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Abstract 

Researchers in biodegradable metals have been putting efforts to accelerate the corrosion of iron-

based biodegradable metals. These include by alloying iron with manganese and noble elements 

such as silver, but further increase to the corrosion rate is still needed. In this study, a set of 

bimodal nano/microstructured Fe-30Mn-1Ag alloys was prepared through mechanical alloying 

and spark plasma sintering. The alloys were characterized and tested for their corrosion behavior 

in Hanks’ solution at 37oC and for their mechanical properties. The bimodal-structured alloy 

possessed a mixture of austenitic (γ-FeMn) and ferritic (α-Fe) phases, while the nano- and 

macro-structured ones were essentially composed of γ-FeMn and α-Fe phases, respectively. 

Addition of 1-3 wt.% of silver into the nanostructured alloy increased its corrosion rate from 

0.24 mm/year to 0.33 and 0.58 mm/year for Fe-30Mn-1Ag and Fe-30Mn-3Ag, respectively. 

Whilst, the bimodal Fe-30Mn-1Ag alloy corroded at a higher rate of 0.88 mm/year. This alloy 

also possessed an interesting combination of high and low micro-hardness phases that 

contributed to high shear strength of 417 MPa and shear strain of 0.66. Detailed discussion on 

the relationship of microstructure with corrosion behavior and mechanical properties is presented 

in this manuscript.  

 

Keywords: Biodegradable metals, bimodal structure, corrosion, Fe-Mn-Ag, spark plasma 

sintering 
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1. Introduction 

Absorbable or biodegradable metals, metals that corrode in the in vivo environment, have been 

viewed as ideal candidate materials for load bearing temporary medical implants. They provide 

the necessary mechanical support during a healing process of treated tissue while degrade 

progressively leaving no residual implant thus avoid a second surgery [1]. Iron, magnesium, zinc 

and their alloys are considered in this new class of metallic biomaterials. Owing to its high 

strength, iron-based biodegradable metals have been considered for stent applications, however, 

its low corrosion rate still constitutes a major challenge [2]. Two in vivo studies on iron implants 

found that the formation of protective iron oxide/hydroxide/phosphate layers acted as a barrier 

against oxygen transport thus slow down the overall corrosion process [3,4].  

 

Attempts to accelerate the corrosion of iron-based metals have been done by introducing new 

phases or noble particles into the iron matrix to create potential differences at the microscopic 

level. This was done by alloying iron with manganese, palladium, silver, gallium, gold and 

platinum [5–8] by various techniques such as vacuum plasma nitriding process [9], vapour 

vacuum arc technique [10] and magnetron sputtering [11]. A rather different approach, mostly 

suitable for porous iron, was done by making composite or iron with polymers where the 

hydrolysis of polymers created a local acidic environment that dissolve iron oxides [12–14]. 

Palladium and silver are two noble elements where their addition into iron-based metals is 

expected to form microgalvanic sites and thus increase the corrosion rate of the alloys. Huang et 

al [10] found that implantation of silver ions accelerated the corrosion of pure iron matrix and 

exhibited a uniform corrosion behavior. However, the shallow depth of ion implantation (~60 

nm) only provided those desirable effects on the thin surface and for a short period. Liu et al [15] 

developed a Fe-30Mn-1Ag alloy using a rapid solidification technique and found that the alloy 

corroded faster in simulated body fluid due to the microgalvanic effect of the Ag-rich particles 

with the Fe-Mn matrix. Similar microgalvanic effect of silver addition to accelerating corrosion 

was observed by Wiesner et al [16] on Fe-Mn-Ag alloys prepared by selective laser melting from 

mixed powders of Fe-Mn and Ag. However, at longer immersion period, they observed the 

formation of oxide/phosphate-based corrosion layer that inhibited the microgalvanic effect to 
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take place. Therefore, silver addition alone seems ineffective for accelerating corrosion of iron-

based metals.  

 

Aside from alloying, grain size also affects the corrosion behavior of metals. Gollapudi [17] 

developed a mathematical model that relates corrosion current density to the grain size of pure 

metals (Eq. 1). In this model, corrosion medium determines corrosion rate where active medium 

increases the rate (+b) and passive medium reduces it (-b). Grain refinement in the active 

medium leads to an increase of current density [18], however when the medium shifts into the 

passive region, a passive oxide film is formed [17]. 

1
2

corri a bd
−

= +           (1) 

Where, a and b are constant of the metal and d is the grain size (µm). Obayi et al [19] reported 

that grain refinement of pure iron via bi-directional rolling leads to a uniform surface corrosion 

but without significant change on corrosion rate when compared to that of uni-directional rolling. 

Hence, grain refinement alone seems to be ineffective to accelerate corrosion of iron-based 

metals.  

 

A structure that combines fine and coarse grains (bimodal structure) could be an interesting 

alternative to control the corrosion rate [20, 21]. Moreover, this structure can provide both high 

strength and ductility, which are desirable for stent applications. Mechanical alloying is a method 

to produce fine grain biodegradable Fe-based [22] and Zn-based [23] metals. Srinivasarao et al 

[24] produced a bimodal structure of ferrite steel composed of fine grains (<100 nm) and 

micrometer grains via mechanical alloying and Spark Plasma Sintering (SPS) process. The steel 

possessed an optimal strength and ductility of 1500 MPa and 15%, respectively. This 

combination of high strength and ductility in bimodal ferrite steel could be related to the fine-

grained strengthening, back-stress strengthening, and precipitation strengthening [20]. The SPS 

allows a rapid sintering process (i.e. very high heating/cooling rate) thus, it is ideal for preparing 

nano- and bimodal-structured iron-based metals. Therefore, this study aims mainly to combine 

silver addition and bimodal structure as a way to accelerate corrosion of iron-based metals. 

Mechanical alloying and SPS were utilized to produce a set of Fe-30Mn-(1-3)Ag alloys with 

three different microstructures (i.e. nano, macro and bimodal). Their corrosion behavior was 
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examined by electrochemical and immersion methods in Hanks’ solution at 37 oC and their 

mechanical properties were tested by micro-hardness and shear punch test. 

 

2. Materials and Methods 

2.1. Samples preparation and characterization 

Powders of iron (particle size of 10 µm, 99.5% purity, MerckMillipore, USA), manganese 

(particle size <100 µm (90%), 99.0% purity, MerckMillipore, USA) and silver (particle size of 

2-3.5 µm, 99.9% purity, Sigma-Aldrich, USA) were used. The powders were mixed and milled 

in a high-energy planetary ball mill (NARYA MPM-2 * 250 H mode, Amin Asia Fanavar Pars, 

Iran) for 10 h at a rotation speed of 250 rpm and ball-to-powder weight ratio of 30:1. The powder 

composition was adjusted to produce samples of nanostructured pure iron (NSFe), Fe-30Mn 

(NS0A), Fe-30Mn-1Ag (NS1A) and Fe-30Mn-3Ag (NS3A) alloys (all in wt. %). Additional 

micro- (MS1A) and bimodal-structured (BM1A) samples of Fe-30Mn-1Ag were produced from 

unmilled powders and a mixture of 50% milled with 50% unmilled powders, respectively. The 1 

wt.% Ag composition was selected based on the optimum cytotoxicity and antibacterial activity 

of Fe-30Mn-1Ag alloy proven in our previous study [25]. The chemical composition of the 

powders after mechanical alloying was measured by using carbon-sulfur analyzer (CS744 Leco, 

USA) and atomic absorption spectrophotometer (AAnalyst 100, Perkin Elmer, USA).  

 

All powder compositions were consolidated by using SPS technique (EF-20T-10, Easyfashion 

Changsha, China) at 1000 ºC in a graphite die with a heating rate of 50 ºC/min, holding time of 5 

min and pressure of 40 MPa. Particle size and its distribution of consolidated samples were 

measured by using ImageJ software from at least three different images captured from each 

specimen. Density of the samples was measured by using helium pycnometer (AccuPyc II 1340 

Pycnometer, USA) which is based on measuring the volume of the specimen by gas 

displacement. The density was calculated from the measured volume and mass. 

 

Microstructural observation was done by using Scanning Electron Microscope (SEM, Quanta 

250 FEI, USA) and Transmission Electron Microscope (TEM, EM900 Carl Zeiss, USA) on 

mechanically polished samples and etched in 1% Nital solution. For bulk TEM preparation, disk 

shape specimens were ground by using micrometer polishing (grit #800 and #1200) to reduce the 
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bulk thickness to 500 µm. To decrease the thickness to 100 µm, grinding and polishing were 

performed by using grit #2400 paper followed by 3 µm and 1 µm diamond solution (Leco, 

USA). The disks were then dimpled (Dimple grinder II, 657-Gatan, USA) to decrease the 

thickness of the disk center to 70 µm. Finally, argon ion milling was performed by low angle 

milling machine (PicoMill Model 1080, Fischione Instruments, USA). Phase analysis was done 

using an X-ray Diffractometer (XRD, Philips X'Pert Pro, USA) with Cu Kα radiation at scanning 

angle of 10-90o and a scan rate of 2o/min). 

 

2.2. Corrosion testing 

Corrosion behavior of the alloys was studied by means of electrochemical and by immersion test 

methods. The corrosion media was Hanks’ solution prepared by dissolving a prepacked of 

Hanks' balanced salts (H2387, Sigma-Aldrich, USA) and 0.35 g of sodium bicarbonate (S8875-

500G, Sigma-Aldrich, USA) in 1 L of nanopure water which was kept at 37±0.5 ºC throughout 

the corrosion tests. The initial pH of Hanks’ solution was adjusted to 7.4±0.1 and monitored with 

a pH meter (Accumet pH meter 25, Fisher Scientific, USA). The electrochemical corrosion test 

was done using a potentiostat (VersaSTAT 3, Princeton Applied Research, USA) with three-

electrode system. The samples having exposed surface area of 0.096 cm² served as the working 

electrode, graphite rod as the counter electrode and saturated calomel as the reference electrode. 

The test was started by recording the open circuit potential (OCP) for 1 h followed by running 

the electrochemical impedance spectroscopy (EIS) at a frequency range from 10 kHz down to 

0.01 Hz with a sinusoidal potential perturbation of 10 mV rms. Potentiodynamic polarization 

(PDP) test was then run after the EIS at a scan rate of 0.166 mV/s from -0.25 V to +0.6 V of 

OCP. All tests were done for three times and analyzed by the VersaStudio software (Princeton 

Applied Research, USA). ZSimpWin 3.21 software (AMETEK, USA) was used to analyze the 

EIS results and develop equivalent circuits. Corrosion rate in (mm/year) was calculated from the 

PDP results based on the ASTM G59 using Eq. 2 [26]:  

33.27 10 corri EW
CR

ρ
= ×         (2) 

Where, EW is equivalent weight based on oxidation of Fe to Fe2+ and considered to be 27.92 

(g/eq). ρ is density (g/cm3) and it is calculated as follows: 7.74 (Fe-30Mn), 7.76 (Fe-30Mn-1Ag), 

7.78 (Fe-30Mn-3Ag) g/cm3.  
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Immersion tests were carried out in the Hanks’ solution following the ASTM G31 standard [27] 

for the duration of 14 days on specimens having 15 mm diameter and 1.4 mm thickness. 

Corrosion rate was calculated based on mass loss by using Eq. 3: 

48.76 10
M

CR
Atρ

= ×           (3) 

Where, t is the test duration (h), A is the surface area of the sample (cm2) and M is the mass loss 

amount (g). Finally, surface morphology and chemical analysis of the corroded samples were 

analyzed using the SEM/EDS. 

 

2.3. Mechanical testing 

Hardness test was done on polished samples using a Vickers micro-hardness tester (MMT-X7A, 

Matsuzawa, Japan) with load of 50 g for 13 s. Average hardness value was obtained from ten 

measurements. Mechanical properties, i.e. shear strength, of the alloys were evaluated via shear 

punch test using a 20 kN universal testing machine (STM20, Santam, Tehran, Iran). Detail 

description of the test procedure is published elsewhere [28]. Briefly, specimens of 15 mm 

diameter and 0.7-0.8 mm thickness were ground with grit #600 paper and punched using a 3.1 

mm diameter punch at a cross-head speed of 0.25 mm/min. The test was repeated for three times. 

 

3. Results and Discussion 

3.1. Microstructural observation and phase analysis 

Initially, the powder size was as large as 100-200 µm for manganese and 10-50 µm for iron (Fig. 

1a). After 10 h of milling, a finer iron powder of 2-10 µm was obtained (Fig. 1b) and 

agglomerated iron/manganese powders of 10-70 µm were formed (Fig. 1c) from very fine 

powders of less than 2 µm (inset). All these powders were used to prepare the nanostructured 

samples (NSFe, NS1A, NS3A), while the bimodal structured sample (BM1A) was prepared from 

the mixture of initial and milled powders. In order to verify the purity of milled powders, 

chemical composition of the mechanically alloyed Fe-30Mn-1Ag was determined and presented 

in Table 1. Some impurities were detected at very low level including carbon and sulfur which 

may segregate in grain boundary and might affect corrosion resistance and mechanical strength 

of the alloy [29]. The presence of phosphorous and tin may also increase corrosion rate. 
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However, the precise effect of each element to corrosion is not within the scope of the present 

work.  

 

Fig. 1. SEM images showing the morphology of: (a) mixture of Fe-Mn-Ag powders before 

milling, (b) pure iron powders after 10 h milling, (c) mixture of Fe/Mn/Ag powders after 10 h 

milling.  

 

Table 1. Chemical composition of Fe-30Mn-1Ag after mechanical alloying 

Element C Mn Cu Ag S Sn P Si Al Ni Cr Fe 

Wt. % 0.009 30.2 0.017 1.14 0.004 0.014 0.009 0.04 0.005 0.04 0.05 Bal. 

 

After the SPS consolidation, the NSFe sample shows a very fine microstructure (Fig. 2a) which 

is in contrast with that of NS0A that has coarser grains (Fig. 2b). Pores are observed in the latter 

as showed by white arrows. Higher relative density was obtained for the NSFe (98±1%) 

compared to that of NS0A (92±2%). The finer starting powders led to finer grains of NSFe 

sample (4-8 µm) compared to the NS1A and NS3A alloys. Finer powders also led to smaller 

pores in NSFe which were eliminated quickly during sintering, while the larger pores formed 

between agglomerate powders in NS0A and NS1A were more resistant to sintering densification 

[30]. The manganese powders added thermal inhomogeneity during sintering and cooling 

resulting in different contraction. Addition of silver reduced the grain size and porosity as 

observed on NS1A (1 wt.% Ag, Fig. 2c) and its effect is more pronounced on NS3A (3 wt.% Ag, 

Fig. 2d). The addition of silver helped the SPS consolidation by promoting liquid phase sintering 

[31]. The melted silver pulled metal particles together and thus reduce pore formation [32] 

resulting in the increase of relative density to 93±2 % for the NS1A. As the result of coarse 

starting powders, the MS1A microstructure has obviously coarse grains (Fig. 2e), while the 
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BM1A consists of coarse and fine grains (Fig. 2f). Comparing Fig. 2g and 2h reveals the position 

of iron and manganese and shows that silver are distributed uniformly in BM1A, although with 

some agglomerations (Fig. 2i). The mixture of fine and coarse powders during the SPS 

consolidation of the BM1A increased relative density to 98±1% from 97±2% of the MS1A.  

 

 

Fig. 2. SEM images showing the microstructure of: (a) NSFe, (b) NS0A, (c) NS1A, (d) NS3A, 

(e) MS1A, (f) BM1A after the SPS consolidation; and EDS elemental maps of BM1A for: (g) 

iron, (h) manganese and (i) silver.  

 

The nano-structured samples (NSFe, NS0A, NS1A and NS3A) are characterized with fine 

consolidated powders, hence called particles, sized between 4 to 6 µm (Fig. 3a-d). The MS1A 
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and BM1A possess a higher average particle size (Fig. 3e, 3f) which is in agreement with the 

powder size shown in Fig. 2e and 2f. Two size distributions are found for BM1A which 

correspond to milled and umilled particles. The size of milled and umilled particles in BM1A 

could be estimated from that of NS1A and MS1A which is around 4±2 µm and 29±13 µm, 

respectively. However, there could be some restriction to unmilled particles during sintering by 

milled particles which could decrease the grain growth in BM1A (23±19 µm). 

 

 

Fig. 3. Particle size distribution of consolidated samples: (a) NSFe, (b) NS0A, (c) NS1A, (d) 

NS3A, (e) MS1A and (f) BM1A. 

 

After the SPS consolidation, γ-FeMn phase was formed in all samples having 30 wt.% 

manganese (NS0A, NS1A, NS3A) while the NSFe, MS1A, and BM1A were composed of α-Fe, 

α-Fe+α-Mn, γ-FeMn+α-Fe+α-Mn, respectively (Fig. 4a, 4b). In NS1A, a complete solid solution 

formed during 10 h of mechanical alloying [25]. While 100% of MS1A and 50% of BM1A were 

composed of unmilled powders of α-Fe, α-Mn and silver. There exists a negligible minor amount 

of MnO formed due to the high reactivity of manganese with oxygen. The presence of α-Mn 

indicates that the short period of SPS consolidation did not allow a complete formation of solid 

solution in the coarse particles of MS1A and BM1A.  
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Fig. 4. XRD patterns of different consolidated samples (a, b), TEM bright-field images and SAD 

pattern of (c) 10 h milled powders and (d) consolidated NS1A samples, and crystallite size 

distribution of (e) 10 h milled powders and (f) consolidated NS1A samples. 
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Crystallite size of the samples was calculated from the XRD patterns using Williamson-Hall 

method [33] and presented in Table 2 alongside with the results from the micro-hardness test. 

Alloying with manganese increased crystallite size from 96 nm of NSFe to 179 nm of NS0A, 

while the addition of silver further decreases the crystallite size of Fe-Mn alloy from 150 nm of 

NS1A to 129 nm of NS3A. TEM image was used to further evaluate and compare the crystallite 

size obtained from the XRD patterns. As confirmed by TEM bright-field images (Fig. 4c, 4d) 

and related crystallite size distribution (Fig. 4e, 4f), the average crystallite size of NS1A sample 

is slightly bigger than that of the 10 h milled powders, indicating a small crystal growth due to 

rapid sintering process [34]. The grain growth was probably inhibited by the segregated silver in 

the grain boundaries due to its negligible solubility in both iron and manganese [35, 36].  

 

Table 2. Phase, crystallite size, and micro-hardness of the consolidated samples 

Sample Phase Crystallite size (nm) Micro-hardness (Hv) 

NSFe α-Fe 96 223 ± 15 

NS0A γ-FeMn 179 464 ± 19 

NS1A γ-FeMn 150 483 ± 18 

NS3A γ-FeMn 129 511 ± 25 

MS1A α-Fe 490 88 ± 21 

 α-Mn 630 894 ± 56 

BM1A α-Fe 450 96 ± 11 

 γ-FeMn 155 472 ± 34 

 α-Mn 641 933 ± 75 

 

Alloying with manganese increased the micro-hardness of the samples from 223 Hv for NSFe to 

464 Hv for NS0A (Table 2). While the addition of silver increased the hardness slightly from 

483 Hv for NS1A to 511 Hv for NS3A. The macro- and bimodal-structured samples (MS1A and 

BM1A) were composed of multiphase with different micro-hardness. This difference could 

provide a composite effect between the softer phase (α-Fe) and harder phases (γ-FeMn and α-

Mn). Generally, fully ferritic low carbon steels show high elongation [37]. While manganese 

twinning induced plasticity (TWIP) [38] and transformation induced plasticity (TRIP) [39] steels 

possess a good strength and ductility due to combination of α-Fe and γ-Fe phases. 

3.2. Corrosion behavior and effect of silver addition and microstructure 
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Alloying with manganese decreased the open circuit and corrosion potentials of iron, while the 

addition of silver did not show a notable change (Fig. 5a, b).  However, silver addition increased 

corrosion current density of the Fe-Mn alloys as extrapolated by Tafel fitting from the 

polarization curves (Fig. 5b). The current density increases from 18.7 µA/cm2 for NS0A to 25.3 

and 44.8 µA/cm2 for NS1A and NS3A, respectively (Table 3). Consequently, corrosion rate 

increased from 0.24 mm/year for NS0A to 0.33 and 0.58 mm/year for NS1A and NS3A, 

respectively. As manganese shifts the free corrosion potential to the less noble values, alloying 

with iron increases the corrosion rate [40]. Silver addition was found to form Ag-rich particles 

within the Fe-Mn matrix that gives a microgalvanic effect thus accelerating corrosion [15, 16].  

 

Fig. 5. Electrochemical test results of all samples: (a) open circuit potential, (b) potentiodynamic 

polarization, (c) Nyquist plots, (d) potentiodynamic polarization after prolonged OCP for BM1A 

sample.  

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

As compared to the nanostructured NS1A sample, the microstructured MS1A and bimodal 

structured BM1A shows more negative open circuit potential (Fig. 5a), but with unstable 

behavior for the latter. The microgalvanic coupling between α-Fe and γ-FeMn phases, in addition 

to Ag-rich particles, seems to play a role in this behavior. This, in turn, resulted into a higher 

corrosion current density of BM1A (75.9 µA/cm2) compared to that of MS1A (68.5 µA/cm2) and 

NS1A (25.3 µA/cm2) as extrapolated from the polarization curves (Fig. 5b). The corrosion rate 

of BM1A is about three times higher than the NS1A, 0.88 mm/year vs 0.33 mm/year. In a study 

on super duplex stainless steel, Lee et al [41] showed that corrosion current density depended on 

the existing phases. Polarization resistance of γ-Fe was higher than that of α-Fe. This may 

explain that the presence of α-Fe and γ-FeMn in BM1A formed a microgalvanic cells that 

accelerated corrosion. In addition, a study on a bimodal structure of 7075 aluminum alloy found 

that coarse grains have a higher dissolution rate in NaCl solution which was related to the 

electrochemical heterogeneity of the mixed grain size [42]. Dehestani et al [43] found higher 

corrosion rate for Fe-30Mn alloy when using coarse iron particle in contrast to super fine one. 

Micro-galvanic, preferential and localized corrosion attributed to varying manganese 

concentration between sintered particles. Although this preferential localized corrosion improves 

the overall corrosion rate, it brings a concern over possible detrimental effects on a device 

stability and lead to an early device failure that needs to be addressed in the future.  

 

Table 3. Corrosion parameters derived from PDP and EIS results 

Sample PDP parameter EIS parameter 

Current density 

(µA/cm2) 

Corrosion rate 

(mm/year) 

R1 

(ohm) 

R2 

(ohm) 

Q1 

(µF) 

Q2 

(µF) 

NSFe 7.7 ± 1 0.1 ± 0.02 2977 ± 238 256.3 ± 20 7.15 ± 0.5 26 ± 2 

NS0A 18.7 ± 2 0.24 ± 0.02 1784 ± 142 337 ± 27 45.18 ± 3 15.38 ± 1 

NS1A 25.3 ± 2 0.33 ± 0.02 1534 ± 122 157.1 ± 12 49.29 ± 4 5.07 ± 0.4 

NS3A 44.8 ± 3 0.58 ± 0.04 1002 ± 80 70.9 ± 5 108 ± 8 1.42 ± 0.1 

BM1A 75.9 ± 6 0.88 ± 0.07 883 ± 70 77.26 ± 6 472 ± 37 0.32 ± 0.1 

MS1A 68.5 ± 5 0.79 ± 0.06 902.5 ± 72 74.1 ± 6 433 ± 34 0.67 ± 0.1 
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Silver addition tends to decrease the surface impedance of the alloy as shown by decreasing 

diameter of the Nyquist plots of the silver-containing alloys (Fig. 5c). The impedance behavior 

of the alloys can be electrically modeled as a porous layer (Table 3). Rs represents Hanks’ 

solution resistance between the alloy sample and the reference electrode that is 225±25 ohm, 

while R and Q is electrical resistance and capacitance of the corrosion layer, respectively. Charge 

transfer process at the interface of porous film and electrolyte is shown by R1Q1. R1 and Q1 is 

electrical resistance and capacity of the porous oxide film, respectively. At the interface of the 

pore and the sample, parallel combination of R2Q2 correspond to the impedance and the pore 

resistance. Here, increasing silver decreased R1 and R2 and it is in accordance to higher 

corrosion rate that was measured by PDPs. Also, values of R1, R2 of BM1 and MS1 are close to 

each other and lower than NS1A. Lakatos-Varsányi et al [44] observed that during immersion of 

a silver coated titanium alloy the electrolyte gradually penetrates into the substrate in silver 

coated areas. As an OCP stability did not reach by the BM1A sample even at a prolonged OCP 

test up to 4 h (Fig. 5d), an EIS analysis became difficult to perform. The reactivity of the samples 

did not provide a steady-state condition that is required for a successful EIS experiment [45]. 

Hence, PDPs were conducted after longer stabilization time. Corrosion current density and 

corrosion rate decreased by increasing stabilization time from 75.9 µA/cm2 and 0.88 mm/year 

after 1 h to 15.4 µA/cm2 and 0.21 mm/year after 4 h.  The heterogenic phase mixture and 

bimodal grain size of BM1A (Fig. 2f) helped to increase the corrosion rate. However, further 

investigation should be performed to differentiate between the effects of these two factors on the 

corrosion rate. 

 

3.3. Corrosion layer characterization and its evolution 

After subjected to polarization, corrosion product formed on the surface of the alloys with a 

seemingly denser layer on NSFe and NS0A (Fig. 6a, 6b) than those of NS1A and NS3A (Fig. 6c, 

6d). While corrosion layer on MS1A (Fig. 6e) seems denser than that of NS1A and BM1A. As 

detected by the EDS, aside of iron, manganese, and oxygen, corrosion product on the surface of 

NS0A and NS1A contained similar amount of phosphorous, but with the presence of calcium in 

the former (Table 4). Iron and manganese oxides formed on the MS1A surface in a spherical 

shape, without other detected element. The surface composition of BM1A is similar to that of 

NS1A except that low amount of chloride and calcium was detected on the former. Differently, 
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high amount of chloride was detected on the corrosion product on NS3A surface. Chloride ions 

in the Hanks’ solution should have been reacted with the silver and formed a rather porous 

corrosion layer, which also explains the decrease in impedance from NS0A to NS3A. A more 

pronounce effect of chloride ions took place on BM1A surface, which may explain the high 

corrosion rate of this alloy.  

 

Fig. 6. SEM micrographs of the alloys’ surface after subjected to polarization test: (a) NSFe, (b) 

NS0A, (c) NS1A, (d) NS3A, (e) MS1A, and (f) BM1A. 
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Table 4. Chemical composition of points indicated in Fig. 6 and Fig. 7 as measured by the EDS 

 Elements (wt. %) 

Point Fe Mn Ag O Cl P Ca 

1 89.65 - - 10.35 - - - 

2 43.89 18.73 - 37.38 - - - 

3 59.05 21.64 - 14.77 - 1.64 2.9 

4 35.95 17.99 - 44.33 - 1.99 - 

5 20.19 36.13 - 39.53 4.14 - - 

6 28.42 18.47 - 33.89 19.22 - - 

7 33.6 22.49 - 43.91 - - - 

8 46.83 10.67 - 42.5 - - - 

9 35.94 15.98 - 43.89 1.36 2.83 - 

10 13.29 32.35 - 47.22 2.13 2.63 2.39 

11 68.22 1.71 - 30.07 - - - 

12 33.86 12.51 1.13 39.64 1.15 4.39 7.33 

13 11.5 50.19  - 34.42 - 3.9 - 

14 44.1 18.33 - 32.85 1.36 4.71 - 

15 54.57 17.12 - 20.22 - 3.14 4.95 

 

 

Evolution of the corrosion layer over time was observed for MS1A, BM1A and NS1A samples 

(Fig. 7). As mentioned earlier the BM1A showed an OCP instability during 1 and 4 h immersion 

in Hanks’ solution (Fig. 5d). Over time, chloride, phosphorous and calcium precipitated on the 

alloy’s surface and calcium phosphate may have been formed. The low content of chloride may 

indicate that AgCl, as well as FeCl and MnCl, are soluble [16]. Differently, Fe-Mn 

oxides/phosphates have low solubility, thus precipitated on the surface and inhibit the 

microgalvanic effect of Ag-rich particle and the Fe-Mn matrix as has been confirmed by 

Wiesener et al using Raman imaging [16]. The Fe-Mn oxides/phosphates formed flower-like 

precipitates that grew over the time of immersion (Fig. 7b, 7c).  
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Fig. 7. SEM micrographs of the alloy’s surface after subjected open circuit potential test at 

different period: (a) MS1A for 1 h, (b) BM1A for 1 h, (c) BM1A for 4 h, and (d) NS1A for 1 h 

(point analysis are in Table 4).  

 

As PDP is an accelerated corrosion test, static immersion test was performed for a longer period 

of 15 days in Hanks’ solution for NS1A, BM1A and MS1A samples. The results (Fig. 8a) show 

that mass loss increased sharply after 7 days, then it increased gradually after 14 days. The 

corrosion rates of the alloys were calculated to be 0.07, 0.14 and 0.12 mm/year for NS1A, 

BM1A and MS1A, respectively. While, the corrosion rates of the NS1A, BM1A and MS1A are 

0.33, 0.88 and 0.79 mm/year, respectively. There is a difference between the corrosion rates 

obtained from PDP test and those calculated from immersion test. However, both results show a 

similar trend indicating that BM1A (bimodal structured alloy) corrodes faster than NS1A 

(nanostructured alloy) and MS1A (macrostructured alloy).  
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Fig. 8. (a) Static degradation rate of NS1A, BM1A, and MS1A, and (b) shear stress vs. 

normalized punch displacement of NS1A, BM1A, and MS1A samples. 

 

Table 5. Mechanical properties of NS1A, BM1A, and MS1A 

Sample Shear yield strength (MPa) Shear ultimate strength (MPa) Shear strain (mm/mm) 

NS1A - 139.79 ± 10 0.29 ± 0.01 

BM1A 361.5 ± 22 420.28 ± 35 0.74 ± 0.02 

MS1A 277.84 ± 13 303.37 ± 15 0.95 ± 0.05 

 

 

To predict the mechanical properties of the alloys, a small specimen shear punch test was 

performed as used by Guduru et al [46]. The results showed that the NS1A and MS1A samples 

have a shear strength of 139.79±10, and 303.37±15 MPa, respectively (Fig. 8b and Table 5). The 

presence of pores and crystal defects in NS1A matrix and its high hardness could be the reason 

for the low strength and strain [47]. Mahesh et al [48] reported that nanocrystalline Fe-Cr powder 

exhibited a difficult plastic deformation due to its high hardness. However, the combination of 

nano- and microstructure in BM1A resulted into a high shear stress and shear strain (420.28±35 

MPa and 0.74±0.02 mm/mm). The micron-sized grain of BM1A improved the alloy’s ductility 

due to a higher dislocation storage capacity and consequently higher work hardening capability 

when compared to nano-sized grain [49]. Based on Von-Mises yield criterion if there is pure 

shear applying to the specimen there would be a correlation between tensile (σ ) and shear stress 

(τ ) as 3σ τ=  [50], hence the tensile strengths of NS1A, BM1A, and MS1A are equivalent to 
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244, 722 and 522 MPa, respectively. The results are in agreement to Von-Mises yield criterion 

for different materials evaluated both with shear punch test and tensile test [51, 52]. Using the 

same criteria it is possible to estimate the tensile strain (ε ) from the shear strain (γ ), which 

gives ( )1 3ε γ= . So, the tensile strain of NS1A, BM1A and MS1A samples are equivalent to 

0.12, 0.38 and 0.48 mm/mm, respectively. The results are comparable to Fe–Cr–Ni–Zr bimodal 

alloy with the ultimate shear stress of 778 MPa and shear strain of 0.44 [48], while our approach 

eliminated incorporating alloying elements such as Ni and Zr. The ultimate tensile strength and 

strain enhancement by bimodal structure also surpass other Fe-based alloys such as annealed 

316L stainless steel (586 MPa) [53], mechanically alloyed Fe–Mn-Si by (350 MPa) [54], 

sintered and cold rolled Fe-35Mn (550 MPa and 0.31 mm/mm) [55], nitrided Fe (614 MPa) [9], 

TWIP steel Fe-Mn-C-S (772 MPa and 0.3 mm/mm) [6], respectively. 

 

4. Conclusion 

The low corrosion rate problem of iron-based biodegradable alloys has been addressed in this 

study by combining noble element addition and forming the bimodal structure of Fe-30Mn-1Ag 

alloys via mechanical alloying and spark plasma sintering process. The addition of silver up to 3 

wt.% increases relative density of the alloy due to liquid phase sintering. Most of the silver 

precipitated in the grain boundaries and results into minimizing grain growth and forming 

microgalvanic sites that accelerate corrosion. A γ-FeMn phase is formed in nanostructured Fe-

30Mn-1Ag, a combination of α-Fe+α-Mn is formed in macrostructured Fe-30Mn-1Ag, and γ-

FeMn+α-Fe+α-Mn is formed in bimodal-structured Fe-30Mn-1Ag. The optimum mechanical 

properties were obtained for the bimodal-structured Fe-30Mn-1Ag alloy having an equivalent 

tensile strength and strain of 722 MPa and 0.38 mm/mm, respectively. The bimodal Fe-30Mn-

1Ag corrodes at 0.88 mm/year which is faster than the same alloys in nanostructured (0.33 

mm/year) and macrostructured condition (0.79 mm/year), as measured by polarization. The 

immersion test shows similar trend of corrosion rate. The heterogenic phase mixture and bimodal 

grain size of the bimodal-structured Fe-30Mn-1Ag helps to increase the corrosion rate. However, 

the effect of each factor need to be further investigated. The preferential microgalvanic localized 

corrosion improves the overall corrosion rate, but it brings a concern over possible detrimental 

effects on a device stability that needs to be addressed in the future.  
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Tables caption: 

Table 1. Chemical composition of Fe-30Mn-1Ag after mechanical alloying 

Table 2. Phase, crystallite size, and micro-hardness of the consolidated samples 

Table 3. Corrosion parameters derived from PDP and EIS results 

Table 4. Chemical composition of points indicated in Fig. 6 and Fig. 7 as measured by the EDS 

Table 5. Mechanical properties of NS1A, BM1A, and MS1A 

Figures caption: 

Fig. 1. SEM images showing the morphology of: (a) mixture of Fe-Mn-Ag powders before 

milling, (b) pure iron powders after 10 h milling, (c) mixture of Fe/Mn/Ag powders after 10 h 

milling.  

Fig. 2. SEM images showing the microstructure of: (a) NSFe, (b) NS0A, (c) NS1A, (d) NS3A, 

(e) MS1A, (f) BM1A after the SPS consolidation; and EDS elemental maps of BM1A for: (g) 

iron, (h) manganese and (i) silver.  

Fig. 3. Particle size distribution of consolidated samples: (a) NSFe, (b) NS0A, (c) NS1A, (d) 

NS3A, (e) MS1A and (f) BM1A. 

Fig. 4. XRD patterns of different consolidated samples (a, b), TEM bright-field images and SAD 

pattern of (c) 10 h milled powders and (d) consolidated NS1A samples, and crystallite size 

distribution of (e) 10 h milled powders and (f) consolidated NS1A samples. 

Fig. 5. Electrochemical test results of all samples: (a) open circuit potential, (b) potentiodynamic 

polarization, (c) Nyquist plots, (d) potentiodynamic polarization after prolonged OCP for BM1A 

sample.  

Fig. 6. SEM micrographs of the alloys’ surface after subjected to polarization test: (a) NSFe, (b) 

NS0A, (c) NS1A, (d) NS3A, (e) MS1A, and (f) BM1A.  

Fig. 7. SEM micrographs of the alloy’s surface after subjected open circuit potential test at 

different period: (a) MS1A for 1 h, (b) BM1A for 1 h, (c) BM1A for 4 h, and (d) NS1A for 1 h 

(point analysis are in Table 4).  
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Fig. 8. (a) Static degradation rate of NS1A, BM1A, and MS1A, and (b) shear stress vs. 

normalized punch displacement of NS1A, BM1A, and MS1A samples. 
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Highlights:  

 

• Bimodal Fe-Mn-Ag alloy was produced by mechanical alloying and spark plasma 

sintering 

• It shows high strength (722 MPa) and  ductility (38%) comparable to stainless steel 

• The alloy improved significantly corrosion rate of Fe-based alloys to 0.88 mm/yr 

• Bimodal-structure is a novel method to design Fe-based biodegradable alloys 


