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A B S T R A C T   

Commercially pure Fe, Fe35Mn, and (Fe35Mn)5Ag alloys were prepared by uniaxial pressing of the mixture of 
individual powders, followed by sintering. The influence of the alloying elements Mn and Ag on the corrosion 
behaviour of these Fe-based alloys was investigated in Hanks’ Balanced Salt Solution (HBSS). Furthermore, the 
role of the components in HBSS, particularly Ca2+ ions during alloys degradation was studied. Distribution of 
local pH and dissolved oxygen concentration was measured 50 μm above the interface of the degrading alloys. 
The results revealed that 5 wt% Ag addition to Fe35Mn alloy triggered micro-galvanic corrosion, while uniform 
corrosion dominated in pure Fe and Fe35Mn. Fast precipitation of Ca–P-containing products on the surface of 
these Fe-based alloys buffered local pH at the metal interface, and blocked oxygen diffusion at the initial stages of 
immersion. In the (Fe35Mn)5Ag, the detachment or structural changes of Ca–P-containing products gradually 
diminished their barrier property. These findings provided valuable insights into the degradation mechanism of 
promising biodegradable Fe-based alloys.   

1. Introduction 

Iron-based biodegradable materials have recently been proposed as 
promising candidates for biodegradable medical implants, especially for 
orthopaedic and cardiovascular applications, owing to their favourable 
mechanical properties [1]. However, slow degradation rate and detri-
mental ferromagnetism in vivo restrict pure Fe’s biomedical applications 
[2]. Due to this, multiple efforts have been made over the past few years 
to enhance the biodegradation and improve the biocompatibility of 
Fe-based alloys, involving alloying Fe with various elements. Mn, a trace 
element found in human body that acts as an indispensable cofactor of 
numerous diverse enzymes, has been considered as a suitable alloying 
element. Several studies have shown that Mn addition has the tendency 
to increase the degradation rate and also eliminates the ferromagnetic 
nature of the metal through the formation of an antiferromagnetic 
austenitic microstructure [3–6]. 

Although it is undisputed that Mn addition could eliminate the 
ferromagnetic nature of Fe, there have been conflicting conclusions with 
regards to its ability to facilitate biodegradation. The variation in the 
degradation rate of Fe–Mn alloys remains highly dependent on Mn 
concentration and resulting microstructure. Hermawan et al. [3] pio-
neered several investigations on biodegradable Fe–Mn alloys and found 
that the degradation rate of Fe–Mn alloys decreased with incrementa-
tion of Mn concentration from 20 wt% to 35 wt%. This is due to the 
bi-phasic microstructures that triggered additional micro-galvanic 
corrosion [7–13]. By contrast, no significant corrosion was observed 
during long-term in vivo tests of Fe–Mn alloy (Mn < 10%) [14]. It has 
been also reported that Fe–30Mn alloy degraded slower than pure Fe 
during static immersion, notwithstanding the expected higher corrosion 
rates of Fe–30Mn calculated from potentiodynamic tests [15]. Similar 
outcomes have been obtained by Čapek, Kubásek, Vojtěch, Jablonská, 
Lipov and Ruml [16], who manufactured a hot-forged Fe–30Mn alloy 
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and observed lower corrosion rates for Fe–Mn system compared to pure 
Fe in both Simulated Body Fluid (SBF) and Dulbecco’s Modified Eagle’s 
Medium (DMEM). They attributed these results partly to the fact that the 
experimental conditions for immersion tests were not identical to those 
used in potentiodynamic tests, where insufficient exposure of medium to 
metal limited the formation of protective compounds on the surface. 
Čapek, Kubásek, Vojtěch, Jablonská, Lipov and Ruml [16] also discussed 
how the higher solubility of Mn hydroxides, compared to Fe hydroxides, 
may have led to higher pH levels adjacent to the sample surface, leading 
to a decelerated cathodic reaction and preferential formation of prod-
ucts like Fe(OH)2 and Fe(OH)3. There has also been varying observations 
on the composition and structure of the degradation products on Fe–Mn 
alloys. Moreover, Dargusch, Dehghan-Manshadi, Shahbazi, Venezuela, 
Tran, Song, Liu, Xu, Ye and Wen [17] claimed that the corrosion rates of 
Fe–Mn alloys increased with increments in Mn content while the 
corrosion rates derived from potentiodynamic curves were consistent 
with those obtained from the immersion tests. They also pointed out that 
while the presence of Fe and Mn oxides post degradation had been 
consistent across various studies [11,12,14,17–23], the presence of 
Fe/Mn phosphates, has not been consistently observed despite the 
mention of phosphorus among detected elements in corrosion products 
[5,14]. The state-of-art on the degradation of Fe–Mn alloys reviewed 
here clearly highlights that there is a lacuna of knowledge in the field. It 
is for this reason that the influence of Mn addition as an alloying element 
to create an Fe–Mn based alloy on degradation needs further investi-
gation. The use of advanced techniques that can monitor the evolution 
of local pH and dissolved oxygen (DO) and help uncover the underlying 
degradation mechanism of Fe–Mn alloys in electrolytes like Hanks’ 
Balanced Salt Solution (HBSS). 

The addition of immiscible noble elements (e.g. palladium, silver, 
gold) within the microstructure of Fe and its alloys is another strategy to 
further increase the degradation rate. In this case, second phases of these 
noble metals within the Fe-based matrix are formed and promote micro- 
galvanic couples [21]. To illustrate this, it has been reported that 
alloying Fe with Pd accelerated the corrosion rate of Fe in SBF [24,25]. 
Schinhammer et al. [26] evaluated the degradation performance of 
Fe–Mn–C(-Pd) alloys in SBF and found that while the Fe–Mn–C(-Pd) 
alloys degraded faster than the metal without the Pd addition, the 
degradation rate decreased with immersion time because of the gradual 
growth of degradation products. Huang et al. [27] implanted silver ions 
into pure Fe through metal vapour vacuum arc techniques and noticed 
uniform corrosion following immersion testing. Furthermore, a biode-
gradable Fe–Mn–Ag alloy was designed with accelerated corrosion rate 
and appropriate antibacterial characteristics. Even though alloying with 
noble elements was shown to increase the corrosion rate of Fe-base alloy 
in test media, less significant enhancements have been achieved on their 
in vivo degradation rate [28,29]. Meanwhile, preferential precipitation 
of phosphates was observed on the noble phases, which experience 
higher alkalinisation owing to the oxygen reduction reaction (ORR) 
occurring on these cathodic sites [30]. Moreover, one of the issues un-
covered from an in vivo test on Fe–Mn–C(-Pd) seems to be, the lack of 
dissolved oxygen available at certain implantation sites [2], showing 
that it is indispensable to deepen understanding of oxygen consumption 
at degrading surfaces in vitro. Apart from this, large inconsistencies be-
tween in vivo and in vitro results are likely due to discrepancies of 
components in pseudo-physiological media and testing conditions 
compared to the actual implantation environment. This highlights the 
importance of understanding the influence of the electrolyte compo-
nents (e.g. Ca2+) and testing conditions to gain more representative 
information regarding the degradation behaviour of biodegradable 
metals. 

Apart from material composition, processing techniques also have a 
significant impact on the material’s degradation performance. Powder 
processing has consistently been a popular processing technique for the 
preparation of biodegradable implant materials. Its applicability has 
been exploited for the preparation of cardiovascular stents [6,31] and 

porous scaffold structures using more flexible methods like the 
space-holder technique [23], the replication method [12,32,33] and 
recent novel techniques involving pressureless microwave sintering [34] 
and extrusion-based 3D printing [35]. The fundamental difference in 
powder-processing microstructures and microstructures prepared using 
melt processing, is the resultant porosity in the former. To this effect, 
multiple groups have confirmed the increase in degradation resulting 
from increased percentage porosity in the tested samples [23,36,37]. 
Apart from this, powder-processed metal, especially FeMn-based alloys 
of interest in the field, are more susceptible to the formation of man-
ganese oxide inclusions resulting from high temperature oxidation [38]. 
The exact effect of such inclusions on the degradation rate of 
FeMn-based alloys has not yet been investigated, however Hermawan 
et al. [19] suggested their potential at triggering micro-galvanic corro-
sion by providing microsites with different potential than the base 
metal. Besides these aspects, elemental segregation at grain, or particle 
boundaries, has been shown to have positive effects on corrosion ac-
celeration for both powder-processed Fe30Mn microstructures [39] as 
well as induction melted Fe30Mn1C [18]. Similarly, tuning the grain 
sizes also has a marked effect on the degradation rate of both 
powder-processed [29] and wrought [40] Fe-based materials. 

In a simplified way, the typical degradation reactions of Fe can be 
presented as follows: 

Anodic reaction : Fe → Fe2+ + 2e− (1)  

Cathodic oxygen reduction reaction, (ORR) : O2 + 4e− + 2H2O→4OH−

(2)  

Hydrolysis reactions : Fe2+ + 2H2O → Fe(OH)2 + 2H+ (3)  

Fe3+ + 3H2O → Fe(OH)3 + 3H+ (4)  

Oxidation reaction : 4Fe(OH)2 +O2 + 2H2O→4Fe(OH)3 (5) 

The corrosion of pure Fe is accompanied by alkalinisation owing to 
the ORR, controlled by the diffusion of dissolved oxygen from the 
electrolyte to the metal interface. The hydrolysis of Fe2+ and Fe3+ leads 
to acidification in the anodic sites of metal dissolution [7,41]. However, 
in practice, the corrosion of pure Fe in both in vivo and in vitro envi-
ronments are more complicated due to the involvement of multiple 
organic/inorganic components, which not only buffer the pH value but 
also induce the formation of complex compounds that complicate the 
corrosion behaviour. Consequently, studying the correlation between 
pH variation and media compositions has become a very important 
aspect in the field of biodegradable metals. 

Even though the pH variation during metal degradation has received 
gaining concerns from researchers [16,42], the main focus is typically 
on the overall pH variation of the bulk electrolyte rather than the evo-
lution of local pH. The latter is predetermined by the rate of the anodic 
and cathodic reactions, accompanied hydrolysis reactions and compo-
sition of precipitates. The local pH also controls the secondary reactions 
at the metal interface and factually provides precise information for 
further comprehension of the corrosion behaviour. Therefore, under-
standing the origin and the evolution of the local pH at the interface of 
corroding alloys is highly relevant for unravelling complex degradation 
mechanisms. Local pH measurements are typically conducted in 
potentiometric mode of localized techniques e.g. Scanning Electro-
chemical Microscopy (SECM) [43] and Scanning Ion-selective Electrode 
Technique (SIET) [44], which are regarded as powerful tools to detect 
various ion concentrations and follow the development of local ion 
concentration via continuously imaging its distribution. For instance, 
detecting ion concentrations has been employed for biological applica-
tions for decades [45–47]. Recently, Lamaka et al. [48] and Mei et al. 
[49] have reported local pH and its evolution near the surface of Mg 
alloys exposed to various SBFs, providing strong evidence for lower 
degree of alkalinisation during corrosion of Mg alloys compared to that 
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commonly believed based on previous knowledge about local pH of Mg 
dissolution in an aqueous electrolyte solely composed of NaCl. More-
over, Tris-HCl and HEPES buffers have been found to be unable to sta-
bilize the local pH of Mg in SBF [48,50]. Such in vitro studies on 
biodegradable Mg alloys have paved the path for in-depth investigations 
on biodegradable Fe-based alloys. Besides, it is equally worth investi-
gating the evolution of local concentration of dissolved oxygen [51–53], 
which plays an essential role during Fe corrosion and normal biological 
function [54]. However, there is a lack of direct in situ studies exploring 
the evolution of oxygen concentration during corrosion of Fe and its 
alloys. Recently, the state-of-art in situ technique that maps local pH 
together with dissolved oxygen (DO) concentration has been applied in 
corrosion studies [55–57]. Using the combination of these two advanced 
localized techniques, unravelling the mechanisms behind the corrosion 
of Fe and its alloys becomes possible. This gives researchers the op-
portunity to break new ground in the emerging field of biodegradable Fe 
and its alloys. 

In this work, the evolution of local pH and DO concentration of three 
Fe-based alloys; pure Fe, Fe35Mn and (Fe35Mn)5Ag, was systematically 
investigated via in situ simultaneous monitoring of local pH and DO 
concentration in HBSS at 37 ◦C under hydrodynamic condition. The use 
of HBSS with and without Ca2+ ions, was adopted in this study based on 
previous results in order to highlight the importance of Ca2+ ions during 
degradation of biodegradable metals. This study aims at providing in situ 
experimental evidence during the degradation of Fe, Fe35Mn, (Fe35Mn) 
5Ag biodegradable alloys. This evidence can be used to hypothesise 
about degradation mechanisms and also understand the role of the 
alloying elements and medium components during in vitro biodegrada-
tion of these iron-based alloys. 

2. Materials and methods 

The Fe, Fe35Mn (hereafter FeMn) and (Fe35Mn)5Ag (hereafter 
FeMnAg) samples used in this work were prepared by mixing individual 
powders which were uniaxially pressed and sintered. Raw powders: Fe 
(particle size <45 μm, 99% purity, US Research Nanomaterials Inc. 
USA), Mn (particle size <10 μm, 99.6% purity, Alfa Aesar, Germany) 
and Ag (particle size 4–7 μm, 99.9% purity, Alfa Aesar, Germany) were 
mixed in the ratio specified above in a Bio-Components Inversina 
tumbler (Switzerland) for 5 h with stainless steel balls. In the case of 
(Fe35Mn)5Ag, the amounts of Fe and Mn were adjusted to have a 65:35 
Fe to Mn ratio. The use of 5 wt% Ag in this alloy, as opposed to lower 
concentrations, is aimed at amplifying any effects Ag may have on the 
degradation behaviour of FeMnAg. A 6 g powder charge was uni-axially 
pressed in an 8 mm diameter die at a pressure of 1.8 GPa using an Instron 
8802 hydraulic press (USA) in order to create cylindrical green com-
pacts. These green compacts were then introduced into a Nabertherm 
tube furnace (Germany) having a 100 L/h of N2–5H2 flow, were heated 
at a rate of 180 ◦C/h, sintered at 1120 ◦C for 3 h and allowed to cool to 
room temperature inside the tube furnace. Fig. 1 shows the micro-
structure of samples used in this study. The reasons behind the differing 
density of Fe compared to the FeMn-alloys of interest, has been provided 
in Part I of this work [58] along with further details on material char-
acterization. The coupons were then machined to obtain a final diameter 

of 3 mm. Samples were embedded in epoxy resin (Buehler, EpoxiCure™, 
USA), ground and finally polished using colloidal silica of approximately 
0.04 μm (Struers, Denmark). All samples were ultrasonically cleaned in 
ethanol before commencing with local measurements. 

The spatially resolved experiments were carried out at 37 ◦C in 
simple HBSS (ThermoFisher Scientific, no. 14175095) hereafter referred 
to as HBSS, and modified HBSS (ThermoFisher Scientific, no. 
14025100), hereafter referred to as HBSS + Ca. The latter consisted of 
the HBSS formulation with additional CaCl2, MgCl2⋅6H2O and 
MgSO4⋅7H2O (see Table 1). 

To monitor the DO concentration, a needle-type retractable fiber- 
optic oxygen micro-optode with a tip diameter of 50 μm coupled with 
FireStingO2 oxygen logging meter, both from Pyroscience™ (Germany) 
was used. Local pH was measured by a glass-type pH microelectrode 
from Unisense (Denmark) with a tip length of 50 μm and tip diameter of 
10 μm. A Ag/AgCl electrode was adapted as an external reference 
electrode. Both DO micro-optode and pH micro-electrode were inte-
grated in a commercial SVET-SIET system from Applicable Electronics™ 
(USA) for probes movement. The data is acquired by LV4 software from 
Sciencewares™ in parallel with PyroOxygenLogger from Pyroscience™. 
The pH microelectrode and DO micro-optode were positioned at 50 μm 
above the sample surface. The distance between the pH microelectrode 
and DO micro-optode was controlled using micromanipulators and kept 
at 50 μm in horizontal plane using a custom-made dual-head stage 
micromanipulator, allowing for in situ simultaneous monitoring of the 
evolution of pH and DO concentration [55]. A schematic of the test setup 
can be seen in Fig. 2. 

For the distribution of local pH and DO concentration on the spec-
imen surface, initially, a general sample-centred area (4000 μm × 4000 
μm) was scanned with the rate of 200 μm per step in order to quickly 
obtain an integral distribution. Subsequently, a representative area 
(2000 μm × 4000 μm) was selected and scanned with the rate of 80 μm 
per step to follow the local progression over 24 h. The sampling interval 
was 3 s and the total time for one map (25 × 50 grid) was approximately 
1.5 h including the time needed to move the micro-sensors (30 min for 
the first map). The optical images displayed were taken at the end of 
each mapping. For line-scan measurement, the step length was 50 μm 
and the sampling interval was 5 s leading to a total time of around 15 
min for one 200-point line. All the measurements were conducted at 37 
◦C under hydrodynamic conditions with a flow rate of 1.0 mL/min. 

Fig. 1. SEM images of the ground and polished samples. (a) Fe, (b) FeMn and (c) FeMnAg.  

Table 1 
The formulation of HBSS and HBSS + Ca electrolytes used in this study.  

Components HBSS (mM) HBSS + Ca (mM) 

KCl 5.333 5.333 
KH2PO4 0.441 0.441 
NaHCO3 4.167 4.167 
NaCl 137.9 137.9 
Na2HPO4 0.338 0.338 
CaCl2 – 1.261 
MgCl2⋅6H2O – 0.493 
MgSO4⋅7H2O – 0.407 
D-Glucose 5.556 5.556 
pH initial 7.2–7.4  
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3. Results 

3.1. Local pH and DO concentration of Fe-based alloys in HBSS 

Fig. 3 shows the visual appearance and the distribution of local pH 
and DO concentration of Fe-based alloys immersed in HBSS from 20 to 
60 min. Different accumulations of corrosion products were evident on 
the surface of these alloys as indicated in their optical images, and 
distinguished acidification and alkalization regions were displayed on 
the local pH distribution map which shows the balanced effect of active 
anodic and cathodic reactions. The integrated information of the visual 
appearance and the distribution of local pH indicated that localized 
corrosion occurred on the sample surface within the first hour of im-
mersion in HBSS. Meanwhile, DO consumption, which is predominantly 
related to the cathodic oxygen reduction reaction, was observed with 
gradients due to oxygen diffusion in the electrolyte. The relatively 
higher oxygen consumption on the left surface area of pure Fe corre-
sponds to formation of bright precipitates of corrosion products. 

By contrast, visually more severe corrosion rapidly progressed over 
the surface area of FeMnAg sample than Fe and FeMn. A wide range of 
pH variation, with lowest pH (6.40) and highest pH (8.10), was detected 
in anodic and cathodic sites respectively. In the corresponding DO map, 
approximately 0.50 mg/L of DO concentration was recorded on massive 
areas. In order to better monitor the rapid evolution of localized 
behaviour, quick line scans were sequentially executed across the 
FeMnAg sample surface (Fig. 4). Evidently, distinct acidification and 
alkalization sites on the surface of FeMnAg were reflected on pH line 
scans correlating with the corrosion appearance in the optical images. 
With increasing immersion time, both acidification and alkalization 
progressively weakened due to the considerable coverage of corrosion 
products, which concurrently blocked the oxygen diffusion and the 
intensive oxygen consumption gradually decreased (Fig. 4). Yet, the 
concentration of O2 remained rather low, 0.75–1.2 mg/L. This is 
considerably lower than O2 concentration in naturally aerated HBSS 
which is measured at 5.8 ± 0.2 mg/L at 37 ◦C. After 15 h from im-
mersion, the severe accumulation of corrosion products on the surface of 
FeMnAg started to interfere with the operation of the pH microelectrode 
and oxygen micro-optode, which were positioned only 50 μm above the 
sample surface. In order to prevent sensor damage and unreliable 
measurements while also maintaining a uniform positioning of the 
probes with respect to the sample surface, this measurement was 
stopped at the 15-h mark. 

Given that the initial local pH and DO measurements presented in 
Part I of this work, as well as the changes observed on the 

microstructure during the experiment, indicated less drastic changes in 
the local environment over the initial 15 min from immersion (see the 
initial local results in Part I of this work [58], which are also consistent 
with previous reports [29]), mapping was suitable to follow the evolu-
tion of local pH and DO concentration above their surfaces. A repre-
sentative area was selected to reflect the distribution of local pH and DO 
concentration (Fig. 5). As seen in the optical images of pure Fe, there 
were generated bright corrosion products which turned dark starting on 
the left surface area, where the oxygen consumption was enhanced: the 
value of DO concentration (1.90–3.00) was lower than that (2.40–4.10) 
in Fig. 3. The darkening of corrosion products on the surface of pure Fe 
proceeded until 24 h with a further decrease of DO concentration 
(1.55–2.05) compared to that (1.90–3.00) by 12 h. On the other hand, 
both the accumulation of corrosion products and the distribution of local 
pH was observed to be uniform on Fe and FeMn, where the initial 
localized corrosion evolved into general corrosion. Slightly higher pH 
minimum for FeMn (7.20–7.23) compared to that of pure Fe (7.07–7.09) 
signifies that hydrolysis of dissolved iron species was slightly inhibited 
during degradation of FeMn in HBSS. The minimum value of DO con-
centrations continued decreasing from 12 h to 24 h (2.38–1.78), 
accompany by slight increase of local pH values (7.23–7.28 to 
7.20–7.32). 

3.2. Local pH and DO concentration of Fe-based alloys in HBSS + Ca 

The visual appearance and distribution of local pH and DO concen-
tration of Fe-based alloys in HBSS + Ca are shown in Fig. 6. From the 
distribution of local pH, similar localized corrosion took place on the 
surface of Fe-based alloys in HBSS + Ca, compared to that in Fig. 3. 
Compared with the pH ranges of Fe (6.76–7.36), FeMn (7.20–7.39), and 
FeMnAg (6.49–8.10) in HBSS (Fig. 3), weaker acidification and alkali-
zation related to a narrower pH range (7.05–7.30 for Fe; 7.16–7.30 for 
FeMn; 7.10–7.80 for FeMnAg) were detected in HBSS + Ca at the initial 
stages. The minimum DO concentration for FeMn was 4.15 mg/L i.e. 
twice as high as that in HBSS (2.04 mg/L). Although FeMnAg still 
possessed the largest pH range (7.10–7.80) compared to that of pure Fe 
(7.05–7.30) and FeMn (7.16–7.30), a significant difference was found on 
FeMnAg between its immersion in HBSS and HBSS + Ca. The FeMnAg 
sample exhibited lower corrosion activity in HBSS + Ca (Fig. 6) than that 
in HBSS (Fig. 3). This follows from comparison of the optical images, a 
narrower pH range: 7.10–7.80 (vs. 6.49–8.10 in HBSS) and lower DO 
consumption: 4.90–5.65 (vs. 0.50–1.40 in HBSS), indicating that both 
anodic and cathodic reactions on FeMnAg were considerably inhibited 
in HBSS + Ca. 

Considering that contrasting corrosion behaviour occurred on the 
surface of FeMnAg, the particular evolution of the visual appearance and 
the distribution of local pH and DO concentration of FeMnAg is pre-
sented in Fig. 7. The visual appearances were well-correlated to the 
distribution of local pH during 24 h of immersion. The sites of highest 
and lowest local pH shifted within the first 6 h of immersion. When 
overlaying the optical image over the local pH plot, it is apparent that 
the corrosion products mostly generated at the location of initial anodic 
site, and after 6 h, fresh corrosive spots appeared precisely related to the 
new anodic sites, as indicated in Fig. 7. Meanwhile, barely any differ-
ences were shown in the distribution of DO concentration, meaning that 
the corrosion progressed slowly. At the 12-h mark, the anodic site 
established after 6 h remained active and started to grow broader 
associated with an obviously growing consumption of dissolved oxygen: 
the minimum of DO concentration reduced twofold from approximately 
5.00 mg/L to 2.50 mg/L. Afterwards, the regions of lower pH continued 
enlarging until 24 h, while the pH minimum stabilized at around 7.1. 
Meanwhile, DO consumption further intensified (the minimum of DO 
concentration decreased down to 0.40 mg/L) while an accumulation of 
dark corrosion products in the optical image was also evident. 
Remarkably, in spite of the intensive oxygen consumption accompanied 
by generation of hydroxyl ions, local pH did not rise above 7.3 after one 

Fig. 2. The schematic setup for simultaneous measurements of local pH and 
dissolved oxygen concentration. 
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day of immersion. This clearly indicates fast consumption of hydroxyl 
ions for formation of precipitated corrosion products that buffered 
further increase of local pH. 

In the case of pure Fe (Fig. 8), rapidly formed bright products in the 
optical image covered the majority of pure Fe surface within 1 h. The 
coverage continued extending over the whole surface and the corrosion 
products proceeded to grow until 24 h. Meanwhile, local pH gradually 
became more uniform, demonstrating that the initial localized corrosion 
evolved into general corrosion with immersion time. The pH maximum 
was relatively stable, but the pH minimum gradually increased from 
7.03 (1 h) to 7.22 (24 h), implying lower availability of Fe ions that are 
the typical cause of lower pH due to hydrolysis. On the other hand, 
decrease of DO concentration (down to 0.45 mg/L) indicates that the 

products layer was not able to hinder the diffusion of DO from electro-
lyte to Fe surface. Likewise, similar uniform degradation behaviour was 
found on FeMn (Fig. 9). Compared to the slowly increased minimum of 
local pH above pure Fe, the pH minimum above FeMn was maintained at 
around 7.10 until 24 h while the pH maximum slowly rose from 7.23 to 
7.32, associating with the decreasing minimum of DO concentration 
(from 3.15 to 1.90 mg/L). Just like in the case of FeMnAg, considering 
the pH range of Fe and FeMn were rather stable, the significant DO 
consumption probably contributed to further oxidation of Fe corrosion 
products. 

Fig. 3. The visual appearance, distribution of local pH and DO concertation above Fe, FeMn and FeMnAg samples after 20–60 min of immersion in HBSS. The section 
below summarizes the variation ranges of pH and DO. 
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4. Discussion 

4.1. The influence of the alloying elements (Mn, Ag) on the 
biodegradation of Fe-based alloys in HBSS 

Based on the results presented in section 3.1, varying degradation 
behaviour was revealed for pure Fe, FeMn and FeMnAg in HBSS, 
respectively. In a simple saline solution, it is relatively simple to directly 
evaluate the influence of the pH change on the degradation behaviour. 
However, in a complex medium like HBSS, various degradation products 
form in different pH ranges. The influence of the change of local pH on 
the degradation behaviour, is highly relevant to the dissolution- 
precipitation of these degradation products. It is these complex degra-
dation products that have a significant influence on the degradation 
behaviour of the alloy. Local pH thus acts as an important factor in 
differentiating between degradation phenomena by indicating the for-
mation of possible products that control the degradation behaviour. The 
samples used in this work were porous powder metallurgy alloys 

(Fig. 1), and hence it is difficult to judge the corrosion type by a 
microscopic magnification on an area of interest since anodic dissolution 
could also progress in micro-cavities. The influence of micro-cavities on 
these samples could not be eliminated during experiment. These micro- 
cavities form an integral part of the corrosion and its mechanisms of 
materials produced by powder metallurgy. On the other hand observa-
tion of local pH and DO gives useful information on the corrosion pro-
gression despite the presence of the micro-cavities. 

With the information provided by the distribution of local pH, typical 
localized corrosion was characterized on the surface of pure Fe (Fig. 3): 
anodic and cathodic sites could be associated with slightly more acidic 
and alkaline local pH due to reactions (Eqs. (1)–(4)). The hydrolysis of 
Fe2+ and Fe3+ cations (Eqs. (3) and (4)) that leads to local acidification, 
was overpowered in the presence of HPO4

2− and HCO3
− , preventing 

higher H+ concentrations from being reached, as shown in Fig. 10, 
justifying only moderate acidification on the surface of pure Fe in HBSS. 
On the other hand, dissolved oxygen (DO) was consumed over the whole 
sample (Fig. 5), due to cathodic oxygen reduction reaction (ORR) and 

Fig. 4. The visual appearance of FeMnAg in HBSS after specified immersion time and the line-scans (a) local pH and (b) DO concentration across the sample surface. 
White dashed line shows the position of the line-scans. Black dashed lines indicate sample position. The pH and O2 micro-probes positioned for the measurements are 
seen in the first optical micrographs. 
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Fig. 5. The visual appearance, distribution of local pH and DO concertation for Fe and FeMn after 12 and 24 h of immersion in HBSS. The section below summarizes 
the variation ranges of pH and DO. 
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oxidation of ferrous (Fe2+) products to form more stable ferric (Fe3+) 
compounds (Eq. (5)). 

Local compositional inhomogeneities of FeMn and the presence of 
MnO inclusions on the surface, as described in Part I of this work [58], 
could have led to formation of micro-galvanic couples, resulting in a 
stronger cathodic response on FeMn than that on Fe, as seen in the initial 
local pH/DO monitoring in Part I of this work [58]. In addition, the 
preferential formation of Mn-phosphates among corrosion products, as 
shown in the SEM/EDS analysis and MEDUSA calculations [59] in Part I 
of this work [58], did not inhibit the unceasing substrate dissolution and 
the persistent oxygen consumption that proceeded in the next 24 h 
(Fig. 5). Therefore, in this case, Fe35Mn degraded faster than pure Fe 
(according to the corrosion currents in Part I of this work [58]), and the 

accumulated Fe- and Mn-phosphate products on the surface barely have 
any protective effect. 

Ag addition had a significant influence on the degradation behaviour 
of the Fe–Mn alloys. The uniformly distributed Ag phase served as active 
cathodic sites even in the presence of similar Mn-phosphates deposits, 
activating strong anodic and cathodic reactions and fast electron and 
mass transport, thus promoting the dissolution of both Fe and Mn. The 
hydrolysis of increasingly dissolving Fe ions produced more H+ ions 
than that on Fe and FeMn, causing an enhanced acidification at active 
anodic sites within the first 3–4 h immersion (as indicated by the low pH 
(6.7–6.9) in Fig. 4). The high pH of 8.4 at cathodic sites indicated a 
stronger cathodic reaction occurring on FeMnAg when compared to Fe 
and FeMn. With time, local pH at anodic sites increased from 6.7 to 7.4 

Fig. 6. The visual appearance, distribution of local pH and DO concertation for Fe, FeMn and FeMnAg after 20 min immersion in HBSS + Ca. The section below 
summarizes the variation ranges of pH and DO. 

C. Wang et al.                                                                                                                                                                                                                                   



Bioactive Materials 7 (2022) 412–425

420

Fig. 7. The visual appearance, distribution of local pH and DO concertation for FeMnAg after 2–24 h immersion in HBSS + Ca. The section below summarizes the 
variation ranges of pH and DO. 
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Fig. 8. The visual appearance, distribution of local pH and DO concertation for Fe after 1–24 h immersion in HBSS + Ca. The section below summarizes the variation 
ranges of pH and DO. 
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(bulk pH), indicating a decreasing amount of hydrolysed Fe ions due to 
the formation of Fe-containing corrosion products. The rate of strong 
electrochemical reaction reached the limit controlled by the diffusion of 
dissolved oxygen. Meanwhile, SEM/EDS analysis in Part I of this work 
[58] indicated that Ag remained exposed after 24 h, which provided 
persistent sites for the cathodic reaction, supporting anodic dissolution 
of the less noble austenitic matrix. The corrosion products above Ag 
particles were not dense enough to block dissolved oxygen from 
reaching the surface where the ORR (Eq. (2)) took place. It is also useful 
to note that the higher surface area of FeMnAg compared to the Fe alloy, 
due to increased percentage porosity, could have contributed to the 
higher anodic dissolution and localized corrosion observed on the alloy. 
On the other hand, although FeMn had a similar percentage porosity to 

FeMnAg, this did not seem to impact the degradation of FeMn in the 
same way. 

4.2. The influence of Ca2+ ions in HBSS on the biodegradation of Fe- 
based alloys 

In general, the presence of Ca2+ ions in HBSS electrolyte reduced the 
degradation rate of pure Fe, FeMn and FeMnAg, as seen in the corrosion 
currents present in Part I of this work [58]. Ca2+ ions were able to 
combine with PO4

3− and OH− generated by ORR to precipitate 
Ca–P-containing products on the metal surface. The precipitation of 
Ca–P-containing products layer not only resulted in decreasing OH−

levels reflected by the lower local pH compared to that in the absence of 

Fig. 9. The visual appearance, distribution of local pH and DO concertation for FeMn after different immersion time in HBSS + Ca. The section below summarizes the 
variation ranges of pH and DO. 
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Ca2+ ions, but also acted as a partially protective layer that impeded the 
diffusion of dissolved oxygen from electrolyte to the metal surface, thus 
slowing down the ORR at cathodic sites (Fig. 6). 

Despite the similar visual appearance and distribution of local pH 
and DO concentration featured on pure Fe in Figs. 3 and 6, the corrosion 
current of Fe (presented in Part I of this work [58]), further decreased in 
the presence of Ca2+ ions due to the formation of Ca–P-containing 
products layer on the metal surface. The continuous coverage and bar-
rier properties of this layer were manifested by growing time constant at 
high frequencies identified in Bode plots of EIS spectra in Part I of this 
work [58]. Sluggish degradation of pure Fe produced a limited amount 
of OH− , causing the coverage of Ca–P precipitates to slowly progress on 
the surface. Meanwhile, the consumption of PO4

3− by Ca2+ ions hindered 
the formation of Fe-phosphates, probably leading to an alternative 
growth of Fe-carbonates (as seen in the Medusa diagram in Part I of this 
work [58]). The darker products in the optical images in Fig. 8, could 
also be an indication that the consumption of DO was related to the 
formation of ferrous corrosion products forming outside pitting sites [5, 
16], which was also supported by the SEM images presented in Part I of 
this work [58]. Compared to pure Fe, slight quantitative variations on 
the distribution of local pH and stable DO concentration were charac-
terized on FeMn (Figs. 5 and 9). After 24 h, the DO range in HBSS + Ca 
(1.90–4.30 mg/L) was larger than that in HBSS (1.78–2.26 mg/L), 
indicating lower DO consumption above the surface of FeMn in HBSS +
Ca compared to that in HBSS. 

At the initial stage of FeMnAg degradation, calcium phosphates were 
easier to precipitate on the surface than on Fe and FeMn, especially on 
Ag particles where ORR quickly provided quantities of OH− sufficient 
for the formation of Ca–P-containing products, as seen in initial local 
measurements presented Part I of this work [58]. The precipitation of 
Ca–P-containing products accounted for the lower local pH (max. 7.8) 
above the surface of FeMnAg in HBSS + Ca than that in HBSS (max. 8.4), 
and in turn blocked the oxygen diffusion, leading to such a sluggish ORR 
at cathodic sites that significantly weakened the initially strong cathodic 
activity (Fig. 6 and the initial local measurements in Part I of this work 
[58]). The reduced cathodic activity inhibited the anodic dissolution of 
the Fe-based substrate. The amount of hydrolysed Fe ions decreased, so 
local pH at anodic sites of degrading FeMnAg in HBSS + Ca was higher 
(min. 7.1) at the initial stage than that in HBSS (min. 6.7). However, it 
could be speculated that formed protective corrosion products, partially 
detached from the surface or changed their structure during continuous 
degradation, resulting in more pathways for DO diffusion (Fig. 7). This 
assumption is supported by EIS results presented in Part I of this work 
[58], where the resistance associated with the formed Ca–P-containing 
products layer decreased after around 9 h, with a corresponding shift in 
corrosion product layer capacitance, both indicating a decreasing 
impedance contribution from the protective layer. Even so, compared 
with the results of FeMnAg in HBSS (Fig. 4) at the same timeframe (after 

12–15 h of immersion), DO was consumed less on the surface of FeMnAg 
in HBSS + Ca (min. 2.5 mg/L) than that in HBSS (min. 0.7 mg/L). DO 
was also consumed outside the active pits for oxidation of ferrous 
products to ferric species as evidenced by progressive formation of 
darker products, accounting for the minimum value of DO concentration 
decreasing to 0.41 mg/L and the area of DO consumption becoming 
extensively large from 12 h to 24 h (Fig. 7). XRD was attempted to 
characterize the corrosion products. However, due to the limited 
amount of the corrosion products and porous structure of the sample, the 
signal from the corrosion products was overshadowed by the charac-
teristic peaks of the Fe, FeMn, Ag and MnO phases in the substrate. 
Besides, some amorphous corrosion products may not be identified by 
XRD. In future work, other surface characterization techniques such as 
XPS will be considered to obtain more information about the specific 
corrosion products formed on these samples. 

In summary, as Ca2+ ion is an indispensable inorganic component in 
the physiological fluid and always present in orthopaedic implantation 
sites, understanding correlation between degradation and formation of 
Ca–P-containing products is of crucial importance. This study has indi-
cated that such products formed within the first few minutes upon 
exposure to the Ca2+-containing electrolyte. It is worth mentioning that 
although local pH maintained generally neutral at the metal interface, 
the proceeding high rate oxygen consumption resulted in an intensely 
low concentration of O2 remaining in the electrolyte adjacent to the 
degrading metal (as summarized in Fig. 11). Thus, it is reasonable to 
speculate that biodegradable Fe-based implants could potentially lead to 
hypoxemia around the implantation sites, where blood oxygen could be 
excessively consumed. Moreover, in vivo hydrogen evolution has been 
reported in Fe–35Mn–1Ag currently [60]. Based on our findings, it could 
be possible to trigger hydrogen evolution around the Fe-based implants, 
as water may start being reduced to hydrogen gas when there is hardly 
any blood oxygen. 

5. Conclusions 

The evolution of local pH and O2 concentration during degradation 
were simultaneously monitored at the interface of pure Fe, FeMn and 
FeMnAg in HBSS and HBSS + Ca electrolytes assisted by advanced 
localized techniques. 

The main conclusions are the following: 
For pure Fe and FeMn, localized corrosion behaviour dominated at 

the beginning of immersion. At the later immersion stage, after 12–24 h, 
the corrosion process progressed uniformly. The addition of 5 wt% Ag to 
the FeMn alloy created effective micro-galvanic couples between 
austenitic FeMn matrix and Ag, which served as efficient cathodic sites 
for oxygen reduction reaction (ORR). 

In HBSS + Ca electrolyte, the local pH values above three alloys 
remained in a narrower range (7.03–7.80) than that in HBSS 
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(6.40–8.30). This is attributed to the precipitation of Ca–P-containing 
products on the metal surface that stabilizes the local pH, particularly 
for FeMnAg. Cathodic ORR on Ag-rich sites produced quantities of OH− , 
favouring deposition of Ca–P-containing products. As immersion time 
elapsed, Ca–P-containing products detached from FeMnAg surface, 
exposing the degrading material underneath to interact with the dis-
solved oxygen, while Fe and FeMn degraded uniformly with less 
coverage of Ca–P-containing products on the surface than FeMnAg. 

Notably, DO concentrations above all three alloys proceeded 
decreasing during 24 h. In spite of this active oxygen consumption, 
interface pH largely remained neutral. This indicates O2 consumption 
for oxidation of Fe2+ to Fe3+ and intake of generated OH− for hydroxide 
and phosphate precipitation. Furthermore, local concentration of 
remaining oxygen decreased to 0.5 mg/L from 6 mg/L characteristic for 
naturally aerated HBSS. This suggests that low oxygen concentration can 
affect the physiological environment of the implantation site. 
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[12] A. Orinak, R. Oriňáková, Z. Orsagova Kralova, A. Morovska Turonova, 
M. Kupková, M. Hrubovčáková, J. Radonak, R. Džunda, Sintered metallic foams for 
biodegradable bone replacement materials, J. Porous Mater. 21 (2014). 

[13] M. Dehestani, K. Trumble, H. Wang, H. Wang, L.A. Stanciu, Effects of 
microstructure and heat treatment on mechanical properties and corrosion 
behavior of powder metallurgy derived Fe–30Mn alloy, Mater. Sci. Eng. A 703 
(2017) 214–226. 

[14] A. Drynda, T. Hassel, F.W. Bach, M. Peuster, In vitro and in vivo corrosion 
properties of new iron-manganese alloys designed for cardiovascular applications, 
J. Biomed. Mater. Res. B Appl. Biomater. 103 (3) (2015) 649–660. 

[15] A. Atrens, M. Liu, N.I. Zainal Abidin, Corrosion mechanism applicable to 
biodegradable magnesium implants, Mater. Sci. Eng., B 176 (20) (2011) 
1609–1636. 
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