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 Overtime, researchers on biodegradable stent materials are challenged to develop a material 

having adequate mechanical properties and degradation rate matching tissue healing rate. This 

study attempted to show that biodegradation rate of pure iron (Fe)-stent material in 

physiological fluid depends on effective grain size just like its mechanical properties by 

reviewing some pertinent works on pure Fe-based biometals. This study reviewed the works of 

some researchers who used different processing methods that altered the microstructure and 

extracted information on the dependence of degradation rates and mechanical properties of 

pure iron on average grain sizes. The major outcome of this survey is that finer grain size led 

to lower degradation rate of pure iron in near-neutral simulated body fluid while strength 

increased with decrease in grain size. Strength and ductility are mutually exclusive as extreme 

grain refinement of Fe-based metal improves strength at the expense of ductility but enhances 

corrosion resistance and biocompatibility. On the other hand, extreme grain refinement 

followed by annealing heat treatment increases grain size, lowers strength and restores 

ductility. This survey indicates strongly that grain refinement is a promising route of striking a 

balance among the required properties of iron-based stent material. 
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1 Introduction 

Pure iron (Fe) has been in front of biodegradable stent materials 

research since its first clinical trial in 2001. A biodegradable 

metallic coronary stent is made to function as a short-term 

mechanical support for a severely obstructed or narrowed 

coronary arterial wall during healing and to degrade in vivo 

gradually and completely after implantation and completion of 

its intended purpose without causing toxicity in the human 

body [1, 2].  

Sufficient strength and ductility, uniform in vivo degradation 

rate and adequate biocompatibility are the major property 

requirements that affect performance of stent materials. 

Specifically, a stent material should have uniform in vivo 

dissolution and corrosion rate of about 20 µm/year [3] in body 
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fluids and a maximum grain size that ranges from 10 – 30 µm 

[1, 4].  

Additionally, it should have sufficient strength (yield strength 

> 200 MPa; tensile strength > 300 MPa) to preserve its load-

bearing function and adequate ductility (> 15 – 18 %) to enable 

easy and safe deployment during implantation [1]. 

For close to two decades, pure iron (Fe) - and magnesium (Mg) 

and their alloys have been studied as biodegradable metallic 

stent materials, until recently when the focus shifted to zinc 

(Zn) and its alloys due to the shortcomings of Fe and Mg. 

Animal studies have revealed that pure Fe is fairly 

biocompatible, degrades uniformly but slowly in physiological 

media [5, 6, 7]. Fe also has sufficient mechanical properties of 

strength and ductility closer to the biodegradable metal design 

criteria [8]. Pure Mg possesses good biocompatibility, but has 

limitations of low strength, ductility, and very rapid 
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degradation rate in physiological media [9, 10]. Zn degrades 

faster than Fe, but much slower than Mg [11]. Although, pure 

zinc displays an outstanding ductility (60 – 80 %), it has a low 

tensile strength of about 120 MPa [12]. 

The challenge facing the biodegradable metal research 

community has been how to increase corrosion rate of pure Fe 

while improving its mechanical characteristics further; how to 

improve pure Mg's mechanical properties while also increasing 

its corrosion resistance; and how to increase strength of pure 

Zn. Research on biodegradable metals has been prompted by 

the need to find answers to the aforementioned problems, 

targeted at striking strength-ductility-degradation rate balance 

without compromising biocompatibility. 

Some of the materials’ design strategies that have been 

employed to adjust mechanical properties and the degradation 

kinetics of pure Fe in order to enhance its bio-performance 

include selective alloying with active and nontoxic elements 

[13, 14, 15, 16], powder metallurgy [17, 18], additive 

manufacturing (direct metal printing [19], selective laser 

melting and laser metal deposition [20]), electro-

deposition/electroforming [5], bulk or surface modification 

[21, 22, 23, 24, 25, 26], equal channel angle pressure (ECAP) 

technique [27], spark plasma sintering [28, 29] and magnetron 

sputtering [30, 32]. All these techniques affect microstructure 

developed in pure Fe both in the bulk and on the surface. The 

microstructural parameters affected include the 

crystallographic texture, grain size, grain shape and their 

distribution in the microstructure, which singly or collectively 

moderate the degradation kinetics of pure Fe. 

Grain size is adjudged the outstanding microstructural 

parameter that moderates the physical, mechanical and 

dissolution behaviour of polycrystalline metals [33]. Grain 

refinement is a process of obtaining or inducing small grains in 

the structure of materials. Grain size is an important parameter 

influencing the biodegradation rate of biodegradable metals in 

physiological environments [20, 34]. 

As earlier stated, many workers have worked on how to 

improve both the mechanical properties and degradation rate of 

pure Fe stent materials, but very few have endeavoured to 

consider the influence of grain size on biodegradation 

specifically. The objective of this study is to show that 

biodegradation rate of pure iron depends on effective grain size 

just like its mechanical properties by reviewing some pertinent 

works on Fe-based biometals. The result of this survey could 

enable the optimalization of the required stent material 

properties of pure iron as a function of grain size. 

2 Methodology 

This study reviewed the works of three researchers [32, 27, 33, 

30, 20] who used different processing methods to moderate the 

grain sizes of biodegradable pure iron and extracted 

information on the effect of grain size on the mechanical 

properties and degradation rates in simulated body fluid (SBF). 

It has earlier been established that there is a relationship 

between the average grain size and corrosion rate of a metal 

[34], similar to the Hall-Petch relation that relates grain size to 

strength as shown in  Equation 1 and graphically in Figure 1. 

 𝑖𝑐𝑜𝑟𝑟 = 𝐴 + 𝐵𝑑−1/2 (1), 

where icorr is the corrosion current, A and B are constants and 

their values depend on the material (composition or impurity 

level) and on the nature of the media, respectively, and d is the 

average grain size. 

 
Figure 1: Relationship between corrosion current density and 

grain size in passivating and non-passivating environments 

[34] 

 
Figure 2: Grain size versus corrosion current density 

extracted from ref. [32] 

Maryam Moravej, et al [32] studied the effect of deposition 

current density on the microstructure and degradation 

behaviour of electroformed pure iron (E-Fe) sheets in Hank’s 

solution. The E-Fe sheets were produced using current 

densities of 1, 2, 5 and 10 Adm-2. The as-electrodeposited Fe 

displayed weak textures corresponding to (101), (111) and 

(112) with average grain sizes less than 3 µm. 

However, after annealing at 550 ℃ for 1 hr., the microstructure 

of iron samples changed because of the induced 

recrystallization, but the annealing texture remained the same 
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as the as-electrodeposited. The results of the corrosion tests 

showed that among the deposited and annealed samples, the 

sample with a grain size of 6.1 µm exhibited uniform and 

higher corrosion rate than pure Fe. Annealing decreased the 

corrosion current density of the pure E-Fe samples as shown in 

Table 1. 

Table 1: Average grain sizes, corrosion current densities of as-deposited and annealed electrodeposited Fe at different 

deposition current densities [32] 

Deposition current density (Adm-2) 1 2 5 10 

As-deposited 

Average grain size (µm) 2.5 4.4 2.5 3.0 

corrosion current density icorr (µAcm-2) 120 81 161 107 

As-deposited annealed at 550 ℃ for 1 hr. 

Average grain size (µm) 3.7 7.6 6.1 1.9 

corrosion current density icorr (µAcm-2) 83 40 105 63 

Table 2: Summary of the mechanical and dissolution behaviour of ECAPed pure iron [27] 

Equal channel angular pressure (ECAP) Zeroth pass  

(0th Fe) 

2nd pass  

(2nd Fe) 

4th pass  

(4th  Fe) 

8th pass  

(8th  Fe) 

Average grain size  50 µm 40 µm 80 nm 200 nm 

corrosion current density icorr (µAcm-2) 7.79 7.11 2.32 1.66 

Tensile strength (MPa) 262 313 381 470 

Micro-hardness value (kgfmm−2) 114 351 397 444 

Table 3: Summary of the mechanical and dissolution behaviour of cold rolled and annealed pure iron [33] 

Cold rolling and annealing 85%UR-550 75%UR-800 85%UR-1000 

Average grain size (µm) 14.1 28.1 168.0 

corrosion current density icorr (µA cm-2) 14.88 18.50 21.05 

Tensile strength (MPa) 287 238 173 

Table 4: Summary of the mechanical and dissolution behaviour of pure iron produced by magnetron sputtering [30] 

Magnetron sputtering As-deposited 

pure Fe 

s-Fe annealed at 

400 ℃ for 2 hrs. 

s-Fe annealed at 

600 ℃ for 2 hrs. 

s-Fe annealed at 800 

℃ for 2 hrs. 

Average grain size (µm) 0.5 0.58 0.8 3 

Corrosion rate (mm/yr.) 0.06 0.07 0.08 0.1 

Tensile strength (MPa) 606 604 381 267 

Ultimate tensile strength (MPa) 634 616 413 343 

% elongation (%) 1.4 1.6 13 14 

Table 5: Summary of the mechanical and dissolution behaviour of pure iron produced by SLM and LMD [20] 

Selective laser melting (SLM) and 

laser metal deposition (LMD) 

Cast pure Fe Pure Fe produced by LMD Pure Fe produced by 

SLM 

Average grain size (µm) 350 114 8 

Corrosion rate (mm/yr.) 47 66 72 

Tensile strength (MPa) 157.1 241.9 421.1 

Ultimate tensile strength (MPa) 497.8 580.6 760.2 

The degradation behaviour of the Fe samples was attributed to 

factors such texture, stored energy, accumulation of defects, 

grain boundaries and effect of annealing. However, a deeper 

consideration of the annealed E-Fe samples indicates that 

corrosion current density is grain size-dependent. 

Neglecting data at deposition current of 2 Adm-2, which is very 

close to 1 Adm-2, a plot of the corrosion current density versus 

average grain size shows that corrosion current density 

decreases as average grain size decreases (Figure 2). In another 

assessment, the E-Fe had superior yield and tensile strengths 

but lower ductility than Armco® pure iron [35]. It also 

exhibited adequate biocompatibility [36]. 

F. L. Nie and co-workers [27] studied the microstructure; 

degradation behaviour; cellular responses and 

hemocompatibility of bulk nanocrystalline pure iron, compared 

with microcrystalline pure iron (50 µm). The bulk 
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nanocrystalline (80 – 200 nm) pure iron rods (> 99.8 wt. %) 

were fabricated by the equal channel angular pressure (ECAP) 

technique up to eight passes. The results indicated that both the 

mechanical properties and corrosion current density of the Fe 

samples scaled with grain size with tensile strength and 

hardness increasing and the corrosion current density 

decreasing with decrease in grain size as shown in Table 2.  

The nano-crystallization of pure iron improved its tensile 

strength and enhanced its corrosion resistance without pitting 

unlike that of the microcrystalline pure iron. The 

biocompatibility test of the ECAPed samples revealed that the 

nanocrystalline pure iron had good in vitro biocompatibility 

and the properties were clearly grain size-dependent. 

Nanocrystalline pure iron also stimulated better proliferation of 

fibroblast cells, promoted preferable endothelialization, and 

effectively inhibited proliferation of vascular smooth muscle 

cells (VSMCs). 

 
Figure 3: Grain size versus corrosion current density 

extracted from ref. [33] 

Obayi, et al [33] investigated the effect of grain size (14.1 – 

164.8 µm) on the mechanical and corrosion behaviour of pure 

Fe processed by cold rolling and annealing. The result 

demonstrated that dissolution rate decreases slightly with 

decrease in average grain size in Hank’s solution while both 

the yield and tensile strength increased with decrease in 

average grain size according to Hall-Petch relation as shown in 

Table 3 and Figure 3.  

The result also showed that percentage elongation or ductility 

decreased with decrease in grain size, but very big grain size 

was detrimental to ductility. Since mechanical properties 

increase and corrosion rate decreases with decrease in average 

grain size, the result shows that grain size moderation could be 

a tool for achieving a balance in the strength, ductility, and 

degradation rate of pure Fe as a candidate biodegradable 

material. 

Till Jurgeleit, et al [30], produced free-standing, patterned, 

pure-iron foils (s-Fe) through magnetron sputtering. The s-Fe 

foils were annealed at 400 ℃, 600 ℃ and 800 ℃ for 2 hrs. and 

their mechanical properties and degradation rates compared to 

the as-deposited s-Fe, cast iron and pure iron produced via 

other methods. The iron foils showed enhanced mechanical 

strengths, elongation at break and degradation rates that were 

grain size-dependent. The mechanical strengths decreased with 

increase in grain size while the ductility and degradation rate 

increased with increase in grain size as shown in Table 4. It is 

noteworthy that annealing led to the grain coarsening, which 

increased dissolution rate and ductility, but lowered 

mechanical strength. 

Carluccio, et al [20], fabricated pure via selective laser melting 

(SLM) and laser metal deposition (LMD) and compared the 

mechanical properties and degradation rates with that of cast 

pure iron. The average grain sizes of SLM and LMD samples 

were much smaller than that of cast pure iron. This smaller 

grain size evolution of the SLM and LMD samples was 

attributed to the significantly higher cooling rates of the laser 

based additive manufacturing process. The smaller grain sizes 

led to higher mechanical properties of the SLM and LMD 

processed pure Fe.  

It is evident here that decrease in grain size resulted in increase 

in corrosion rates of pure Fe manufactured by LMD and SLM 

as shown in Table 5. This display of increased corrosion rates 

of LMD and SLM samples with decrease in grain size is 

different from the works of others considered here. The 

degradation rates are far above the standard corrosion rate for 

biodegradable stents (20 µm/year). Though, a good technology 

for improving the degradation rate of pure iron, the adaptation 

of the method to produce cylindrical stents will need to put into 

consideration. 

3 Outcome of grain refinement practice on 

properties of biodegradable Fe 

The benefits of grain refinement to bio-performance of 

biodegradable Fe are enormous. The competing parameters 

that control the performance of bioabsorbable stents such as 

strength, degradation rate, ductility and biocompatibility are 

influenced strongly by effective average grain sizes. Strength 

and corrosion current density are inversely dependent on grain 

size with strength increasing and current density decreasing 

with decrease in grain size in most of the works reviewed here.  

The dependence of strength and ductility on average grain size 

is mutually exclusive-strength increases while ductility 

decreases with decreasing grain size [31]. Ultrafine grained or 

nano-crystallized Fe exhibits homogeneous or uniform 

corrosion.  However, very fine grained or nano grained Fe 

exhibit corrosion resistance in near-neutral SBF as shown in 

the work of  F. L. Nie and co-workers [27]. 

Structurally, cardiovascular stent is a miniature and micron 

scale implant with a limitation on average grain size and strut 

thickness. The maximum average grain size ranges from 10-30 

µm and strut thickness is in the range of 70 – 120 µm [4, 38, 

39]. The importance of smaller grain size and strut thickness 

are adequately discussed in the work of Obayi et al [33].  
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More so, fine grained metallic implant materials exhibit better 

host-implant interactions and excellent biocompatibilities. The 

success of medical implants is dependent on level of interaction 

between the living tissue and implant’s surface which is a 

surface phenomenon. This surface interaction which is a 

function of surface factors such as chemistry, energy, charge, 

wettability, and roughness, determines the extent of cell 

adhesion, protein adsorption, tissue healing rate, 

biocompatibility, and bio-functionality [40].  

Since tissues in human body exist on a very small scale [40] 

and surface reactivity is more pronounced on this length scale, 

grain refinement benefits host-implant interactions and can 

lead to faster healing, better bonding of implant to anatomical 

sites and reduction in the rate of implant failure and revision 

surgeries. 

Since yield and tensile strengths of Fe-based biometals increase 

with decrease in grain size and both corrosion current/corrosion 

rate in SBF and ductility decrease with decrease in average 

grain size, the expected compromise among these grain size-

dependent properties is as shown in Figure 4.  This compromise 

is achievable through controlled grain refinement processes. 

 
Figure 4: Expected compromise among grain size, 

mechanical and degradation properties of biodegradable Fe 

metal 

4 Conclusion 

This survey focused on the works of some researchers who 

used different processing methods to improve the mechanical 

properties and degradation rates of pure iron and extracted 

information on the dependence of these properties on average 

grain sizes.  The major outcome of this review is as follows: 

the degradation rate/corrosion current density of pure Fe is 

grain size-dependent and decreases as grain size decreases in 

near-passive simulated body fluid; mechanical strength readily 

obeys the Hall-Petch relationship increasing with decrease in 

grain size while ductility decreases with decrease in average 

grain size; extreme grain refinement followed by annealing 

heat treatment increases grain size, lowers strength and restores 

ductility. This review indicates strongly that grain refinement 

is a promising route of tailoring and optimizing these grain 

size-dependent properties of pure iron for biodegradable stent 

application. 
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