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Abstract
Biodegradable metals have gained vast attention as befitting candidates for developing degradable metallic implants. Such 
implants are primarily employed for temporary applications and are expected to degrade or resorbed after the tissue is healed. 
Fe-based materials have generated considerable interest as one of the possible biodegradable metals. Like other biometals 
such as Mg and Zn, Fe exhibits good biocompatibility and biodegradability. The versatility in the mechanical behaviour 
of Fe-based materials makes them a better choice for load-bearing applications. However, the very low degradation rate 
of Fe in the physiological environment needs to be improved to make it compatible with tissue growth. Several studies on 
tailoring the degradation behaviour of Fe in the human body are already reported. Majority of these works include studies 
on the effect of manufacturing and processing techniques on biocompatibility and biodegradability. This article focuses on 
a comprehensive review and analysis of the various manufacturing and processing techniques so far reported for developing 
biodegradable iron-based orthopaedic implants. The current status of research in the field is neatly presented, and a summary 
of the works is included in the article for the benefit of researchers in the field to contextualise their research and effectively 
find the lacunae in the existing scholarship.
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Introduction

Since the eighteenth century, metals have been used for bio-
medical surgical implant applications due to their outstand-
ing mechanical properties and durability (Niinomi 2008). 
Titanium (Ti), stainless steel (SS) and cobalt-chromium 
(Co–Cr)-based “bio-inert” alloys are commonly used as 
metallic biomaterials. The mechanical properties such as 
tensile strength, fracture toughness, ductility and wear resist-
ance make these metals suitable for implant applications. 
Permanent metallic stents and joint replacement implants 
are mainly developed using these alloys (Niinomi 2008; 
Lévesque et al. 2008; Moravej and Mantovani 2011; Zheng 
et al. 2014; Ito et al. 2015; Kumar et al. 2019; Leo Kumar 

and Avinash 2020). Although these conventional alloys are 
considered to be biocompatible, unfavourable conditions 
may cause a toxic element release in the region. This can 
cause sensitivity towards different metal components or 
allergic reactions such as localised eczema near the implant 
site (Chaturvedi 2013). In temporary implant applications, 
these are to be removed by a second surgery once the tis-
sue is healed (Zhang et al. 2010; Chen and Thouas 2015). 
A second surgery increases the associated cost and raises 
the chances for hospital-acquired infections (Kirchhoff 
et al. 2008). Post-operative problems such as nerve injury, 
infection, incomplete removal, and impaired wound healing 
have been reported occasionally following implant removal 
surgery (Reith et al. 2015). Moreover, factors such as age 
and the patient's health condition can hinder the possibil-
ity of such a second surgery. The slow rate of bone healing 
in older people leads to screw holes in the cortical bone 
area after implant removal. Such holes are a concern as they 
can be subjected to stress concentration resulting in bone 
fracture (Brooks et al. 1970). The concept of biodegradable 
metals (BMs) is seen as one of the promising alternatives 
to the second surgery. BMs are expected to degrade at a 
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predetermined rate in the physiological environment without 
any harmful effect on tissue and thereby help to avoid the 
second surgery.

The implants made of BMs are expected to degrade and 
disappear from the disease site with little residue (Wong 
et al. 2012; Hermawan 2018; Li et al. 2019a). The ideal 
biodegradable material shall have a desirable degradation 
rate compatible with the regeneration rate of the tissues. 
Shuai et al. 2019a reported that the degradation rate of BMs 
used in bone repair needs to be between 0.2 and 0.5 mmpy 
(Sheikh et al. 2015). However, the degradation rate will 
have to conform to the new bone growth rate to ensure the 
progressive transfer of load to the healing bone, minimis-
ing the disadvantages of stress shielding. When the implant 
degrades, its strength decreases and the load is progressively 
transferred to the recovering bone tissue (Waizy et al. 2013). 
The biodegradation of metals inside the body depends pri-
marily on interaction with its environment. The reaction of 
some metals can also bring benefits for biomedical applica-
tions (Zheng et al. 2014). The BMs can contain vital metallic 
elements that the human body tissues could gradually absorb 
and also help in achieving the desired level of degradation 
in vivo (Seal et al. 2009; Zheng et al. 2014). Thus, one can 
see that the concept of biodegradable metallic implants chal-
lenges the conventional paradigm that metallic biomaterials 
should be resistant to degradation (Bauer et al. 2013).

Degradable metallic biomaterials currently proposed 
mainly include magnesium- (Mg), zinc- (Zn) and iron- (Fe) 
based systems (Loffredo et al. 2018; Shuai et al. 2019a; 
Garimella et al. 2019; Rahim et al. 2020; Yang et al. 2020; 
Md Yusop et al. 2021). While the Mg-based materials rap-
idly degrade (at a rate ranging from 0.8 to 2.7 mmpy) in the 
physiological environment (Zberg et al. 2009; Dorozhkin 
2014; Shuai et al. 2019a), Fe-based systems exhibit a very 
slow degradation rate (less 0.2 mmpy) as shown in Fig. 1 
(Hermawan et al. 2010a; Sing et al. 2015). Unlike Mg-based 
BMs, Zn-based BMs degrade in the physiological environ-
ment without the release of hydrogen gas. They also exhibit 
degradation rates between 0.1 and 0.3 mmpy, which is com-
patible with desired degradation rate for BMs as reported in 
the literature (Kabir et al. 2021). However, due to the insuf-
ficient mechanical characteristics of Zn, its usage is limited 
for the majority of medical applications such as stents and 
orthopaedic implants (Vojtěch et al. 2011). In addition, the 
comparatively poor fatigue strength and low-temperature 
recrystallisation, proneness to creep and increased vulner-
ability to the natural ageing of Zn and Zn alloys potentially 
lead to poor performance of medical implants during the 
storage and functioning period (Li et al. 2019b).

Fe-based systems have the required mechanical char-
acteristics, good formability, and acceptable biocompat-
ibility. However, they often degrade relatively slowly with 
degradation rates much below clinical criteria and hence 

potentially create identical issues as raised with conven-
tional implant materials. Table 1 summarises the major 
advantages and disadvantages of Mg-, Zn- and Fe-based 
biodegradable metals.

The ongoing research on Fe-based systems mainly 
focuses on increasing the degradation rate in the physi-
ological environment.

Fe is an essential element of the human body as it has 
many vital roles and functions in the human body (Papan-
ikolaou and Pantopoulos, 2005). For adults, the average 
oral consumption of iron is 12–18 mg/day and approxi-
mately 10% of the same is extracted by the digestive tract. 
Based on stomach distress as a side effect, the highest 
permissible intake level of iron, is limited to 45 mg/day 
(Seiler and Sigel 1988; Trumbo et al. 2001). The majority 
part of iron available is used to produce haemoglobin, and 
the liver stores additional intakes in the form of ferritin 
and haemosiderin (Saito 2014). The dynamic distribution 
of iron in the human body is shown in Fig. 2.

In the physiological environment, degradation of Fe 
takes place by electrochemical reactions as shown in the 
following equations (Zheng et al. 2014, 2017):

In the solution, this  Fe2+ and  OH¯ will combine to form 
ferrous hydroxide:

Due to the alkalisation of the solution and the pres-
ence of oxygen in the physiological fluid, some ferrous 
hydroxide transforms to ferric hydroxide as per the fol-
lowing reactions:

(1)Fe → Fe
2+ + 2e

−(anodic reaction),

(2)O2 + 2H2O + 4e
−
→ 4OH

−(cathodic reaction).

(3)Fe
2+ + 2OH

−
Fe(OH)2 ↓ .

Fig. 1  The schematic representation of degradation of BMs and vari-
ations in mechanical integrity during the tissue healing process (Her-
mawan et al. 2010a; Mostaed et al. 2016)
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Figure 3 depicts a schematic diagram of the degrada-
tion mechanism of Fe-based biodegradable materials in the 
physiological environment. As illustrated in Fig. 3a, the 

(4)4Fe(OH)2 + O2 + 2H2O4Fe(OH)3 ↓,

(5)Fe(OH)2 + 2FeO(OH) + Fe3O4 ↓ + H2O.

reactions (1)–(5) indicated above occur spontaneously at the 
sites where a galvanic couple exists. Metallic iron under-
goes oxidation instantly upon contact with bodily fluid due 
to the anodic reaction (1). The liberated electrons are used 
in the cathodic reaction equivalent to the reduction of dis-
solved oxygen as shown in reaction (2). As shown in Fig. 3, 
this reaction occurs along with the adsorption of organic 

Table 1  Major advantages and 
disadvantages of Mg-, Zn- and 
Fe-based biodegradable metals

Biodegradable metal Advantages Disadvantages

Mg-based BMs Biodegradable
Biocompatible
Promote biomineralisation and osseointegration
Density and elastic modulus close to that of human 

bone and thereby reduce the chances of stress shield-
ing

MRI compatible
An essential element for the human body

Extremely high degrada-
tion rate

H2 gas evolution by 
degradation

Local rise of pH near the 
implant site

Poor mechanical strength 
for load-bearing appli-
cation

Premature loss of 
mechanical integrity

Zn-based BMs Biodegradable
Acceptable biocompatibility
Good processability
No  H2 gas evolution by degradation
Non-toxic degradation products

Poor mechanical strength
Proneness to creep
Age hardening

Fe-based BMs Biodegradable
High tensile strength and formability
Acceptable biocompatibility
MRI compatible (in austenitic phase)
No  H2 gas evolution by degradation

Very low degradation rate
High elastic modulus 

leads to stress shielding
Non-MRI compatible for 

ferromagnetic Fe and 
its alloys

Fig. 2  Dynamic distribution of 
iron in the body
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molecules such as lipids, proteins and amino acids as well 
as the formation of degradation products as per the reactions 
(3)–(5). Due to the high concentrations of inorganic ions 
such as Clˉ in the body fluid, the hydroxide layer break-
down persistently, which leads to continuous degradation 
(Paramitha et al. 2016). Aside from the corrosion product 
layer, cells cling to the surface and then proliferate to form 
the tissues. The irregular fragments may occasionally fall 
from the degraded surface and get removed from the site as 
shown in Fig. 3d.

The formation of calcium phosphate (apatite) layer 
and that of hydroxide and oxide on the surface of Fe 
contribute to a reduction in the degradation rate dur-
ing the early period of dynamic immersion (Zhu et al. 
2009b). However, a degradation layer on the iron sur-
face would not be a worry in the in vivo implantation 
as reported by Wegener et al. (2021). It is reported that 
the degradation products were removed by macrophages 

and no harmful effects were observed as a result of the 
local accumulation. It is also reported that the degra-
dation products of Fe display no apparent toxicity to 
human tissue, and excessive Fe ions will be transported 
through body f luid and promptly excreted through 
sloughed mucosal cells, sweat and desquamation of skin 
cells and hair (Peuster et al. 2001; Ulum et al. 2014; 
Scarcello and Lison 2020).

The combination of biodegradability and superior 
mechanical properties makes Fe a perfect choice for load-
bearing applications. The key benefits and limitations of 
Fe-based systems are given in Table 2.

As mentioned earlier, researchers have reported pleth-
ora of manufacturing and processing techniques to accel-
erate the rate of degradation, improve biological response 
and tune the mechanical behaviour of Fe for degradable 
implant applications. This paper reviews all the signifi-
cant works reported to this date with a special emphasis 

Fig. 3  Degradation mechanism 
of Fe-based BMs

Table 2  Benefits and limitations of Fe-based systems as degradable implant

Benefits of Fe-based system Limitations of Fe-based system

Biocompatible and biodegradable in the physiological environment
Good strength and toughness
Fe is an essential cation required for human metabolism and acts as a 

co-factor for many enzymes and haemoglobin synthesis
Hyper-iron cases are rare
Good machinability index and dimensional stability are crucial for 

developing complex geometries for orthopaedic applications

Slow degradation rate in the physiological environment
High stiffness compared to that of natural bone and can lead to the 

stress shielding phenomena
Chances of formation of insoluble degradation products (IDP) built up 

near implantation site may harm the nearby tissue
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on the manufacturing route and processing techniques 
adopted.

Manufacturing of iron‑based biodegradable 
metals

The manufacturing methods attempted to develop bio-
degradable metallic materials from Fe-based systems 
can be broadly grouped as powder metallurgy, casting, 

electrodeposition, additive manufacturing and others as 
shown in Fig. 4. The advantages and disadvantages of each 
method for manufacturing Fe-based biodegradable devices 
are summarised in Table 3.

Powder metallurgy

Powder metallurgy (PM) is one of the most common meth-
ods for developing Fe-based BMs (Hermawan et al. 2007; 
2008, 2010b; Cheng and Zheng, 2013; Zheng et al. 2014; 

Fig. 4  Manufacturing methods for Fe-based BMs

Table 3  Advantages and disadvantages of various methods for manufacturing Fe-based biodegradable devices

Method Advantages Disadvantages

Powder metallurgy Allows the direct production of relatively complex shapes
Materials with tuned properties can be obtained
The degradation rate and mechanical characteristics can be varied across a 

large range by making minor modifications to production parameters
A suitable method for developing alloys, composites, and porous materials
Ease of tailoring biodegradability by optimising porosity

Difficulties in powder preparation
Chances of inhomogeneity during 

the mixing/milling process leads to 
poor mechanical properties

Casting Affordability of alloy component customisation
Easy to make complicated geometry

There is a high probability of casting 
defects as: segregation, blowholes, 
and shrinkage

Post-processing is required after 
casting

Cannot produce Fe-bioceramic 
composite

High-stress shielding
Additive manufacturing Best method to produce porous scaffolds

Ease of tailoring biodegradability by optimising porosity
Shape and geometry of pores can be controlled (these decide the osteoconduc-

tion and osseointegration
Allows implant materials to have mechanical characteristics similar to human 

bone. (Reduce stress shielding)
Accuracy and adaptability

Difficulties in powder preparations

Electroforming Simple method
Does not require complex equipment
Less amount of energy consumption

Only thin sections/sheets can be made
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Oriňaková et al. 2016). The versatility of the PM process 
makes it possible to produce components with different 
shapes and other features from powders. Hermawan et al. 
(2007, 2008) developed an alloy of Fe–Mn alloys with 
Mn content varying from 20 to 35% (b wt) by PM route 
and reported that the alloys exhibited a higher degradation 
rate than that of pure Fe in the physiological environment. 
They found that Fe–20Mn and Fe–25Mn alloys have mul-
tiphase microstructures and those of Fe–30Mn and Fe–35Mn 
are single-phase microstructures. The multiphase alloys 
show a higher degradation rate (1.1–1.3 mmpy) than the 
single-phase alloys (0.4–0.7 mmpy). In addition, the mag-
netic susceptibility of all alloys was similar to that of the 
SS316L (Hermawan et al. 2010b). The authors have devel-
oped Fe–Mn alloys with the composition of Fe–25 Mn and 
Fe–35Mn which exhibit an average degradation rate of 0.5 
mmpy, which is twice that of the pure Fe (Hermawan et al. 
2010c; Hermawan and Mantovani 2013). Wegener et al. 
(2011) manufactured Fe–C (0.01 and 0.02% by wt of C), 
Fe–P (0.6 and 1.6% by wt of P), Fe–B (0.6% by wt of B), 
and Fe–Ag (1.0 and 5.0% by wt of Ag) alloys using PM 
method with low alloy concentration. All alloys have an 
almost similar degradation rate in the range of 0.123–0.187 
mmpy. The degradation rate of various produced materi-
als is summarised in Table 1, included in “Summary and 
future prospects”. However, cytotoxicity evaluation of the 
samples showed that all alloys, except Fe–P alloys, were 
slightly cytotoxic. They concluded that unalloyed steel and 
Fe–P are good candidates for the load-bearing application 
(Wang et al. 2017b).

The powder metallurgy technique was also used effec-
tively to develop porous samples. Controlling and fine-tuning 
the porosity can help in improving the degradation rate and 
bringing the mechanical properties close to that of human 
bone (Zhang and Cao, 2015; Dehghan-Manshadi et  al. 
2019). A porous morphology increases the rate of degrada-
tion and reduces the modulus of elasticity of the implant. A 
modulus of elasticity value close to that of bone will help to 
avoid the stress shielding reported while using conventional 
implants (Ridzwan et al. 2007; Mour et al. 2010; Shayesteh 
Moghaddam et al. 2016; Prasad et al. 2017). In addition, 
porosity is the desired property in implants because it allows 
for efficient oxygen and nutrient transfer, promotes osseoin-
tegration and vascular invasion. It also enhances bioactivity 
by increasing the interfacial surface area and improves fixa-
tion between the implant and surrounding tissues (Shimko 
et al. 2005; Wegener et al. 2020).

Mandal et al. (2021) used naphthalene (Naph) as a spacer 
material to develop multiscale porosity in the Fe–Mn–Cu 
(Fe–Mn–Cu)-based scaffolds. An interconnected multichan-
nel network of macropore scaffolds with porosities rang-
ing from 42 to 76% was achieved by this route. The scaf-
folds were developed with 30% (wt) Naph had a minimum 

ultimate compressive strength of 7.21 MPa, comparable with 
that of human cancellous bone (UCS of 2–12 MPa). The 
degradation rate of the scaffold increased after incorporating 
the porosity and the one with highest porosity (76%) showed 
an increased degradation rate of 2.71 mmpy. The accelerated 
degradation rate of the scaffolds has no harmful effects on 
MG63 cells. The in vivo studies have revealed that increased 
porosity result in increased osteointegration.

Čapek and Vojtěch (2014) developed porous iron of dif-
ferent porosities using ammonium bicarbonate  (NH4HCO3) 
as the spacer material. They reported that the samples had 
primarily two kinds of pores with dimensions ranging 
between 250 and 500 µm. The formation of small pores was 
attributed to low compaction and larger pores were formed 
by the spacers. The larger pores have greater surface area in 
accelerating the degradation rate. The samples also exhib-
ited improved biocompatibility and enhanced osseointegra-
tion by allowing the body fluid through the pores. The study 
indicates that proper selection of compaction force, powder 
grain size and spacer materials in Fe can help in fine-tuning 
the porosity and mechanical properties of Fe samples. A 
similar study was conducted by Zhang and Cao (2015) on 
Fe–35 Mn system with  NH4HCO3 as a space holder that 
enhanced the porosity between 25 and 31%. The degrada-
tion rate of this porous alloy obtained through electrochemi-
cal test is 2–8 mmpy with a uniform mode of corrosion. 
However, a high fraction of closed pores compared to open 
pores seems to be detrimental to the permeation of tissues. 
Oriňáková et al. (2013) used PM process to create the open-
cell porosity in the microstructure of carbonyl Fe, Fe–CNT 
(0.5% by wt of CNT) and Fe–Mg (0.5% by wt of Mg) alloys. 
The electrochemical studies showed that Fe–Mg degrades at 
a faster rate compared to Fe and Fe–CNT.

Fabrication of open-cell iron foam using sponge impreg-
nation technique was also explored on various Fe-based sys-
tems to improve the permeation of the tissues and increase 
biodegradation rate (Gorejová et al. 2020; Oriňaková et al. 
2020; Liu et al. 2020). Recently, Liu et al. (2020) fabri-
cated open-cell Fe–Mn (53% by wt of Mn) based foam by 
metal slurry impregnation of polyurethane foam followed 
by sintering. Using this technique, a microstructure with 
85% porosity and pore sizes ranging from 375 to 500 µm 
were developed. More importantly, the pores seemed to be 
interconnected, resulting in good bioactivity and mechanical 
properties close to the bone. The degradation rate of the dif-
ferent Fe–Mn foams varied from 0.4 to 1.0 mmpy compared 
to 0.33 mmpy for the pure iron.

Attempts were also made to tailor the properties of Fe-
based systems by post-processing of components developed 
by powder metallurgy route. Obayi et al. (2015) studied the 
rolling impact on the microstructure, mechanical character-
istics and degradation of porous Fe. Compared to straight 
rolled samples, cross-rolled samples were recrystallised 
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at a lower rate due to decreased dislocation density and it 
showed enhanced mechanical properties. However, the grain 
boundary corrosion was observed predominantly in unidi-
rectional rolled samples. A similar approach was adopted by 
Hermawan et al. (2008) to prepare Fe–35 Mn samples from 
the mixture of Fe and Mn powder through cold pressing fol-
lowed by sintering. The alloys were subjected to two series 
of cold-rolling and sintering processes to improve density. 
The microstructure of the samples showed the evolution of 
porosity and MnO particles after each cycle. Though the 
samples were sintered in an inert atmosphere, the air trapped 
inside the micropores would have resulted in the formation 
of tiny MnO particles (Gierl-Mayer 2020). These cold-rolled 
samples exhibited higher degradation rates of 0.44–1.26 
mmpy compared to pure annealed Fe of 0.16 mmpy.

Powder metallurgy route was also used for developing 
metal-matrix composites. Fe/bioceramic composites were 
developed by many research groups to achieve better bio-
compatibility and biodegradability (Ulum et al. 2014, 2015; 
Wang et al. 2017b). Ulum et al. (2014) developed Fe-based 
composite by incorporating hydroxyapatite (HA), tricalcium 
phosphate (TCP), and biphasic calcium phosphate (BCP) 
by mechanical alloying and sintering. Compared with pure 

Fe, the composites exhibited a decrease in yield and com-
pressive strength. The incorporation of bioceramic into the 
Fe matrix also improved its degradation rate. In vivo and 
in vitro studies revealed that the dispersed bioceramic phase 
in Fe matrix could improve cell viability and proliferation. 
Heiden et al. (2017) developed Fe–Mn/HA porous compos-
ites with two different pore diameters of 50 µm and 300 µm 
as shown in Fig. 5. The Fe–Mn powder was blended with 
NaCl and HA (average particle of 150 µm) and compressed 
uniaxially before sintering at 700 °C in an inert environment. 
The pellets were then immersed in DI water to completely 
leach NaCl before re-sintering at 1200 °C. The incorpora-
tion of HA in the Fe–Mn matrix resulted in the formation 
of  Ca2Mn7O14 during sintering. The porous morphology 
increased the degradation rates of Fe–Mn to 0.79 mmpy 
compared to conventional microstructure (0.24 mmpy). 
Among the two, those samples of 300 µm pore size degraded 
at a rate of 0.82 mmpy which was found more favourable for 
cell adhesion, proliferation, and biomineralisation of bone-
like apatite. It possessed better mechanical characteristics 
than those samples of 50 µm pore size, which degraded rap-
idly during immersion test. Similarly, Dehestani et al. (2016) 
prepared Fe–HA composite through powder metallurgy with 

Fig. 5  Optical micrograph of Fe–30Mn, Fe–30Mn–10HA alloy with different porosity developed using NaCl of different size and composition 
as spacer material (Adapted with permission from WILEY (Heiden et al. 2017))
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varying compositions of HA particles having three different 
classes of particle size: < 1 µm, 1–10 µm, and 100–200 µm. 
The mechanical properties of the composite decreased with 
increasing the HA content and lower size of HA particles. 
When 2.5% (by wt) of HA is added, the values of yield 
strength and tensile strength of all samples are reduced to 
half the value for pure Fe. This reduction may be attributed 
to the formation of dislocation and deformity at the interface 
of the HA particle and Fe matrix at the grain boundaries. 
As the HA content increased to 10% (by wt), a significant 
reduction in tensile strength from 213 to 33.9 MPa was 
observed. In vitro corrosion rate of Fe–HA composites was 
in the range of 0.24–1.03 mmpy which were higher than that 
of the pure Fe (0.11 mmpy). The rate of corrosion increased 
with increasing the percentage by weight of HA and decreas-
ing the particle size of HA.

Cheng et al. (2014) produced Fe–Fe2O3 composite by 
Spark plasma sintering (SPS) from Fe–Fe2O3 powders 
having varying the percentage by weight (2, 5, 10, and 50) 
of  Fe2O3. The microstructure of the composite had a fine-
grained structure. The addition of small amounts of  Fe2O3 (2 
and 5% by wt) significantly increased the yield and compres-
sive strength of the composite, while the yield and ultimate 
strength were found to be decreased at 50% by wt of  Fe2O3. 
In both electrochemical and immersion tests, the composite 
made from the Fe–5Fe2O3 exhibited a higher degradation 
rate. The in vitro studies state that the composite has no 
cytotoxicity to ECV304 and L929 cells and showed a low 
haemolysis rate. Similarly, Fe–Au and Fe–Ag composites 
were made by SPS with different weight percentages of Au 
and Ag which showed enhanced mechanical properties due 
to smaller grain size. In the immersion test, the composite 
degraded nearly 40% faster than the pure Fe (Huang et al. 
2016a).

Casting

Casting of Fe-based biodegradable alloys is preferred over 
other techniques as it helps making intricate shapes and 
provides better options to alter the composition of alloys. 
Cheng et al. (2013), studied the feasibility of as-cast pure Fe, 
Mn, Mg, Zn and W for degradable implant application. It is 
reported that Mg, Zn and Fe exhibit good biocompatibility, 
hemocompatibility and cytocompatibility towards L929 and 
ECV304 cells. However, defects such as segregation, blow 
holes and shrinkages necessitated post-processing such as 
extrusion, rolling and forging of these as-cast metals to mod-
ify the microstructure, mechanical and corrosion properties 
of the cast alloy He et al. (2016a). Studies show that cast 
alloys have shown a degradation rate ranging from 0.105 to 
0.29 mmpy (Table 1).

Liu and Zheng (2011) developed binary alloys by incor-
porating 3% (by wt) Mn/Co/Al/W/Sn/B/C/S into Fe. The 
addition of Mn, Co, Al, W, and B significantly reduced 
the degradation rate by 50–75%, whereas adding C and S 
did not significantly affect the degradation rate in dynamic 
testing. The yield strength of the alloy dropped consider-
ably with the addition of Sn, while Mn, Co, W, B, C and 
S have slightly enhanced the strength characteristics of 
the rolled alloys; these elements have further enhanced 
the gap between yield and ultimate strength of Fe. Except 
for Fe–Mn alloy, there was no exceptional cytotoxicity to 
the ECV304 cells in the extracts of Fe–Co/Al/W/S/B/C/S 
binary alloys. However, the viability of L929 cells and 
VSMCs decreased by 10–15% of those extracts. All alloys 
exhibited a haemolysis percentage of less than 5%. The 
authors also developed a ternary alloy of Fe with 30% (by 
wt) Mn and 6% (by wt) Si, which consisted of fine grains 
of martensite and austenite. The alloy exhibited a higher 
degradation rate than those of pure Fe and Fe–Mn alloy 
in the electrochemical corrosion test due to the presents 
of martensite and austenite phases in the microstructure. 
The Fe–30Mn–6Si extract exhibited reduced cell viability 
of 40–50% on ECV304 during the initial period due to 
the higher ion release. After 2 days, they found that there 
was an improvement in the viability (60%). However, the 
viability of VSMC cells was decreased to nearly 30% (Liu 
et al. 2011).

Schinhammer et al. (2010, 2013), and Moszner et al. 
(2011), cast Fe–10Mn–1Pd alloys and subjected the same 
to heat-treatment processes such as recrystallisation and 
precipitation to improve the microstructural and degrada-
tion properties. The alloy was heated to 1250 °C in an inert 
environment for 12 h, quenched in water, and aged iso-
thermally for 11 days at temperatures below 500 °C. The 
heat-treated alloy exhibited an increase of 60% in degrada-
tion rate compared to pure Fe. During the heat treatment, 
the Pd-rich precipitate was formed, which prevented the 
recrystallisation and induced a solute drag effect on the 
movement of dislocations. Thus, the precipitate helped 
improve the mechanical properties such as hardness and 
yield strength. Obayi et al. (2015) studied the effect of the 
cold-rolling and annealing on the microstructure of as-cast 
pure Fe. The annealed samples show a slight decrease in 
the corrosion rate in electrochemical and static immer-
sion tests. The authors have explained the reduction in 
corrosion rate based on grain size and its distribution. 
During the annealing process, the average grain size of 
the sample has increased from 16.5 ± 5 to 19.6 ± 6 µm. 
The samples with highest average grain size and broad 
distribution exhibited a higher corrosion rate than those 
with a smaller average grain size with narrow distribu-
tion. The presence of defects and imperfections in the alloy 
is the most significant factor contributing to the increase 
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in corrosion rate. The annealing process reduces the flaw 
density, which reduces the degradation of the material.

Additive manufacturing

The progress in additive manufacturing (AM) technologies 
has produced unparalleled opportunities to develop porous 
metallic orthopaedic implants materials with bone regen-
eration capabilities (Murr et al. 2010; Zadpoor and Malda 
2017; Jiang et al. 2021). Different additive manufacturing 
processes have been adopted to produce the porous degra-
dable Fe-based implants with desired mechanical proper-
ties. Chou et al. (2013), developed a Fe–30Mn scaffold with 
36.3% open porosity using an ink-jet 3D printing technique. 
The mechanical properties of the 3D-printed scaffold were 
similar to that of the human bone. The scaffold exhibited a 
degradation rate of 0.73 mmpy, which is a promising rate for 
Fe-based degradable implant application. The authors also 
reported good cytocompatibility with extensive cell infil-
tration through the pores during in vitro pre-osteoblast cell 
viability experiments.

Recent investigations have shown that orthopaedic 
implants need high porosity and permeability to accom-
modate nutrient perfusion and good cell viability (Nune 
et al. 2017). The large pore size leads to weaker mechanical 
property and low seeding efficiency (Sobral et al. 2011). 
Li et al. (2018), designed and developed a topologically 
ordered, highly porous Fe scaffold using the Direct Metal 
Printing (DMP) technique. In the electrochemical corrosion 
test, the scaffold structure showed approximately 12 times 
higher degradation rate than that of pure Fe. The mechanical 
properties of the scaffold were reduced by nearly 7% after 
in vitro biodegradation for 28 days in the simulated body 
fluid, and the scaffold lost its weight by 3.1%. The improved 
degradation rate was attributed to the porous and topological 
design of the scaffold. The direct static cell culture study of 
the scaffold with MG-63 cells exhibited instant cytotoxic-
ity. In the direct culturing of cells on the surface of an iron 
sample, the local Fe ion concentration can be significantly 
higher. In addition, AM iron samples with fine grain struc-
tures degrade more rapidly and release a greater amount of 
Fe ions. The increased concentration of Fe ions can develop 
highly reactive oxygen species such as hydroxyl and super-
oxide radicals, which are extremely toxic due to their abil-
ity to react rapidly with the majority of molecules found in 
living cells. However, the ISO 10993 indirect test showed a 
sensible cytocompatibility in in vitro assays for 72 h.

A 3D binder jet printing is another additive manufactur-
ing technique that can be used to create porous Fe-based bio-
degradable materials (Hong et al. 2016; Yang et al. 2018). 
Hong et al. (2016) used the technique to develop porous 
scaffolds using Fe–Mn powder blended with Ca/Mg. The 
3D-printed Fe–Mn, and Fe–Mn–1Ca scaffolds had 39.3% 

and 52.9% porosity and ultimate compressive strength 
(UCS) values of 228 and 296 MPa, respectively (Morgan 
et al. 2018). The alloy also exhibited an approximately 12 
times higher degradation rate than sintered pellets of the 
same alloys. In the immersion test, the scaffold containing 
Ca degrades three times more than the 3D-printed Fe–Mn 
scaffold and both exhibited better biocompatibility towards 
MC3T3 cells. Yang et al. (2018) also developed a Fe scaffold 
by the same method having similar structural porosity and 
relatively closer mechanical properties (UCS ~ 140 MPa) to 
that of human bones with good cytocompatibility. Recently 
Putra et al. (2021), developed porous iron scaffolds through 
an extrusion-based 3D printing method for degradable 
orthopaedic implant application. The mechanical properties 
of the scaffolds (Elastic modulus = 0.6 GPa) were compara-
ble to those of human trabecular bone. After 28 days in vitro 
static immersion in SBF, the scaffold lost 7% of its mass and 
slightly increased its elastic modulus due to the formation of 
degradation products on the surface. However, the scaffold 
displayed a significant level of cytotoxicity when preosteo-
blasts were cultured directly on the scaffold.

Carluccio et  al. (2020), used selective laser melting 
(SLM) to prepare Fe–35Mn scaffold as shown in Fig. 6. 
As a result of the alloying with Mn the degradation rate 
was five times greater than that of pure Fe, with a value 
of 0.42 ± 0.03 mmpy. The in vitro studies showed improve-
ment in biodegradation rate without any cytotoxicity towards 
MC3T3-E1 cells. The cells exhibited good adhesion as well 
as proliferation on the surface of the scaffold. In vivo experi-
ments conducted for four weeks confirmed new bone matrix 
development integrated with the implant surface.

SLM technology was used successfully by Shuai et al. 
(2019c) to create a porous Fe–Mn scaffold. Structural homo-
geneity and high porosity in the scaffolds demonstrated the 
accuracy and adaptability of SLM in the fabrication of metal 
bone implants. Due to the quick solidification impact of 
SLM, Mn predominantly dissolved in Fe matrix and gener-
ated high Mn solid solution, including martensitic and aus-
tenitic phases, in the Fe matrix. A more refined and uniform 
microstructure was produced by the laser quick solidifica-
tion process as well. The mechanical characteristics of the 
Fe–Mn scaffold were found to be acceptable for load-bearing 
applications. Faster and more accurate degradation rates 
were found in the Fe–Mn scaffold compared to a Fe scaf-
fold. In vitro cell culture studies confirmed that the scaffolds 
were cytocompatible with good cell proliferation. Traverson 
et al. (2018), Li et al. (2019b) and Huang et al. (2021) also 
reported similar results for Fe implants developed through 
SLM.

Jiang et  al. (2021), used an additive manufacturing 
process called fused filament fabrication (FFF) to make a 
polylactic acid (PLA)/Fe composite scaffold to investigate 
how it interacts with bone marrow cells. The composite 
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had about 15% more strut width, 8% less pore size, and less 
surface roughness than the PLA scaffold. PLA/Fe compos-
ite had exhibited a good hydrophilic wetting behaviour, 
which led to better cell interaction and better cytocompat-
ibility. Paul et al. (2022) developed Fe–30Mn–1C–0.02S 
alloy through laser powder bed fusion (LPBF) and the 
impact of ion release on cell-materials interaction was 
investigated. The samples were pre-conditioned in cell 
culture media for 2 h and 7 and 28 days. The cell adhe-
sion seems unaffected by pre-conditioned surfaces during 
the initial period. Human umbilical vein endothelial cells 
(HUVECs) survived for up to 14 days on all three modified 
surfaces but were able to cope better with the degrading 
sample after 7 and 28 days of preconditioning. Thus, the 

authors asserted that the Fe–30Mn–1C–0.02S alloy pro-
duced using LPBF demonstrated improved in vitro bio-
compatibility and that in vivo application is feasible.

Other methods

Advanced techniques can also be adopted after the conven-
tional production methods in developing Fe-based materi-
als to obtain desired and unique properties. Electroform-
ing is one such technique successful used by Moravej et al. 
(2010a). A thin (~ 100 µm thick) foil of Fe was developed 
on the surface of Ti6Al4V alloy through electroforming 
technique. The electroformed Fe (E-Fe) was then separated 
from the substrate and annealed in an inert atmosphere. The 

Fig. 6  Details of scaffold 
design: a CAD of the scaffold, 
b repeating unit cell, c as manu-
factured scaffold. (Adapted with 
permission of Elsevier (Carluc-
cio et al. 2020))
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texture and morphology of the pure electroformed Fe var-
ied significantly with the process parameters, especially the 
current density. Annealing lowered the strength of the elec-
troformed Fe and enhanced elongation due to the recrystal-
lisation. The E-Fe showed a higher degradation rate value 
of 0.85 mmpy compared to that of the pure Fe. However, 
the annealing process brought down the corrosion rate to 
0.51 mmpy. The high degradation rate before annealing 
was attributed to internal stress, strained grains and defects 
in the as electroformed state. In another study, the authors 
investigated the effect of thermomechanical treatment on 
the in vitro biodegradation behaviour and cytocompatibility 
of E-Fe. Both static and dynamic immersion experiments 
proved that the degradation of E-Fe is high without the ther-
momechanical treatment. In addition, E-Fe exhibited good 
biocompatibility on rat SMCs with enhanced cell prolifera-
tion (Moravej et al. 2010b).

He et al. (2019) used a template-assisted electrodeposition 
method to make 3D porous Fe scaffolds with interconnecting 
pores. Electrodeposition duration was tuned to control the 
diameter of the skeletons. The 143 μm diameter scaffolds 
had a porosity of more than 90% with an average pore size of 
345 μm, and mechanical characteristics comparable to that 
of human bone. Electrochemical deposition of strontium-
incorporated octacalcium phosphate (Sr–OCP) with a Sr/
(Sr + Ca) ratio of 5% is performed on Fe as shown in Fig. 7 
Sr–OCP nanowhiskers with a diameter of 300 nm and a 
length of 30 μm were deposited with Sr–OCP. The degrada-
tion studies revealed that Sr–OCP deposits could efficiently 
limit the release rate of the Fe ions to ∼1.79 mg  L−1  day−1, 
which is considered safe for the human body. Cell viability 
of the MC3T3E1 and MG-63 cells improved to 80% and 
100%, respectively, after 24 h of incubation with Sr–OCP-
coated Fe scaffolds compared to negative controls. Sr–OCP 
deposits have been shown to enhance cell adherence in a 
direct contact cytotoxicity study (He et al. 2019).

Moravej et al. (2011) investigated the influence of cur-
rent density on microstructure and biodegradability of 
pure iron Fe developed on Ti surface by electrodeposition 
method. Four different current densities (1, 2, 5, and 10 A 
 dm−2) were used to electrodeposit iron onto a substrate. It 
was found that the current density considerably influences 
the texture, grain size, and grain shape, thereby influenc-
ing the material’s degradation behaviour. In electrochemi-
cal corrosion test, the order of corrosion rate is found to be 
Fe-2 < Fe-10 < Fe-1 < Fe-5. However, in the immersion test 
conducted over a period of 14 days, all samples showed a 
uniform degradation, and there was no significant differ-
ence in the degradation rate. A similar degradation rate was 
explained based on the passivation layer formed on the Fe 
surface. The authors suggested that the development of elec-
troformed Fe would be more suitable for degradable implant 

application due to micro pits, which enhance the overall deg-
radation rate.

Jurgeleit et al. (2015, 2016) used magnetron sputtering 
and UV lithography for developing Au sputtered Fe multi-
layered foils. The process was tuned to provide a micro-
structure with Au incorporated between the Fe layers. Three 
different samples with Au content 0.3, 1 and 2.5% were 
developed in this work. The introduction of Au enhanced 
the degradation rate of the foils significantly. It is reported 
that the samples with 1% at Au exhibit the best compro-
mise between low Au content, mechanical properties and 
degradation rate. The authors suggested that the precision 
of this method can help to fabricate devices with a gradient 
in the microstructure composition. Using this approach, the 
degradation rate during the initial implantation period can 
be slowed down to maintain mechanical integrity and pro-
mote better implant-tissue interaction. Such a system can be 
achieved by fine-tuning the process to incorporate a lesser 
amount of gold on the surface compared to the core of the 
implant.

Metallurgical and surface modifications 
for developing Fe‑based degradable 
implants

In addition to the conventional and advanced manufac-
turing methods discussed in the previous section, various 
metallurgical and surface modification techniques are also 
attempted to tailor the degradation behaviour of Fe-based 
alloys. As shown in Fig. 8, these techniques can be grouped 
into alloying, microstructure modification, surface modifi-
cation and morphological modifications. Many researchers 
have attempted to exploit the difference in electrochemical 
potential to improve the degradation rate of Fe-based sys-
tems by alloying them with more noble elements such as 
Mn, Au and Ag. The microstructure modification techniques 
have mainly focussed on developing multiphase microstruc-
ture. Such a microstructure is expected to degrade faster than 
a single-phase alloy. The surface modifications techniques 
include methods such as coatings for stability during the 
initial period of implantation, impregnation of noble metals 
on the surface to create micro-galvanic cells, surface con-
versions by chemical processing, etc. Improving the surface 
area by developing porous morphology is also explored as 
one of the techniques for increasing the degradation rate.

Alloying

Alloying is one of the prominent methods for enhancing the 
degradation characteristics of Fe. Hermawan et al. (2007, 
2008), investigated the feasibility of making degradable Fe 
alloy by incorporating Mn as the alloying element. Due to 
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Fig. 7.  3D porous structures viewed from different directions (a1–
c3), skeleton diameter (a4–c4) and pore size (a5–c5) distributions 
of iron scaffolds obtained by electrodeposition for 1 h (a1–a5), 1.5 h 

(b1–b5), and 2 h (c1–c5), respectively. (Adapted with permission of 
ACS publications (He et al. 2019))
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the difference in the standard electrode potential between 
Fe and Mn forms a less noble Fe–Mn solid solution that 
degrades much faster than pure Fe. The studies on micro-
structural, corrosion, magnetic and toxicological charac-
teristics of the Fe–Mn system revealed that Mn could be 
considered a possible alloying element for improving the 
degradation rate. Besides, Mn is a trace element essential for 
the growth, development and regeneration of healthy bone 
tissues and several enzyme systems (Beattie and Avenell 
1992). Thus, Fe–Mn alloy received much interest, and Mn 
is now considered a preferred alloying element in the Fe 
matrix for BMs.

The effect of various percentages by weight (20, 25, 30 
and 35%) of Mn in Fe was investigated by Hermawan et al. 
(2010c) and found that the addition of Mn enhances the cor-
rosion rate and starts to decrease as the Mn content increases 
above 30% (by wt). The work also reported that the inhi-
bition effect on metabolic activities of 3T3 fibroblast cells 
on Fe–Mn alloy was small compared to pure manganese; 
Fe–Mn alloy with 35% (by wt). Mn showed a degradation 
rate of 1.76 mmpy, which is much greater than that of pure 
Fe (0.14 mmpy) (Hermawan et al. 2008). A similar finding 
is also reported for 3D-printed Fe–30Mn alloy consisting of 
binary martensitic and austenitic phases (Chou et al. 2013).

Čapek et al. (2016a), developed a Fe alloy with 30% 
(by wt) of Mn, which exhibited a corrosion rate 20 times 
that of pure Fe in the potentiodynamic polarisation (PDP) 
test. However, a reduced degradation rate was reported in 
the immersion test in SBF due to the passive layer forma-
tion. Traverson et al. (2018), inserted as-cast cold drawn 
Fe–30Mn alloy into the bone of Sprague–Dawley rats to 
evaluate the in vivo degradation behaviour of the alloy. After 
6 months, partial resorption was observed with increased 
bone cell integration compared to the conventional SS316L. 
The alloy was found to be biocompatible without any 

inflammatory reactions on the host. Nevertheless, it is worth 
noting that large amounts of manganese can create intoxica-
tion and neurotoxic effects (Crossgrove and Zheng 2004; 
Aschner et al. 2007). Drynda et al. (2015), investigated the 
degradation and biological behaviour of Fe–Mn alloys hav-
ing low Mn content (0.5 to 6.9% by wt). In vitro degradation 
rate of the alloy showed promising results. However, there 
was no significant degradation observed during in vivo stud-
ies due to the formation of the phosphate passivation film.

A combination of other alloying elements such as Pd, 
Ca, Mg and C along with Mn as the principal alloying ele-
ment was also explored by researchers. Schinhammer et al. 
(2010), reported that adding a small amount of Pd into the 
Fe–10Mn alloy can quadruple the degradation rate. The 
authors suggested that this accelerated degradation was 
driven by the formation of solid solution and galvanic inter-
action of the Fe matrix with the finely dispersed Pd-rich 
intermetallic phase. The authors also studied the Fe–21Mn 
system with the addition of C and Pd (Fe–21Mn–0.7C and 
Fe–21Mn–0.7C–1Pd) (Schinhammer et  al. 2013). Both 
alloys exhibited a significant reduction in polarisation 
resistance (order of  102 Ω  cm2) in EIS studies, indicating 
improved degradation rates. Hong et al. (2016), investigated 
the effect of Ca and Mg addition on the degradation and 
biocompatibility of Fe–35Mn alloy. The corrosion current 
density of Fe–35Mn–1Ca, Fe–35Mn–2Ca, Fe–35Mn–1 Mg 
and Fe–35Mn–2 Mg alloys was found to be 2.12, 6.36, 
5.89 and 9.16 μA.cm−2, respectively, higher than that of 
Fe–35Mn alloy (1.00 μA  cm−2). Silicon (Si) was also used 
to improve the degradation performance of Fe-based BM. 
Liu et al. (2011), reported that the addition of 1% (by wt) Si 
into Fe–30Mn increased the corrosion current density of the 
alloy by a factor of 2.5 during the PDP test. Xu et al. (2015a) 
synthesised a series of Fe–28Mn-based alloys incorporat-
ing Si up to 8% by arc melting followed by hot forging. The 

Fig. 8  Summary of processing 
technique to make Fe-based 
BMs and their effects
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Fe–28Mn–6Si alloy degraded nearly 80% faster than that of 
the Fe–Mn alloy. The existence of duplex phases, varying 
grain sizes and localised pitting on the forged Fe–Mn–Si 
alloys resulted in the increase in degradation rate. Drevet 
et al. (2018), revealed that adding 5% Si into Fe–30Mn alloy 
has improved its degradation rate to 0.80 mmpy. Recently 
Trincă et al. (2021), evaluated the in vitro and in vivo analy-
sis of FeMnSi and FeMnSiCa alloys. The in vitro electro-
chemical corrosion behaviour in the Ringer solution showed 
that the overall corrosion resistance for Ca-containing alloy 
has been decreased by more than an order of magnitude. The 
in vivo study on rabbit tibia for 28 days revealed that the 
presence of Ca improves the degradation rate of alloy and 
promotes osteoinduction and osteoconduction.

Mandal et al. (2019), investigated the antimicrobial prop-
erties of the Cu incorporated Fe–Mn implant. Fe–(35 − x) 
Mn–xCu (x = 0, 1, 3, 5, 10% by wt) compositions were tested 
for the degradation, cytocompatibility and antimicrobial 
activities. A six-time higher degradation than that of pure 
Fe and a remarkable bactericidal effect was also observed for 
Fe–Mn–Cu systems without affecting its cytocompatibility. 
Hufenbach et al. (2017), reported that microalloying 0.025% 
(by wt) of S to Fe–30Mn–1C could increase the degradation 
rate by 10% of the base alloy. The incorporation of S resulted 
in the formation of MnS precipitate in the matrix, which 
affects the corrosion mechanism leading to an increase in 
the corrosion rate. Cytotoxicity tests performed in vitro on 
L929 fibroblast cells revealed that microalloying with B and 
S does not affect cytocompatibility.

Immersion and electrochemical testing have confirmed 
the rapid degradation of Fe–Ga alloys and decreased cor-
rosion potential compared to pure iron. Wang et al. (2017a) 
investigated the effect of Ga along with B and Ta on the 
degradation behaviour of Fe. They considered Fe–19 Ga, 
(Fe–19 Ga)–2B and (Fe–19 Ga)–0.5(TaC) alloys. The addi-
tion of Ga to Fe increased the corrosion rate to 0.48 mmpy, 
and addition of B further increased it to 0.63 mmpy, while 
Ta had a comparatively low corrosion rate of 0.33 mmpy. 
It is worth noticing that all these alloys exhibited a higher 
corrosion rate than pure Fe (0.13 mmpy). By observing the 
surface of each sample after immersion in SBF for 28 days, 
the authors reported that Fe–19 Ga had lost most of its sur-
face compared to the other alloys. The cell culture studies 
on the same samples showed that MC3T3-E1 cells demon-
strated excellent adherence and proliferation on the Fe–Ga 
alloy surfaces.

Kraus et al. (2014), carried out in vivo study on Fe-based 
BMs alloys (Fe–10Mn–1Pd and Fe–21Mn–0.7C–1Pd), 
inserting Fe-based pin into the femoral bone of 
Sprague–Dawley Rat. After the surgical procedure, the 
wound displayed mild oedema for 1–2 days and was con-
sistent with the clinical features. Histological findings 
showed that Fe degradation products were largely  Fe3+ and 

comparatively small  Fe2+ in tissue near implants. There 
was no inflammation or local toxicity, and no implant-
adjacent tissue was damaged due to degradation. Studies 
by Fântânariu et al. (2015), reveal that Fe–Mn–Si alloy sub-
cutaneous implants were more biocompatible than the tibia 
implant, though they showed a slow degradation. However, 
porous Fe–Mn–Si alloy with lower Si content (less than 4% 
by wt) exhibited a better degradation due to the porous struc-
ture (Xu et al. 2015b).

Microstructure modification

The incorporation of second phases into the Fe matrix is 
another approach for enhancing the degradation rate of Fe 
composite. These secondary phases act as cathodes in the 
anodic Fe matrix to form micro-galvanic couplings. These 
result in lower corrosion potential and increased corrosion 
current. Noble metal elements such as Au, Pt, Pd and Ag 
were added to the Fe matrix as the second phase to improve 
the degradation performance (Huang et al. 2014, 2016a). 
The noble elements form fine and uniformly distributed 
intermetallic phases, creating micro-galvanic couples in the 
iron matrix to give more active sites to the galvanic corro-
sion (Zheng et al. 2014).

Pd is used to increase the biodegradability of Fe due to 
its higher nobility (+ 0.99 V vs. SHE) (Crangle 2006). In 
addition, Pd can stabilise iron in its non-magnetic austenite 
state, preferred for implant applications. Pd is miscible with 
Fe at high temperatures and can be made to precipitate in Fe 
matrix by a proper heat treatment process (Geurtsen 2002; 
Nouri and Wen 2021). Schinhammer et al. (2010, 2012, 
2013) added 1% (by wt) noble Pd to Fe matrix. In a 28-day 
immersion test in SBF, the Pd alloying doubled the degrada-
tion rate of the Fe–Mn system. The accelerated degradation 
rate was caused by the uniformly distributed Pd-rich phases, 
creating micro-galvanic cells in the Fe matrix. In addition, 
this precipitate strengthens the alloy by reducing the Zener 
drag effect at the boundary. Ag is another noble metal used 
to accelerate the degradation of Fe-based implants due to 
its higher electrochemical potential (+ 0.800 vs. SHE), bio-
compatibility, and antibacterial characteristics (Bosetti et al. 
2002). An increased degradation rate was exhibited by add-
ing 2% (by wt) of Ag and Pd to Fe. The introduction of Pd 
did not affect the cytocompatibility, which indicated that 
Fe-based alloys were cytocompatible as far as the release 
rate of ions is below tolerance ranges (Čapek et al. 2016b).

Other noble metals such as Pt and Au are employed to 
accelerate the degradation of Fe. Pt (+ 1.18 V vs SHE) and 
Au (+ 1.69 V vs SHE) have a high electrochemical poten-
tial and are biocompatible, making them an ideal second-
ary phase in Fe matrix for BMs application (Geurtsen 
2002; Nouri and Wen 2021). Huang et al. (2014), reported 
that adding 5% (by wt) of Pd and Pt into the iron matrix 
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significantly improves the degradation rate for pure iron, 
particularly for Fe–Pt composites. In the static immersion 
test, the addition of Pd and Pt increased the degradation rate 
of Fe by approximately 50% and 100%, respectively. The 
authors suggested that finely distributed Pd and Pt phases 
act as cathodic sites, and bulk Fe matrix act as an anode, 
creating a large number of micro-galvanic couplings and 
resulting in a higher degradation rate. The addition of Pd 
and Pt phase in the Fe matrix did not cause any cytotoxic-
ity towards L-929 and ECV304 cells. The author reported 
similar mechanisms and enhanced degradation for Fe–Au 
(with 2, 5 percentage by weight of Au) and Fe–Ag (with 
2, 5 percentage by weight of Ag) composites during the 
in vitro immersion test in Hank’s solution without any cyto-
toxic effect on L-929, EA. Hy-926, and VSMC cells (Huang 
et al. 2016a). Sharipova et al. (2018), developed Fe–5Ag and 
Fe–10Ag nanocomposites from Fe–Ag2O powder. Innumer-
able Fe–Ag nano galvanic cells contributed towards acceler-
ating the degradation rate of developed nanocomposites in 
saline solution. The increase in the degradation rate was 4 
to 20 times higher than that of the similar micro-grain-sized 
Fe–Ag composites reported by Huang et al. (2016a).

It is also reported that dispersion of soluble bioceram-
ics in Fe matrix can improve the biodegradation rate (Ulum 
et al. 2014; Montufar et al. 2016; Wang et al. 2017b; Shuai 
et al. 2019b; Gao et al. 2020). Ulum et al. (2014), reported 
that the incorporation of 5% (by wt) of hydroxyapatite 

(HA)/5% (by wt) tricalcium phosphate (TCP)/5% (by wt) 
biphasic calcium phosphate (BCP-40% (by wt) HA and 60% 
(by wt) TCP) to Fe matrix (Fig. 9) to achieve and enhanced 
the degradation rate. In vitro immersion test showed a sig-
nificant increase in the degradation rate of the composite 
compared to pure Fe. When tested in SBF for 14 days, the 
dispersion of HA, TCP, and BCP to Fe matrix increased the 
degradation rate by 2, 5, and 3 times, respectively. It is also 
reported that the bioceramic phases increased biocompatibil-
ity by 20% when compared to pure Fe. Wang et al. 2017b, 
prepared a Fe–bioceramic composite with large amount 
(20–40% by wt) of calcium silicate  (Ca2SiO4) as a second-
ary phase. Finely distributed  Ca2SiO4 bioceramic in Fe 
matrix has exhibited almost similar compressive and bend-
ing strength of human bone and enhanced the degradation 
when immersed in SBF for 7 days. The addition of 20% (by 
wt) CS to iron increased the degradation rate by three times, 
and when increased to 40% (by wt) CS the samples exhibited 
an eightfold improvement in the degradation rate. Further-
more, compared to pure iron, the composite containing 20% 
(by wt) CS demonstrated a higher effect in promoting the 
proliferation of hBMSCs. Reindl et al. (2014), examined 
the impact of adding different percentages by volume (30, 
40 and 50) of β-TCP to a pure Fe matrix on the degradation 
rate using a long-term in vitro immersion test in 0.9% NaCl 
solution. After 56 days of immersion, all samples exhibited 
an increased degradation rate, and composite with 40% by 

Fig. 9  SEM images and EDS 
spectra (inset) of a pure Fe, b 
Fe–HA, c Fe–TCP, and d Fe–
BCP. (Adapted with permission 
of Elsevier (Ulum et al. 2014))
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vol β-TCP showed remarkable rise of 28% in the degrada-
tion rate.

Cheng and Zheng (2013), produced two different com-
posites with W (2 and 5% by wt) and CNT (0.5 and 1% by 
wt). The electrochemical corrosion test demonstrated that 
adding W to the Fe matrix increased corrosion by around 
10- to 20-fold, although the immersion test revealed no sig-
nificant increase in degradation rate. However, the addition 
of CNT to Fe accelerated corrosion by almost 13 times in 
electrochemical tests and nearly doubled degradation in 
immersion tests. Both composites were determined to be 
satisfactory in terms of cytocompatibility and hemocompat-
ibility. The authors also investigated the effect of  Fe2O3 in Fe 
matrix for the degradable implant application with various 
(2, 5, 10 and 50% by wt) of  Fe2O3 (Cheng et al. 2014). At 
low concentrations (Fe–2  Fe2O3 and Fe–5  Fe2O3), a new 
phase FeO was identified rather than  Fe2O3, and all compo-
sitions increased the degradation rate of Fe. The composite 
containing 5%  Fe2O3 degraded more rapidly than the others 
in electrochemical and immersion tests. Cell culture studies 
showed that all composites were biocompatible with L929, 
VSMC, and ECV304 (Cheng et al. 2014). Oriňáková et al. 
(2013), observed that when 0.5% (by wt) of CNT was added 
to the Fe-based scaffold, the degradation rate decreased dra-
matically (twofold that of the pure Fe scaffold) in Hank’s 
solution (8 weeks). However, adding the same amount (0.5% 
by wt) of Mg greatly enhanced the degradation rate (twofold 
that of the pure Fe scaffold). Similarly, Sikora-Jasinska et al. 
(2019) also reported that adding 1% (by wt)  Mg2Si into Fe 
matrix doubled its degradation performance. A unique cor-
rosion mechanism observed in Fe–Mg2Si composite in mod-
ified Hank’s solution is caused by the preferential anodised 
dissolving of Mg in the  Mg2Si. The corrosion behaviour was 
explained based on the dissolution of  Mg2Si and the pitting 
of Fe at the matrix reinforcement interface.

Recently, Zhao et al. (2020), investigated the effect of gra-
phene oxide (GO) in Fe by developing Fe–xGO (x ranging 
from 0.4% by wt to 1.6% by wt) composites with evenly dis-
tributed GO nanoparticles as the second phase. The electro-
chemical tests showed that  Ecorr values shift to the negative 
side with an increase in GO content, implying a higher deg-
radation rate. Similarly, in the immersion test, the released 
iron ion concentrations are 20% higher than those of pure 
Fe, asserting that Fe–xGO degrades at a faster rate due to 
the micro-galvanic coupling between the GO and Fe matrix.

Surface modification

Surface modification is a common approach for tailoring the 
bioactivity, biocompatibility and degradation of BMs. Treat-
ments on the metal surfaces can help in tailoring the bio-
activity, resulting in improved osteointegration and hemo-
compatibility (Gao et al. 2017; Hanas et al. 2018; Ansari 

2019; Al-Amin et al. 2020; Oriňaková et al. 2020; Rahim 
et al. 2021).

Huang et al. (2016b) impregnated Ag ions into the pure 
iron surface with a metal vapour vacuum arc (MEVVA) 
technique. A 60-nm-thick layer of  Ag2O and Ag has been 
observed on the surface with Ag impregnated into the sub-
surface Fe matrix. This Ag and  Ag2O particles on the surface 
promoted the degradation rate of the Fe in the electrochemi-
cal and immersion test through galvanic corrosion. In elec-
trochemical tests and during the initial period of immersion, 
the corrosion rate of the Fe doubled due to the Ag implanta-
tion on surfaces. While after 15 days of immersion, no sub-
stantial difference was seen because the solution eroded the 
Ag-containing surface and subsurface layer. The cell culture 
studies using L-929, EA. hy-926, and VSMC cells showed 
slightly lower viability than the pure Fe though the reduction 
was within the acceptable range. The authors also studied 
the effect of Zn implantation on the iron surface using the 
same procedure and reported a similar result. However, ZnO 
formed at the surface instead of Zn atoms and a Fe–Zn solid 
solution formed underneath the ZnO layer (Huang et al. 
2016c).

Surface modification by incorporation of noble metals 
also accelerated the degradation of Fe-based BMs. Cheng 
et al. (2015), reported that a vacuum sputtered micro-pat-
terned array of Au on the surface of the Fe can effectively 
enhance its degradation rate. The influence of three different 
sizes (200 × 200 μm2 and 50 × 50 μm2) of micro-patterned 
Au arrays on the degradation of pure iron was investigated. 
In electrochemical tests, both patterns demonstrated an 
increased corrosion rate 2.338 and 3.174 g·m−2·d−1 com-
pared to pure Fe (0.617 g·m−2·d−1). The authors suggested 
that the enhanced degradation rate and uniform corrosion 
behaviour mainly result from the galvanic cell creation 
between Au disc and Fe. Huang and Zheng (2016), used a 
similar approach to create a pattern of Pt discs on the iron 
surface (as shown in Fig. 10). In both electrochemical and 
immersion tests, the coated Fe degradation rate was nearly 
three times higher than uncoated Fe. All of the test speci-
mens were non-toxic to EA. hy-926 cells but significantly 
inhibited VSMCs proliferation. Li et al. (2021), recently 
demonstrated that a nanometre-thick layer of ZnO can 
effectively control the degradation of highly interconnected 
porous Fe. The coating exhibits a significant level of antibac-
terial activity, and the authors propose that these ZnO-coated 
porous scaffolds with 3D porous structure could be a poten-
tial antibacterial scaffold for bone regeneration and repair.

Wen et al. (2013), modified the surface of Fe foam by 
electrophoretic deposition of the calcium phosphate/chi-
tosan layer. The coated iron foam shows a better degrada-
tion after immersion in (phosphate-buffered saline) PBS and 
SBF. Yusop et al. (2015), investigated the effect of coating 
pure porous Fe with poly lactic-co-glycolic acid (PLGA). 
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They used the vacuum infiltration method to produce a 
dense PLGA-filled porous Fe, and the dip-coating method 
for low-dense PLGA-filled porous Fe. The dense PLGA-
filled porous Fe demonstrated a significant improvement in 
degradation during a four-week immersion test in PBS solu-
tion, with a degradation rate of 6.42 mmpy, compared to 
the low-dense PLGA-filled porous Fe and porous Fe, which 
show degradation rates of 0.76 and 0.33 mmpy, respectively. 
The hydrolysis of the polymer coating is the primary factor 
contributing to the increased degradation rate. As the PLGA 
hydrolysis proceeds, the pH in the area decreases, facilitat-
ing the dissolving of the degradation product and accelerat-
ing the degradation reaction. Though the PLGA-coated Fe 

degrades more rapidly, it had no effect on the cytocompat-
ibility of the human fibroblast cell.

Haverová et al. (2018), studied the effect of poly-ethylene 
glycol (PEG) coating on the Fe foam surface. The corrosion 
potential of the coated samples changed to the negative side, 
resulting in a corrosion rate of 0.53 to 0.70 mmpy, which 
was much higher than the corrosion rate of uncoated Fe. 
After 12 weeks of static immersion in SBF, they observed 
that all coated samples exhibit a weight loss nearly double 
that of uncoated Fe. The increased rate of iron degradation is 
due to the interfacial contact between the hydrophilic poly-
mer layer and the Fe surface. The in vitro biocompatibil-
ity of PEG-coated Fe foam was investigated by Oriňaková 
et al. (2019), through indirect and direct cell culture methods 

Fig. 10  Surface morphology of the pure iron a before and b after 
coated with micro-patterned Pt discs size Φ4 μm × S4 μm and c after 
coated with micro-patterned Pt discs size Φ20 μm × S5 μm (d) and (g) 
are energy spectrum analysis related to area A and B, respectively, e, 

f are energy spectrum plane scanning analysis of Pt, h, i are the cross-
sections of Φ4 μm × S4 μm and Φ20 μm × S5 μm patterned pure iron, 
respectively. (Adapted with permission of Springer Nature (Huang 
and Zheng 2016))
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using adult human dermal fibroblast (HDFa) cells. All PEG-
coated samples had a viability of greater than 90%, and cell 
growth was 20–50% greater than that of the pure Fe extract.

According to Qi et al. (2019), the metal-polymer com-
posite coating process is an effective solution for controlled 
degradation of metals. Polymers such as poly(methyl meth-
acrylate) (PMMA) and polylactic acid (PLA) were coated 
on Fe to tailor its degradation when subjected to biomimetic 
conditions. The degradation morphologies of Fe with/with-
out polymer coatings after immersion in Hank’s solution 
are depicted in Fig. 11. The corrosion current density of 
PLA-coated Fe was nearly three times that of a bare and 
PMMA-coated Fe. Since PLA can be hydrolysed to form 
terminal carboxyl groups, the effects of  H+ and lactate ions 
on the degradation of Fe were also investigated. In addi-
tion, forming a passive layer on the iron surface contributes 
significantly to the slow corrosion rate. As a result, the PLA 
coating potentially accelerates iron corrosion by enhancing 
oxygen reduction, taking advantage of the slower release of 
hydrogen ions and the high permeability of oxygen through 
the polymer coating during tissue formation. PLA hydroly-
sis and the polymer coating alleviated deposition of pas-
sivated layers which led to an increase in local pH near Fe 
and resulting in further degradation. Electrochemical and 
static immersion studies conducted by Hrubovčáková et al. 
(2017), have shown that coated Fe-foams with PLA degrade 
more rapidly than non-coated Fe foam. The increased rate of 
degradation is attributed to the hydrolysis of PLA. A recent 
study by Gorejová et al. (2020), revealed that varying poly-
mer concentration tends to be an effective way of developing 

devices with desired degradation behaviours. Huang et al. 
(2020), coated the Fe–30Mn surface with fibrillar Type I 
collagen via a spin coating process to improve cell compat-
ibility. The experiments demonstrate that the coated surface 
improved the osteointegration and cytocompatibility of the 
implant material.

Apart from the above methods, laser-assisted surface 
modification was also performed to improve the charac-
teristics of Fe-based BMs. Sun et al. (2021), subjected the 
degradable Fe–30Mn surface to various degrees of ablation 
using continuous laser and pulsed laser (nanosecond and 
femtosecond laser). The nanostructure generated by femto-
second laser gave a greater surface area and raised the corro-
sion rate of the Fe–30Mn alloy by approximately 40%. They 
also revealed that the laser-modified Fe–30Mn surfaces can 
promote biodegradability and biocompatibility for biologi-
cal applications. According to Hočevar et al. (2017), surface 
laser treatment of Fe–Mn alloys improves corrosion rates by 
six times over non-treated Fe–Mn alloys.

Donik et al. (2018), altered the surface topology of a 
Fe–Mn alloy in a similar manner and investigated corro-
sion behaviour in Hank's solution using the PDP and EIS 
tests. The PDP studies showed that the corrosion rate of the 
polished Fe–Mn alloy was eight times that of an unpolished 
Fe–Mn alloy. In addition, the EIS studies demonstrated a 
significant reduction in charge transfer resistance following 
laser treatment. In both studies, the authors suggested that 
the higher degradation rate is due to the development of a 
super hydrophilic surface with the increased surface area 

Figure. 11  Degradation morphologies of Fe with and without polymer coatings after immersion in Hank’s solution. (Adapted with permission of 
ACS Publications (Qi et al. 2019))
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containing nano-featured oxides formed during laser treat-
ment, as shown in Fig. 12.

It is also important that the enhancement achieved in 
the degradation should not hinder tissue regeneration. This 
is crucial during the initial stage of implantation and while 
using structures with interconnected porosity with small 
strut thickness. Hence, researchers have attempted to address 
the premature failure due to enhanced degradation rates by 
surface modification. Adhilakshmi et al. (2020), found that 
cathodic electrodeposition of zinc–zinc phosphate–calcium 
phosphate composite coatings over pure iron is a promising 
approach for increasing the bioactivity and imparting stabil-
ity of implant surface during the initial period. The morpho-
logical characteristics indicate that plate-like crystals with 
multi-directional growth and fine pores formed on the coating. 
During in vitro SBF immersion studies, this bioactive com-
posite surface facilitated the formation of flower-like apatite 
crystals. The cytocompatibility study shows that the coating 

Fig. 12  SEM image of surface topography of Fe–Mn laser-textured 
sample. (Adapted with permission of Elsevier (Donik et al. 2018))

Table 4  Summary of in vitro degradation behaviour of Fe-based BMs developed through various manufacturing and processing methods

Materials Manufacturing route Processing method Degradation 
medium

Corrosion rate Yield 
strength 
(MPa)Electrochemical Static immersion

Fe–W (Cheng and 
Zheng 2013)

Powder metallurgy – Hank’s solution 1.604–3.025 
 gm−2d−1

0.560–0.663 
 gm−2d−1

180–300

Fe–CNT (Cheng and 
Zheng, 2013)

Powder metallurgy – Hank’s solution 2.108–2.419 
 gm−2d−1

0.884–1.028 
 gm−2d−1

200–300

Fe–(2–50)Fe2O3 
(Cheng et al. 2014)

Powder metallurgy – Hank’s solution 0.107–2.407 
 gm−2d−1

0.273– 0.668 
 gm−2d−1

–

Fe/P Powder metallurgy – Hank’s solution 0.665 – –
Fe/P–Mn (Oriňaková 

et al. 2016)
Powder metallurgy – Hank’s solution 2.761 mmpy – –

Fe–2Pd (Čapek et al. 
2016b)

Powder metallurgy – SBF 0.43 mmpy 0.787 mmpy 127.2

Fe–2Ag (Čapek 
et al. 2016b)

Powder metallurgy – SBF 0.33 mmpy 0.141 mmpy 116.2

Fe–2C (Čapek et al. 
2016b)

Powder metallurgy – SBF 0.51 mmpy 0.653 mmpy 113.3

Fe–HA (Ulum et al. 
2014)

Powder metallurgy – SBF 4.776  gm−2d−1 1.008  gm−2d−1 325

Fe–BCP (Ulum et al. 
2014)

Powder metallurgy – SBF 4.608  gm−2d−1 1.488  gm−2d−1 312

Fe–TCP (Ulum et al. 
2014)

Powder metallurgy – SBF 4.344  gm−2d−1 2.16  gm−2d−1 312

PLGA-incorporated 
Fe (Yusop et al. 
2015)

Powder metallurgy – PBS – 0.420 mmpy –

Fe/Mg2Si (Sikora-
Jasinska et al. 
2017)

Powder metallurgy – Modified Hank’s 
solution

0.27–0.31 mmpy 0.19–0.28 mmpy 290–500

Fe–PE (Gorejová 
et al. 2020)

Powder metallurgy – Modified Hank’s 
solution

0.118–0.598 mmpy 0.148–0.697 mmpy –

Fe–(20–35)Mn (Hei-
den et al. 2015)

Powder metallurgy – Modified Hank’s 
solution

0.4–1.33 mmpy – 230–440
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Table 4  (continued)

Materials Manufacturing route Processing method Degradation 
medium

Corrosion rate Yield 
strength 
(MPa)Electrochemical Static immersion

Porous Fe–30Mn 
(Dehestani et al. 
2017)

Powder Metallurgy – SBF 1.36 mmpy 1.18 mmpy 48.2

Fe–30Mn (Dehestani 
et al. 2017)

Powder metallurgy Heat treated at 
700 °C

SBF 0.29 mmpy 0.24 mmpy 134..2

Fe–30Mn (Dehestani 
et al. 2017)

Powder metallurgy Annealed at 900 0C, 
quenched

SBF 0.33 mmpy 0.42 mmpy –

PLGA-coated Fe 
(Yusop et al. 2015)

Powder metallurgy Surface coating PBS – 0.760 mmpy –

Pure Fe (Cheng et al. 
2013)

Casting – 0.9% NaCl – 0.008 mmpy –

Pure Fe (Cheng et al. 
2013)

Casting – Hank’s solution – 0.105 mmpy –

Pure Fe (Zhu et al. 
2009b)

Casting – SBF 4.896  gm−2d−1 –

Pure Fe (Moravej 
et al. 2010b)

Casting Thermomechanical 
treated

Hank’s solution 0.14 mmpy –

Pure Fe (Moravej 
et al. 2010b)

Casting Annealed at 550 °C Modified Hank’s 
solution

– 0.16 mmpy –

Pure Fe (Obayi et al. 
2015)

Casting Rolled Modified Hank’s 
solution

0.209–0.243 mmpy 0.115–0.144 mmpy –

Fe–20Mn (Chou 
et al. 2013)

Casting Osteogenic media 0.9427 mmpy –

Fe–20Mn (Čapek 
et al. 2016a)

Casting Rolled Osteogenic media 0.5397 mmpy –

Fe–30Mn–6Si 
(Čapek et al. 
2016a)

Casting Hank’s solution – 0.29 mmpy 177.8

Fe–Co (Liu and 
Zheng, 2011)

Casting Rolled Hank’s solution 2.741–3.025 
 gm−2d−1

0.220–0.250 
 gm−2d−1

Fe–B (Liu and 
Zheng, 2011)

Casting Rolled Hank’s solution 2.577–3.741 
 gm−2d−1

0.070–0.142 
 gm−2d−1

Fe–Al (Liu and 
Zheng, 2011)

Casting – Hank’s solution 2.385–3.327 
 gm−2d−1

0.116–0.140 
 gm−2d−1

Fe–2Pd (Čapek et al. 
2017)

Casting – SBF – 0.9  gm−2d−1 279.4

Fe (Čapek et al. 
2017)

Additive manufac-
turing (SPS)

– SBF – 3.20  gm−2d−1 73

Fe–2Pd (Čapek et al. 
2017)

Additive manufac-
turing (SPS)

– SBF – 0.3  gm−2d−1 845..8

Fe–2Pd (Porous) 
(Čapek et al. 2017)

Additive manufac-
turing (SPS)

– SBF – 0.8  gm−2d−1 14.7

Fe–Mn (Hong et al. 
2016)

3D–printed – HBSS 0.04 mmpy – 189

Fe–Mn–1Ca 
(Hermawan et al. 
2010b)

3D–printed – HBSS 0.07 mmpy – –

Fe–30Mn (Liu et al. 
2011)

3D–printed – HBSS 0.73 mmpy – 106

Fe–C (Liu and 
Zheng, 2011)

– Rolling Hank’s solution 3.991  gm−2d−1 0.231–gm−2d−1 –

Fe–S (Liu and 
Zheng, 2011)

– Rolling Hank’s solution 3.088  gm−2d−1 0.230  gm−2d−1 –
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has an acceptable level of biocompatibility and a significant 
increase in cell proliferation. Zhu et al. (2009a) considered 
the premature failure and studied Lanthanum ion implan-
tation at a 40 kV extracted voltage to improve the surface 
properties and delay the degradation rate of Fe during the 
initial implantation period. The formation of  La2O3 on the 
iron’s surface considerably slowed the iron’s ion migration 
away from the surface, lowering the corrosion current density. 
Similarly, the surface transformed compound layer compris-
ing two iron nitrides shows significant resistance to corrosion 
in 0.9% NaCl solution (Chen et al. 2008). These protective 
films delayed the deterioration in the mechanical integrity of 
the Fe-based BMs due to corrosion during the initial stage of 
implantation. However, long-term in vivo degradation studies 
by Feng et al. (2013), and Lin et al. (2016), revealed that the 
nitriding on the Fe surface had made a significant enhance-
ment in the degradation rate.

Summary and future prospects

The reported works establish the capability of Fe-based 
systems for biodegradable implants. Nevertheless, no 
product of this kind has been launched in the global mar-
ket. The works emphasise that the temporary implants 
need to exhibit a uniform degradation rate to avoid pre-
mature failure. This primarily depends on the degradation 
mechanism, and the same can be tailored by modifying 
microstructure and composition. The studies reveal that a 
proper combination of manufacturing route and processing 
techniques such as alloying, microstructure modification, 
and surface modification can help develop Fe-based bio-
medical materials. The major findings from in vitro and 
in vivo studies reported so far are summarised in Tables 4 
and 5, respectively.

Among the manufacturing routes, powder metal-
lurgy (PM) and casting route are among the predominant 

Table 4  (continued)

Materials Manufacturing route Processing method Degradation 
medium

Corrosion rate Yield 
strength 
(MPa)Electrochemical Static immersion

Fe–21Mn–0.7C–1Pd 
(Schinhammer 
et al. 2013)

– Cold working SBF – 0.21 mmpy –

Fe–βTCP (Reindl 
et al. 2014)

Powder injection 
moulding

– 0.9%NaCl – 0.196 mmpy –

Fe with Pt disc 
patterned(Huang 
and Zheng 2016)

– Surface sputtering Hank’s solution 4.4285–4.792 
 gm−2d−1

3.456–3.832 
 gm−2d−1

–

Pure Fe (Feng et al. 
2013)

– Nitride Modified Hank’s 
solution

– 0.225 mmpy –

Fe with micro-
patterned Au array 
(Cheng et al. 2015)

– Surface sputtering Hank’s solution 2.338–3.317 
 gm−2d−1

1.134–1.417 
 gm−2d−1

–

Ag ion-implanted 
Fe (Huang et al. 
2016b)

– Metal vapour 
vacuum arc tech-
nique

Hank’s solution 1.01  gm−2d−1 0.55  gm−2d−1 –

Zn ion-implanted 
Fe (Huang et al. 
2016c)

– Metal vapour 
vacuum arc tech-
nique

Hank’s solution 2.13  gm−2d−1 0.60 g  m−2d−1 –

Pure Fe (Moravej 
et al. 2010b)

Electroformed – Modified Hank’s 
solution

– 0.85 mmpy –

Pure Fe (Moravej 
et al. 2010b)

Electroformed Annealed Modified Hank’s 
solution

0.51 mmpy 0.4 mmpy –

Fe/Fe–W scaffold 
(He et al. 2016b)

Electrodeposition – Hank’s solution – 0.149–0.264 
 gm−2d−1

–

Fe–30Mn (Hufen-
bach et al. 2018)

– Forged SBF 18.91  gm−2d−1 0.028 mmpy –

Fe–30Mn–1C 
(Hufenbach et al. 
2018)

– Forged SBF – 0.2 mmpy 373

Fe–Mn (Liu and 
Zheng, 2011)

– Rolled Hank’s solution 1.863  gm−2day−1 0.028  gm−2d−1 –
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techniques adopted by the researchers. Open-cell porous 
Fe-based materials prepared through PM have shown a 
suitable degradation rate with mechanical properties sim-
ilar to human bone. However, more studies need to be 
carried out to optimise the pore morphology to make it 
similar to that of bone tissue to improve bioactivity and 
enhance osseointegration. Compared to the powder met-
allurgically prepared materials, cast ones exhibit higher 
density and strength.

3D-printing technology is an advanced and innovative 
method for developing accurate, three-dimensional scaf-
folding and implants. This method can be effectively used 
to incorporate noble element in the bulk of Fe, and such 
a system is expected to exhibit a uniform and accelerated 
degradation rate. In addition, the 3D-printing method can 
be customised to each patient’s individual needs, thereby 
enhancing the effectiveness of the curing process. Elec-
troforming, magnetron sputtering and UV lithographic 
techniques are proposed to have potential scope for manu-
facturing thin-sectioned implants for specific applications, 
including bone cages and thin plates.

Among the processing techniques, alloying effectively 
altered the microstructure and degradation properties of 
Fe-based material. Mn is the most frequently used alloying 
element in Fe. Non-traditional alloying elements such as 
Zn, Si, and Ag have also been incorporated along with Mn. 
The majority of alloying elements accelerated the degra-
dation rate during in vitro degradation test. Similarly, the 
addition of noble elements such as Cu, Pt, Pd, and Au has 
increased the degradation rate through galvanic coupling. 
The addition of bioactive and biocompatible bioceram-
ics phases also improved osteointegration. However, the 
toxicity associated with alloying elements in the physi-
ological environment and their mechanisms of elimination/
absorption need to be investigated. In fact, there is a lack 
of understanding on the bioactive behaviour of elements 
in the body. An in-depth assessment of how the body 
responds to these new implants is worth investigating.

Several studies focussed on the surface modification 
of implant materials employing metallic, polymeric and 
bioceramic materials. In particular, polymeric and apatite 
coating on porous Fe enhanced the biodegradation and 
biocompatibility of the materials. Though the surface 
modification yielded significant improvement in bioactiv-
ity, its effect on the mechanical properties needs to be 
investigated. Future research on biodegradable Fe-based 
bone implants must concentrate on in vitro cell culture and 
in vivo experiments to elucidate the bio-interfacial proper-
ties. In addition, addressing present limitations in labora-
tory tests on degradable materials is crucial for correctly 
forecasting long-term degradation mechanisms.

The development of Fe-based degradable bone 
implants is anticipated to take a longer period, owing to 

the complex interactions with the physiological environ-
ment. The research must now focus on determining the 
proper relations between the type of alloying elements, 
their composition and processing to achieve desired and 
controlled degradation rate. In the near future, additional 
multidisciplinary research on various manufacturing and 
processing technologies is necessary to speed up the pro-
cess and covert the same to clinical trials.
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