an average grain size measuring 39 μm (at the outer 25 μm, middle 25 μm, and inner parts 68 μm), but with less homogeneous distribution in each part. The heterogeneity in grain size and distribution in materials is one of the factors that cause scattering in materials and microforming products due to the size effect. Homogenization can be improved with temperature and time, but it will decrease if grain growth occurs.



The grain size produced is highly determined by the degree of deformation. With an increasing forming ratio, the size of the newly generated grains becomes smaller. Process parameters such as recrystallization temperature, heating rate, or the size of grains before formation can be disregarded compared to the degree of deformation. The critical deformation level varies for each material. If the degree of deformation is not sufficient for primary recrystallization, existing grain boundaries can shift, leading to local grain growth. Additionally, since the formation of new grains occurs at grain boundaries, finer grains provide more grain boundaries for grain refinement in the dynamic recrystallization process.



Figure 11 depicts the influence of annealing on the mechanical properties of the ECAP two-pass specimen. The mechanical strength increased by 59% (from 83 MPa to 132 MPa), and the ductility increased by 173% (from 11% to 30%) after the annealing process. The interaction between dislocations and twins enhanced the plastic deformation capacity of the annealed magnesium ECAP two-pass, leading to an increase in both tensile strength and strain. The remarkable ductility resulting from the annealing process becomes evident in the fracture of the tensile test specimen depicted in Figure 12. This specimen not only demonstrates ductility but also highlights deeply embedded equiaxed dimples.



In polycrystalline materials, corrosion tends to preferentially attack grain boundaries. This is because grain boundaries have less perfect atomic structures, resulting in higher energy levels compared to perfect crystals. Additionally, grain boundaries are prone to impurities. Corrosion testing on ECAP specimens was conducted using the potentiodynamic polarization method. The polarization curves of ECAP two-pass before and after annealing are shown in Figure 13. By correlating the grain size after the annealing process, smaller grain sizes exhibited increasing corrosion resistance compared to the others. However, the corrosion rate is not solely determined by grain size but also by crystallographic orientation.



Moreover, the tensile residual stress is eliminated through the heating process during annealing, resulting in a notable improvement in corrosion resistance from 13.91 to 6.53 mmpy. In accordance with the experiment by He et al., the annealing process has been found to significantly reduce the number of high-surface energy prismatic planes that are exposed to the sheet surface. As a result, the modified samples, with a symmetric weak basal texture, exhibited significantly enhanced corrosion resistance [31].




3.4. Microforming Application


The subsequent stage involved the testing phase in microforming, where the specimens underwent conditioning through the ECAP and annealing process. Figure 14 illustrates the deformation occurring during the blanking process of ECAP two-pass magnesium with a punch length function. At a punch depth of 10–20%, as shown in Figure 14a,b, plastic deformation equivalent to 10% of the plate thickness occurs. Subsequently, as the force exerted by the machine continues to increase, fracture occurs at a punch depth of 30%, as depicted in Figure 14c.



Unlike conventional processes involving ductile fracture mechanisms with crack initiation and propagation, in this microforming process utilizing a plate thickness of 0.5 mm, the crack region on the sheared edge is not clearly visible. The phenomenon is primarily dominated by shear deformation, and crack initiation and propagation only become apparent shortly before the final fracture stage.



The smooth zone occurs due to the sliding between the workpiece and the scrap, as well as between the punch or die wall. A significant increase in ductility during the ECAP process will enhance the proportion of roll-over and smooth zone in the blanking process. Figure 15 illustrates that with the increased ductility resulting from annealing, the roll-over increases from 11% in ECAP two-pass to 14% in ECAP two-pass that has been annealed with a punch depth of 2.5 mm.



The observations of the fracture in ECAP two-pass and annealed ECAP two-pass shortly after fracture formation at a punch depth of 0.17 mm (30% thickness) are shown in Figure 16. It can be observed that the surface of the ECAP two-pass fracture forms a smooth zone with a height of 4% of the plate thickness, resulting from plastic deformation during the blanking process and material displacement prior to fracture.



In contrast, the fracture surface of the annealed ECAP two-pass exhibits an increased proportion of the smooth zone, reaching 12%. As explained earlier, this is associated with increased ductility after annealing, rising from 11% to 30%. However, the formation of the smooth zone is also influenced by clearance and punch velocity, and in this experiment, a clearance of 10 μm and a punch velocity of 7 mm/s were used. The smaller smooth zone value in Figure 16 than the roll-over in Figure 15 is due to the influence of the punch depth.



Figure 17 displays the microforming product, a miniplate made of ECAP magnesium. Corrosion testing in a 0.9% NaCl solution reveals that the miniplate exhibits the highest corrosion resistance in ECAP two-pass, which has the smallest grain size. However, the miniplate produced through ECAP six-pass dissolves completely within one day when immersed in the NaCl solution. Corrosion resistance is also influenced by the texture, where the as-received magnesium, having a strong texture, demonstrates higher corrosion resistance than ECAP six-pass as shown in Table 4.





4. Conclusions


The severe plastic deformation involved in the ECAP process leads to significant grain refinement. The ECAP process, particularly with multiple passes, results in the formation of fine grains, improved grain distribution, and mechanical properties. While the increase in strength is modest, there is a notable increase in ductility, particularly in specimens with eight passes. Annealing after the ECAP process results in improved mechanical properties, including increased strength and ductility, and homogeneity.



In microforming applications, the ECAP process, combined with annealing, enhances the proportion of the roll-over and smooth zone during the blanking process. Increased ductility resulting from annealing contributes to a greater proportion of the smooth zone, improving the overall performance of the microforming process. Further research can explore the optimization of process parameters, such as the number of ECAP passes and annealing conditions, to achieve the desired outcomes in microforming applications. Overall, the combination of the ECAP process and annealing holds promise for enhancing a homogeneous grain distribution, controlling size effects, and producing high-quality microforming products.
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Figure 1. ECAP die with an angle φ of 120 degrees. 
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Figure 2. Tensile test specimen dimensions. 
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Figure 3. A 5 kN microforming machine and microblanking tool. 
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Figure 4. The result of the ECAP process. 
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Figure 5. Microstructure of magnesium (a) as received and (b) ECAP 2 pass. 
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Figure 6. The effect of passes on the grain size of pure magnesium. 
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Figure 7. The grain size distribution resulting from ECAP. 
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Figure 8. The grain size distribution in the microstructure of the ECAP-treated specimens. 
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Figure 9. The stress-strain curve of the specimens resulting from the ECAP process. 
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Figure 10. The grain size distribution of the annealed ECAP specimen. 
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Figure 11. Comparison of the mechanical properties before and after annealing. 
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Figure 12. Tensile fracture of ECAP two-pass (a) before and (b) after annealing. 
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Figure 13. Polarization curve of ECAP magnesium before and after annealing (3.5% NaCl solution, T = 37 °C). 






Figure 13. Polarization curve of ECAP magnesium before and after annealing (3.5% NaCl solution, T = 37 °C).



[image: Jmmp 07 00140 g013]







[image: Jmmp 07 00140 g014 550] 





Figure 14. Deformation in the micro-blanking process of ECAP two-pass magnesium with a punch depth function (a) 10%, (b) 20%, and (c) 30% sheet thickness. 
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Figure 15. The roll-over of blanking process on (a) ECAP two-pass and (b) after annealing. 
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Figure 16. The sheared edge surface: (a) ECAP two-pass, (b) annealing ECAP two-pass. 
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Figure 17. Miniplate product from microforming process. 
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Table 1. The composition of pure magnesium.
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	Element
	Mg
	Zn
	Mn
	Cu
	Sn
	Ca
	Cd
	Sr
	Be





	Wt (%)
	99.8
	0.039
	0.037
	0.020
	0.018
	0.015
	0.001
	0.0008
	0.0002
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Table 2. Tooling and experimental parameters.
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	Parameters
	Values





	Punch-die material
	SKD 11, HRC 63, non-coating



	Punch maximum travel
	2.5 mm



	Punch dimension
	Rectangular 1 × 7.45 mm

Circular d = 1.5 mm



	Workpiece thickness (t)
	0.5 mm



	Punch-die clearance (c)
	0.01 mm



	Punch velocity
	7 mm/s



	Temperature
	27 °C
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Table 3. The mechanical properties resulted from the ECAP process.
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	Pass of ECAP
	% EL
	σy (MPa)
	UTS (MPa)
	Density (g/cm3)





	0
	18
	18
	82
	1.73



	2
	11
	33
	83
	1.75



	6
	22
	19
	78
	1.72



	8
	33
	23
	86
	1.78
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Table 4. Duration of immersion until miniplate fractures.
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	Number of ECAP Pass
	Grain Size

(μm)
	Duration of Immersion until Miniplate Fractures (Days)
	Δ Mass (g)
	pH
	Corroded Miniplate





	0
	632
	2
	0.006
	10.55
	[image: Jmmp 07 00140 i001]



	2
	115
	5
	0.004
	10.38
	[image: Jmmp 07 00140 i002]



	6
	132
	<1
	0.029
	10.48
	completely dissolved
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