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Abstract: Fe is regarded as a promising bone implant material due to inherent degradability and high mechanical strength, but 
its degradation rate is too slow to match the healing rate of bone. In this work, hydrolytic expansion was cleverly exploited 
to accelerate Fe degradation. Concretely, hydrolyzable Mg2Si was incorporated into Fe matrix through selective laser melting 
and readily hydrolyzed in a physiological environment, thereby exposing more surface area of Fe matrix to the solution. 
Moreover, the gaseous hydrolytic products of Mg2Si acted as an expanding agent and cracked the dense degradation product 
layers of Fe matrix, which offered rapid access for solution invasion and corrosion propagation toward the interior of Fe 
matrix. This resulted in the breakdown of protective degradation product layers and even the direct peeling off of Fe matrix. 
Consequently, the degradation rate for Fe/Mg2Si composites (0.33 mm/y) was significantly improved in comparison with 
that of Fe (0.12 mm/y). Meanwhile, Fe/Mg2Si composites were found to enable the growth and proliferation of MG-63 cells, 
showing good cytocompatibility. This study indicated that hydrolytic expansion may be an effective strategy to accelerate the 
degradation of Fe-based implants.
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1 Introduction

Due to natural degradability, favorable mechanical 
properties, and acceptable biocompatibility, 
biodegradable metals have been extensively 
highlighted for fabricating bone implants over 
the past years[1-3]. Iron (Fe), which can corrode 
in the physiological environment, is considered 
as a typical biodegradable metal. Fe is especially 
attractive in load-bearing applications due to its 
high mechanical strength. The applications of Fe 
as bone implants have been validated by animal 

experiments and no acute inflammatory reaction, 
systemic, or local toxicity were reported, indicating 
good biocompatibility[4-7]. However, Fe still stays 
intact in vivo even after 6 months, which indicates 
that a fast corrosion rate is urgently demanded[8].

To increase the corrosion rate of Fe, lots of 
researches, for example, alloying, surface treatment, 
and new fabrication process have been carried 
out[9]. Hermawan et al. added manganese (Mn) into 
Fe to reduce the corrosion potentials of Fe, thereby 
increasing the corrosion rates[10]. Subsequently, 

© 2020 Shuai, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International 
License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

*Corresponding Author: Chengde Gao, State Key Laboratory of High-Performance Complex Manufacturing, College of Mechanical and 
Electrical Engineering, Central South University, Changsha 410083, China; gaochengde@csu.edu.cn.

Received: November 12, 2019; Accepted: January 2, 2020; Published Online: January 23, 2020

Citation: Shuai C, Li S, Peng S, et al., 2020, Hydrolytic expansion induces corrosion propagation for increased Fe 
biodegradation. Int J Bioprint, 6(1):248. DOI: 10.18063/ijb.v6i1.248



Shuai, et al. 

 International Journal of Bioprinting (2020)–Volume 6, Issue 1 75

Schinhammer et al. introduced palladium (Pd) 
into Fe−Mn alloy and found that Pd accelerated Fe 
degradation through micro-galvanic corrosion[11]. 
Zhou et al. prepared silicon carbide (SiC) thin 
films on the Fe surface through sandblasting 
treatment[12]. They found that surface morphology, 
surface composition, and surface area of Fe were 
changed, causing higher weight loss. Moravej et 
al. fabricated Fe implants by electroforming and 
evaluated the degradation behavior in vitro[13]. This 
process increased structural defects of Fe, which 
was responsible for the fast corrosion. These Fe-
based implants exhibit a faster degradation rate than 
Fe in the physiological environment. However, as 
the degradation proceeds, corrosion products will 
gradually accumulate on the substrate, forming 
dense protective layers due to their low solubility. 
This inevitably impedes or even insulates the 
contact between the solution and the matrix, 
resulting in a slow degradation at the later stage of 
degradation[12].

Magnesium silicide (Mg2Si) is a common 
biomaterial with favorable biocompatibility, 
and both of silicon (Si) and magnesium (Mg) 
are essential elements in the human body, 
as reported by Jiang et al.[14] Due to the high 
chemical activity, Mg2Si can rapidly react with 
H2O, releasing expansive gases[15]. This prompts 
us to contemplate that if Mg2Si is introduced into 
the Fe matrix, the rapid hydrolysis of Mg2Si will 
expose more area of Fe matrix to the physiological 
environment. More importantly, the escaped gases 
resulted from Mg2Si hydrolysis may penetrate 
the dense degradation product layers, which is 
expected to solve the above-mentioned problem 
induced by dense degradation product layers, 
thereby endowing the Fe-based implant a rapid 
degradation throughout the degradation process.

In this work, hydrolyzable Mg2Si was cleverly 
exploited to accelerate Fe degradation. Fe/Mg2Si 
composites were prepared through selective laser 
melting process, which was also known as one kind 
of three-dimensional (3D) printing techniques[16,17]. 
Moving laser can irradiate powder bed with a 
rapid solidification rate compared with traditional 
method[18,19], which was beneficial for ensuring the 
relative phase stability of samples, which may be 

due to the rapid melting and solidification process 
(with a cooling rate of 103 – 106°C/s), as pointed 
out by Yu et al.[20] Moreover, Dadbakhsh et al. 
stated that selective laser melting possessed an 
exceptional flexibility to manufacture composites 
with a uniform dispersion of secondary phase 
due to laser-based and layer-by-layer natures, 
simultaneous powder metallurgy[21-23]. Besides, 
selective laser melting is well known for the 
capability of directly preparing 3D parts with 
precise shape[24-29]. This paper aimed to present a 
systematic study that investigated the degradability 
of selective laser melting derived Fe/Mg2Si 
composites based on their composition variation. 
The microstructure and mechanical properties of 
the composites were investigated for bone implant 
applications. In addition, cytocompatibility was 
also systematically evaluated. This study covered 
processes of 3D printing technologies, property 
evaluations of printed implants, interactions of 
MG-63 cells, the composites, etc.

2 Materials and methods

2.1 Materials

Fe powder with a purity of 99.9% was purchased 
from Wuxi Sairui metal powder manufacturing 
Co., Ltd. (Jiangsu, China). The powder particle 
size was characterized by laser particle analyzer 
(Malvern 3000, UK). Mg2Si powder was obtained 
from Shanghai Xianxin New Material Technology 
Co., Ltd. The Mg2Si powder was milled to get a 
small particle size at a speed of 200 rpm for 3 h 
in a planetary ball mill, and the stainless steel ball 
to powder ratio was 1:1. Subsequently, Mg2Si 
powder with different mass ratio (0, 0.3, 0.6, 0.9, 
and 1.2 wt.%) was mixed with Fe powder using 
mechanical stirring followed by milling at a speed 
of 200 rpm for 60 min after optimization of the 
main parameters of mixing time and rotation 
rate. These mixing parameters were beneficial for 
relatively better powder mixing performance[30,31].

2.2 Sample preparation

Fe/Mg2Si composites were prepared by a selective 
laser melting system, which was composed of a 
laser melting platform, control system, and lifting 
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platform[32,33]. The specific laser melting procedure 
was as follows: (1) Fe/Mg2Si powders were put on 
the laser melting platform; (2) Fe/Mg2Si powders 
was selectively melted by laser beam; (3) after 
laser melting, a descending height was achieved 
through the lifting platform; (4) the steps of (1) – 
(3) were continually repeated until the Fe/Mg2Si 
composites were completely prepared; and (5) an 
air compressor was used for scrubbing samples and 
removing residual powder. In this study, the laser 
scan rate of 24 mm/s, layer thickness of 100 μm, 
and laser power of 90 W were used as the melting 
parameters for good formality during experiments.

2.3 Microstructural characterization

Fe/Mg2Si composites were mechanically polished, 
thereafter ultrasonically cleaned in ethanol. After 
etching in 4% HNO3 alcohol solution for 40 s, 
the metallographic microstructure of Fe/Mg2Si 
composites was observed using an Olympus 
optical microscope (PMG-3, Japan). The surface 
morphology was characterized by a XL-30FEG 
scanning electron microscopy (SEM, Philips, the 
Netherlands), and the elemental compositions were 
determined by energy-dispersive X-ray spectroscopy 
(EDS). The phase analysis of Fe/Mg2Si composites 
was performed by a Siemens X-ray diffractometer 
(XRD, D5000, Germany) with a scanning speed of 
8/min from 20° to 90° of scattering angles.

2.4 Mechanical tests

The mechanical properties of Fe/Mg2Si 
composites were determined by compression, 
bending, and hardness tests. The compression tests 
were performed on a Zhongluchang Universal 
Tester (Model WDW-10H, China) at a strain 
rate of 0.05 mm/s according to the ASTM E9-09 
standard[34]. The prepared Fe/Mg2Si samples were 
circular cylinder with a diameter of 8 mm and a 
height of 12 mm. As all the samples were ductile, 
compression strength was determined by the stress 
at a strain of 30%[34]. Three-point bending tests 
were performed at a speed of 0.05 mm/s on the 
Zhongluchang Universal Tester (Model WDW-
10H, China). The span of the bending tests was 
12 mm between the two supporting points. Hardness 

tests were carried out using micro-indentation 
tester (Shanghai Taiming Optical Instrument Co. 
Ltd., China) with a dwell time of 10 s. For each 
group, at least four measurements were carried out 
to acquire accurate average values.

2.5 Electrochemical tests

The electrochemical behaviors of Fe/Mg2Si 
composites were tested by an IM6 electrochemical 
workstation (Zahner, Germany) in simulated 
body fluid (SBF) at 37°C. The SBF with a pH 
of 7.4 contained 8.035 g·L−1 NaCl, 0.225 g·L−1 
KCl, 0.311 g·L−1 MgCl2·6H2O, 0.231 g·L−1 
K2HPO4·3H2O, 6.118 g·L−1 (CH2OH)3CNH2, 
0.355 g·L−1 NaHCO3, 0.292 g·L−1 CaCl2, and 0.072 
g·L−1 Na2SO4

[2,35]. The typical three-electrode 
cell, containing the saturated calomel electrode 
(SCE, reference electrode), the sample (working 
electrode), and the platinum electrode (auxiliary 
electrode), was used to perform electrochemical 
tests. The potentiodynamic polarization curves 
of samples were obtained at a rate of 0.25 mV/s 
(−1200 – 100 mV) in SBF. The corrosion current 
density (Icorr) of samples was calculated by tafel 
extrapolation of the anodic and cathodic part of 
the polarization curves. Afterward, the Icorr was 
converted into the electrochemical corrosion rates 
based on the ASTM G59 standard[36,37]. The surface 
morphologies of the samples were examined 
using a Wyko NT9100 optical profiler (VEECO, 
USA) and the surface roughness value (Ra) was 
simultaneously acquired by the average standard 
deviation of height values.

2.6 Immersion tests

The immersion tests of Fe/Mg2Si composites were 
performed to study the degradation behavior, 
including corrosion rates, corrosion morphologies, 
and surface composition. The immersion tests were 
carried out in SBF[38]. According to the ASTM-
G31-72, Fe/Mg2Si samples with an exposed surface 
(cm2) to SBF (ml) ratio of 1:15 were separately 
immersed at 37°C[3,39]. After immersion for 21 days, 
the samples were first rinsed with deionized water 
and ethanol, and then dried in hot air. The cross-
sectional morphologies were observed using SEM. 
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Meanwhile, the composition analysis of corrosion 
products was performed by EDS. The degradation 
rates of samples were calculated according to the 
methods in the literature[35].

2.7 Cytocompatibility tests

Human osteosarcoma cell line (MG-63) from the 
American Type Culture Collection was adopted to 
evaluate the cytocompatibility of samples according 
to the indirect contact method[4,40]. The MG-63 cells 
were first cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) with 100 U/ml penicillin, 
100 mg/ml streptomycin, and 10% fetal bovine 
serum at 37°C under a humidified atmosphere of 
5% CO2. The Fe/Mg2Si samples were immersed 
in DMEM for 3 days with a surface area/solution 
ratio of 1.25 (cm2/ml) at 37°C according to the 
ISO 10993-12[1]. Subsequently, the supernatant 
fluid was withdrawn and centrifuged for preparing 
the extract. For fluorescence staining assay, MG-
63 cells were incubated in the extracts of different 
concentrations (25, 50, and 100%) with DMEM as 
the control group (extract concentration of 0%) for 
1, 2, and 3 days, respectively. The MG-63 cells were 
subsequently stained by ethidium homodimer-1 
reagents and calcein-AM for 18 min, and finally 
rinsed twice using phosphate-buffered solution. 
To observe the living cells, the cells were fixed on 
glasses and checked using a BX60 Fluorescence 
Microscope (Olympus, Japan). The number of 
living cells was estimated by ImageJ software 
according to the fluorescent images. To evaluate 
the viability of MG-63 cells in the extracts of 
different concentrations (0, 25, 50, and 100%), 
CCK-8 tests were performed for 1, 2, and 3 days, 
respectively. After culture for the scheduled time, 
10 μL CCK-8 solutions (5 mg/ml) were added to 
the cell culture medium. Then, the absorbance was 
gained by a microplate reader (BioRad, USA) at 
450 nm. Cell viability was calculated since it was 
positively correlated with the absorbance[41].

2.8 Statistical analysis

Experimental data were presented as mean ± 
standard deviation. Symbol “*” indicates a 
significant difference (P < 0.05).

3 Results and discussion

3.1 Powder characterization and sample 
preparation

The used powders in this study are depicted 
in Figure 1A-F. SEM images in Figure 1A,B 
indicated that both Fe and Mg2Si powders had an 
irregular shape and the latter exhibited smaller 
particle sizes than the former. The particle size 
distribution of Fe powder was further measured by 
a laser particle analyzer. It is shown in Figure 1A 
that the particle size of Fe powder was mainly 
between 12 and 30 μm and the average value was 
27.1 ± 0.5 μm. Meanwhile, fine Mg2Si particles 
were evenly distributed in Fe powder in Figure 1C, 
which enabled Mg2Si to fully exert its roles in the 
composite. Besides, XRD patterns in Figure 1E 
showed that the only detectable phase was α-Fe 
with BCC structure and the (110) crystal plane had 
the highest intensity due to the preferred crystalline 
orientation. For Mg2Si powder, the Mg2Si phase 
was identified by main diffraction peaks at 24.2°, 
40.1°, and 47.3° corresponding to (111), (220), and 
(311) diffraction planes, respectively, as illustrated 
in Figure 1E. EDS analysis in Figure 1F showed 
that Fe and Mg2Si powders were composed of Fe 
and Mg, Si elements, respectively, which indicated 
higher purity of the powders. The mixed powders 
of Fe and Mg2Si were scanned by laser according 
to the computer-aided design model to prepare 
composites, as illustrated in Figure 1G. It could be 
found that the prepared composites have uniformly 
distributed porous structures with a diameter of 
0.8 mm. The porous structures of composites 
would not only accelerate Fe degradation through 
the increase of surface area in contact with SBF 
but also promote nutrient transport through the 
interconnected architecture.

3.2 Microstructure

The microstructural features of Fe/Mg2Si 
composites are presented in Figure 2. It is 
shown in Figure 2A,E that the Fe/0.3Mg2Si 
had a compact microstructure without original 
powder particles. Meanwhile, a small amount of 
Mg2Si could be discernible, as evidenced by EDS 



 Hydrolytic expansion accelerates Fe biodegradation

78 International Journal of Bioprinting (2020)–Volume 6, Issue 1 

analysis in Figure 2I. Fe/0.6Mg2Si in Figure 2B,F 
exhibited similar microstructural features with 
Fe/0.3Mg2Si except for a slightly higher Mg2Si 
content. Fe/0.9Mg2Si in Figure 2C,G showed two 
distinct phases in the microstructure, in which the 
black phase was Mg2Si and the grey phase was 
Fe matrix. Moreover, Fe/0.9Mg2Si also showed 
the uniformly distributed Mg2Si within the matrix. 
Therefore, it was reasonably expected that the 
Fe/Mg2Si composite would possess uniform bulk 
property. However, when the additional content of 
Mg2Si was 1.2 wt.%, micropores were found, as 
exhibited in Figure 2D,H. The micropores may be 
caused by interconnected Mg2Si by EDS analysis 
Figure 2J,K as a result of the inhomogeneous 
distribution. The interconnected Mg2Si tended to 

merge and form large clusters, which hindered 
the bonding of liquid Fe, leading to micropores. 
Micropores as microstructure defects may 
become stress concentration points, resulting 
in deteriorated mechanical properties and local 
corrosion, especially in the corrosive physiological 
environment containing chloride ion. This was 
similar to other studies on the microstructural 
features of Fe/ceramic composites[34].

The water contact angles of Fe/Mg2Si 
composites as well as Fe are shown in 
Figure 3a. The sequence of water contact angle 
from low to high was: Fe/1.2Mg2Si (60.11 ± 2.1°) 
< Fe/0.9Mg2Si (61.08 ± 1.8°) < Fe/0.6Mg2Si 
(62.95 ± 2.2°) < Fe/0.3Mg2Si (65.24 ± 2.5°) 
< Fe (68.74 ± 3.1°). Usually, the smaller the 

Figure 1. (A-C) The morphologies, (D) particle size distribution, (E) XRD patterns, and (F) EDS 
analysis of Fe and/or Mg2Si powders. (G) Schematic illustration of the laser melting process for sample 
preparation. The prepared composites had a uniformly distributed porous structure (the pore diameter of 
0.8 mm).
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contact angle is, the better the hydrophilicity will 
be. This indicated that Fe/Mg2Si had stronger 
hydrophilicity than Fe. It is considered that high 
hydrophilicity is of significance for bone implants, 
which contributes to corrosion attack in the 
physiological environment[38].

The XRD patterns of Fe/Mg2Si composites are 
given in Figure 3B. It could be found from the 
figure that the detectable phase was α-Fe for all 
the Fe/Mg2Si composites, which was similar to 
that of Fe powder in Figure 1E. Moreover, there 
were no obvious changes in the peak positions and 
relative intensities. The Mg2Si peaks could not be 
found for all the samples, which attributed to the 
low contents. The metallographic micrographs of 
Fe/Mg2Si composites are presented in Figure 3C. 
It was seen that Fe/0.3Mg2Si exhibited flexuous 
grain boundaries with grain sizes ranging from 5 
to 45 μm (average grain size of 29.8 ± 2.1 μm). The 
Fe/0.6Mg2Si consisted of grain sizes ranging from 
5 to 35 μm and its average grain size was 23.7 ± 
1.5 μm. The grains of Fe/0.9Mg2Si were obviously 

refined with an average grain size of 18.6 ± 
1.2 μm. The grains of Fe/1.2Mg2Si also exhibited 
a smaller size (average grain size of 21.1 ± 1.8 μm) 
in comparison with Fe/0.3Mg2Si. However, the 
micropores on surfaces of Fe/1.2Mg2Si were 
discernible due to the relatively large amounts of 
Mg2Si.

3.3 Mechanical properties

Functionally speaking, the compression strength 
of bone implants was thought to be an important 
indicator since bones need to be strong enough 
to survive normal activities[42]. In this study, the 
compression strength of Fe/Mg2Si composites is 
depicted in Figure 4A. It could be found that the 
compression strength gradually decreased (230 ± 
15, 202 ± 20, 172 ± 12, 130 ± 10, and 88 ± 6 MPa 
for Fe, Fe/0.3Mg2Si, Fe/0.6Mg2Si, Fe/0.9Mg2Si, 
and Fe/1.2Mg2Si, respectively). The decreased 
compression strength could be attributed to the 
distributions and amounts of Mg2Si, which may 
cause defects in the microstructure, as evidenced 

Figure 2. Low- and high-magnification SEM images of (A,E) Fe/0.3Mg2Si, (B,F) Fe/0.6Mg2Si, (C,G) 
Fe/0.9Mg2Si, and (D,H) Fe/1.2 Mg2Si composites and corresponding EDS analysis of (I) point A-D and 
(J,K) area E.

I

A

E

J

B

F

K

C

G

D

H



 Hydrolytic expansion accelerates Fe biodegradation

80 International Journal of Bioprinting (2020)–Volume 6, Issue 1 

in Figure 2. This phenomenon was similar to the 
previous study on the effects of hydroxyapatite 
on the compression strength of Fe-hydroxyapatite 
composite[43]. It was worth noting that the 
compression strength of human compact bone 
was between 90 and 170 MPa[44], which implied 
that the Fe/Mg2Si composites still could provide 
adequate mechanical support for load-bearing 
applications. The modulus of fabricated Fe/Mg2Si 
composites with the increasing Mg2Si contents 
is shown in Figure 4B. It could be found from 
Figure 4B that the modulus gradually decreased 
with the increase in Mg2Si. This phenomenon 
may be related to the increasing amount and 
dispersion patterns of the additive. Increasing 
Mg2Si tended to form agglomerates and voids in 

the microstructure. Besides, the reduced modulus 
was also closely related to porous structures 
fabricated by selective laser melting. The modulus 
in this study could greatly alleviate biomechanical 
mismatch during the new bone remodeling 
process, thereby eliminating the problem of stress 
shielding between bone and implants. In addition, 
it is shown in Figure 4C that the sequence of 
bending strength from high to low was: Fe > 
Fe/0.3Mg2Si > Fe/0.6Mg2Si > Fe/0.9Mg2Si > 
Fe/1.2Mg2Si composite, which was consistent 
with the sequence of the compression strength.

In addition, the measured hardness by micro-
indentation tester is exhibited in Figure 4D. It 
could be found that the hardness of Fe/0.9Mg2Si 
sample (145 ± 9 HV) was higher than other 

Figure 3. (A) Water contact angles, (B) XRD patterns, and (C) metallographic micrographs with 
corresponding grain size distributions of Fe/Mg2Si composites. The micropores in the Fe/Mg2Si 
composites were marked by red arrows.
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samples (112 ± 12, 134 ± 13, 142 ± 10, and 127 
± 20 HV for Fe, Fe/0.3Mg2Si, Fe/0.6Mg2Si, and 
Fe/1.2Mg2Si, respectively). It was also worthy to 
note that a decrease in hardness was observed in 
Fe/1.2Mg2Si. Both too high amount and uneven 
distribution of Mg2Si would merge and hinder 
the liquid Fe phase bonding, leading to the 
formation of micropores, thereby reducing the 
hardness of Fe/1.2Mg2Si composite. This was 
also evidenced by the large standard deviation 
in Figure 4D.

3.4 Electrochemical behaviors

Potentiodynamic polarization curves were useful 
tools to measure the instantaneous corrosion of 
samples. The polarization curves of Fe/0.3Mg2Si, 
Fe/0.6Mg2Si, Fe/0.9Mg2Si, and Fe/1.2Mg2Si 
composites with Fe as a control group are shown 
in Figure 5A and Icorr was determined from 
abscissa of intersection from tafel extrapolation. 
Icorr for Fe, Fe/0.3Mg2Si, Fe/0.6Mg2Si, 
Fe/0.9Mg2Si, and Fe/1.2Mg2Si was 12.58 ± 
3.5, 19.95 ± 4.2, 27.54 ± 4.7, 39.81 ± 4.6, and 
50.11 ± 4.9 μA/cm2, respectively. The increase in 

Icorr indicated aggravated corrosion of composites 
with the addition of Mg2Si. Meanwhile, a higher 
Icorr corresponded to worse corrosion resistance and 
a higher electrochemical corrosion rate. According 
to Figure 5B, the average electrochemical 
corrosion rates of Fe, Fe/0.3Mg2Si, Fe/0.6Mg2Si, 
Fe/0.9Mg2Si, and Fe/1.2Mg2Si were determined as 
0.15, 0.24, 0.33, 0.48, and 0.61 mm/y, respectively, 
indicating that the addition of Mg2Si accelerated 
Fe corrosion. The extent of metal corrosion on the 
surface after potentiodynamic polarization tests 
could be characterized by corrosion morphology. 
The stronger the corrosion was, the more severe 
the surface damage was. The surface profiles of 
Fe/0.3Mg2Si, Fe/0.6Mg2Si, Fe/0.9Mg2Si, and 
Fe/1.2Mg2Si with Fe as a control group were 
observed by an optical profiler and depicted in 
Figure 5C-G, in which red meant surface with 
large height and blue meant deep depression caused 
by corrosion. Besides, the calculated surface 
roughness value (Ra) is shown in Figure 5H. It 
could be found that there were obvious differences 
between the surface profiles of Fe/Mg2Si and Fe. 
Fe remained relatively intact and most surfaces 

Figure 4. (A) Compression strength, (B) elastic modulus, (C) bending strength, and (D) hardness of 
Fe/Mg2Si composites with Fe as a control group. *P < 0.05.
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were even and smooth after polarization tests. 
Fe/0.3Mg2Si presented a relatively smooth 
surface with a Ra value of 225 ± 15 nm. Enhanced 
corrosion of Fe/0.6Mg2Si brought about an 
increase in Ra value of 279 ± 19 nm. Fe/0.9Mg2Si 
revealed relatively rough surface morphologies 
with a high Ra value of 413 ± 21 nm. Fe/1.2Mg2Si 
was characterized by inhomogeneous corrosion 
with a Ra value of 432 ± 25 nm and corrosion 
holes.

3.5 Immersion tests

The corrosion morphologies of Fe/Mg2Si and Fe 
surface after immersion tests for 21 days in SBF at 
37°C are depicted in Figure 6. The surface of Fe 
was corroded and a few corrosion products were 
present on its surface, as shown in Figure 6A. 
Fe/0.3Mg2Si and Fe/0.6Mg2Si in Figure 6B,C 
suffered relatively severe corrosion in comparison 
with that of Fe. Fe/0.9Mg2Si and Fe/1.2Mg2Si 

Figure 5. (A) Potentiodynamic polarization curves of Fe/Mg2Si composites with Fe as a control 
group and (B) the corresponding electrochemical corrosion rates determined from tafel extrapolation. 
The representative surface profiles of (C) Fe, (D) Fe/0.3Mg2Si, (E) Fe/0.6Mg2Si, (F) Fe/0.9Mg2Si, 
(G) Fe/1.2Mg2Si, and (H) average surface roughness (Ra).
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suffered the most severe corrosion, as evidenced 
by the existence of many more corrosion products 
in Figure 6D,E. Moreover, a few pores were 
present in the corrosion layers, which indicated 
that the corrosive SBF penetrated into the matrix 
through the degradation of product layers. In 
other words, the corrosion products were not as 
passive as that of Fe. Meanwhile, EDS analysis 
of corrosion products revealed that the elemental 
ratio of O/Fe became higher with the increase 
of Mg2Si, also indicating that Fe corrosion was 
more severe. However, local corrosion was found 
for Fe/1.2Mg2Si, as evidenced by the circle in 
Figure 6E, which may deteriorate the mechanical 
properties during the degradation process. Local 
corrosion for Fe/1.2Mg2Si may be closely related 
to the presence of micropores in its microstructure.

To gain insight into the corrosion process of 
Fe/Mg2Si composites in SBF, their cross-sectional 
morphologies after 21 days of immersion 
were investigated by SEM and the elemental 
compositions were analyzed by EDS (Figure 7). 

It could be found from Figure 7A that there were 
dense degradation product layers on Fe matrix, 
and the interface between Fe matrix and the 
degradation product layers was obvious. The 
dense degradation product layers provided good 
protection effects on Fe in SBF, which inhibited 
corrosion propagation toward the interior of Fe 
matrix. The introduction of Mg2Si significantly 
changed the cross-sectional morphology of Fe. 
For Fe/0.3Mg2Si, cracks were present in the 
degradation of product layers in Figure 7B, which 
promoted SBF penetration. For Fe/0.6Mg2Si, the 
degradation of product layers was more porous 
and loose than that of Fe/0.3Mg2Si, as shown in 
Figure 7C. For Fe/0.9Mg2Si and Fe/1.2Mg2Si in 
Figure 7D,E, the degradation of product layers 
had many tiny and narrow openings exposed 
toward the outside surface. In addition, EDS 
analysis of Points A, B, and C in Figure 7D,E 
indicated that the gray region was Fe matrix and 
the black region was the degradation products 
containing O, Fe, and Si. The presence of these 

Figure 6. The surface morphologies of (A) Fe, (B) Fe/0.3Mg2Si, (C) Fe/0.6Mg2Si, (D) Fe/0.9Mg2Si, 
and (E) Fe/1.2Mg2Si at low- and high-magnifications after 21 days immersion in SBF. EDS analysis of 
corrosion products was performed to reveal the elemental ratios of O/Fe.
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elements further confirmed the corrosion of Fe 
and the hydrolysis of Mg2Si. Besides, a small 
amount of Ca and P was also detected, which was 
beneficial to the recovery of bone tissue since 
these elements were important components of 
new bone. Interestingly, some of the un-corroded 
Fe was surrounded by the corrosion products and 
fell off the matrix, as marked by the arrow in 
Figure 7D,E. This indicated that the solution had 
penetrated into the interior of Fe matrix, which 
greatly accelerated the degradation rate of Fe 
matrix during the corrosion process. It could be 
reasonably expected that these corrosion would 
start with hydrolyzed Mg2Si and then propagated 
along the grain boundary direction so that the 
matrix would continuously corrode and peel 
off. As a result, Fe/Mg2Si composites possessed 

a larger corroded depth than Fe, as shown in 
Figure 7F. This was especially important for 
Fe, since its slow corrosion rate did not match 
the growth rate of new bone, which would 
seriously hamper bone repair. In this study, it was 
noteworthy that Mg2Si not only accelerated the 
initial corrosion of Fe but also broke down the 
protective degradation product layers, thereby 
maintaining a rapid corrosion rate.

The calculated degradation rates of Fe/Mg2Si 
composites with that of Fe as a control group after 
immersion for 21 days in SBF are exhibited in 
Figure 8A. It could be found that the degradation 
rates of the Fe/Mg2Si composites (0.15 ± 0.013, 
0.21 ± 0.015, 0.31 ± 0.021, and 0.33 ± 0.030 mm/y 
for Fe/0.3Mg2Si, Fe/0.6Mg2Si, Fe/0.9Mg2Si, 
and Fe/1.2Mg2Si, respectively) were obviously 

Figure 7. SEM images showing the typical cross-sectional morphologies of (A) Fe, (B) Fe/0.3Mg2Si, (C) 
Fe/0.6Mg2Si, (D) Fe/0.9Mg2Si, (E) Fe/1.2Mg2Si with corresponding EDS analysis of Points A, B, and C. 
(F) Corroded depth of Fe/Mg2Si composites with Fe as the control group. *P < 0.05. The direct peeling 
off of Fe matrix was marked by arrows.
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higher than that of Fe (0.12 ± 0.011 mm/y) and 
the degradation rate increased with the increasing 
content of Mg2Si in the composites. This trend 
was explained by the decomposition of Mg2Si 
in the SBF through a chemical reaction with 
H2O

[45,46]. It should be stated that the degradation 
rates of Fe/0.9Mg2Si and Fe/1.2Mg2Si composites 
were among 0.2 – 0.5 mm/y, which was a suitable 
degradation rate to match the restoration process 
of new bone[2,47]. These results accorded well with 

that of electrochemical tests. However, it should 
be remembered that the addition of 1.2 wt% Mg2Si 
into the Fe matrix led to a significant decline in 
mechanical properties. As a result, further increase 
in the contents of Mg2Si may be undesirable, 
especially considering the load-bearing capacity 
during bone repair. Besides, the pH of Fe/Mg2Si 
composites and Fe after immersion for 21 days 
showed the same trend with the degradation rates, 
as depicted in Figure 8B. The high pH values of 

Figure 8. (A) Degradation rates determined by immersion tests and (B) the corresponding pH of Fe/Mg2Si 
composites with Fe as a control group in SBF for 21 days. Schematic diagrams of degradation mechanism 
for Fe/Mg2Si composites: (C) initial corrosion reaction, (D) Mg2Si hydrolysis to expose more surface to 
SBF, (E) hydrolysate escaping from Fe matrix and offering access to SBF, and (F) corrosion propagation 
as a result of the broken down degradation product layers.
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Fe/Mg2Si composites were caused by the rapid 
degradation of the Fe matrix.

As biodegradable composites, the degradation 
rate needs to be consistent with the healing rate of 
the defect bones to allow a gradual transfer of load 
to the new bone and to avoid the long-term negative 
effects of permanent implants. After exposure 
to physiological environment, Fe degraded in a 
manner of oxygen absorption corrosion mode, 
producing degradation products as follows:
 2Fe → 2Fe2+ + 4e− (1)

 O2 + 2H2O + 4e− → 4OH− (2)

 2Fe + 2H2O + O2 → 2Fe(OH)2↓ (3)

 Fe2+ → Fe3+ + e− (4)

 Fe3+ + 3OH− → Fe(OH)3↓ (5)

 Fe(OH)2 + 2Fe(OH)3 → Fe3O4↓ + 4H2O (6)

Reactions between Fe2+ from anodic oxidation 
and other anions in physiological environment 
could simultaneously occur[39,48]:

 3Fe2+ + 2PO4
3− + 8H2O → Fe3(PO4)2·8H2O↓ (7)

Degradation products, such as Fe(OH)2, 
Fe(OH)3, Fe3O4, and Fe3(PO4)2·8H2O, were almost 
insoluble in the physiological environment[49,50]. As 
a result, the degradation products would deposit 
on Fe matrix and form dense product layers, as 
shown in Figure 7A, significantly reducing the 
degradation rates. In this study, Mg2Si with high 
chemical activity was introduced into the Fe matrix 
and it would be readily hydrolyzed according to 
Equation (8):

 Mg2Si + 4H2O → 2Mg(OH)2 + SiH4↑ (8)

The generated gas (SiH4) would escape from 
the matrix and then diffuse into the solution, which 
destroyed the accumulated degradation product 
layers. Once the protective layers were broken 
down, the corrosive solution would quickly infiltrate 
and induce Fe corrosion. More importantly, the 
generated SiH4 underwent further hydrolysis:

 SiH4 + 2H2O → SiO2 + 4H2↑ (9)

This also aggravated the damage to degradation 
product layers and hindered the accumulation of 
the degradation product layers, further enlarging 
the access of corrosive solution to the matrix. 
Meanwhile, the produced silicon dioxide (SiO2) 
acted as a cathode site, and then galvanic corrosion 
occurred between SiO2 and Fe matrix due to the 
different corrosion potentials.

Based on this corrosion mode, the hydrolysis 
of Mg2Si would, on the one hand, create vacancies 
in the matrix, exposing more surface of Fe to the 
solution during the initial immersion. On the other 
hand, the produced gases by the hydrolysis had an 
expansive effect, which cracked the degradation 
product layers as well as Fe matrix, and brought 
about the breakdown of degradation product layers, 
thereby contributing to the corrosion propagation 
toward the interior of the matrix. As a result, the 
degradation product layers became porous, loose 
and easily detached from the matrix, resulting 
in peeling off of corrosion products or even Fe 
matrix, as evidenced in Figure 7D,E. Moreover, 
since Mg2Si was homogeneously distributed in 
the Fe matrix, fast and macroscopical corrosion 
would occur throughout the matrix. This corrosion 
mechanism was first proposed and verified in this 
study, which fundamentally solved the problem 
that corrosion product accumulation hindered the 
degradation. It should be noted that the generated 
gases by the hydrolysis of Mg2Si would be carried 
away by the circulating blood in the human body, 
which would not produce obvious side effects.

3.6 Cytocompatibility

Cytocompatibility tests using MG-63 cells 
were taken to evaluate the biological safety of 
Fe/0.9Mg2Si composite. Fluorescent images in 
extracts were taken to investigate the growth of 
MG-63 cells, as exhibited in Figure 9A-D. It could 
be found that there was no obvious difference 
in cell morphologies after 72 h of exposure to 
different extracts. The average cell number was 
estimated by ImageJ software according to the 
fluorescent images in Figure 9E, which showed no 
significant difference. Besides, cell viability was 
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further investigated, and the results are depicted in 
Figure 9F. It was found that cell viability decreased 
with the increase in concentrations of extract at 1 
and 2 days. Meanwhile, there was no statistical 
significance in the cell viability of Fe/0.9Mg2Si 
composite in comparison with the control group. 
However, on day 3, cell viability of 50 and 100% 
extracts became approximately identical as that of 
the control group (0% extract). Moreover, during 
3 days of incubation, cell viability was all above 
70%, indicating no cytotoxicity of Fe/Mg2Si 
composites according to the ISO10993-5[51].

4 Conclusions

In this study, Fe/Mg2Si composites were 
successfully fabricated by selective laser melting to 
accelerate degradation for biomedical applications. 
The effects of Mg2Si on microstructure, mechanical 
properties, and corrosion behaviors of Fe were 
systematically studied.

(1) Fe/Mg2Si composites had similar 
microstructure, in which Mg2Si was easily 
discernible with the increase in Mg2Si content. 
However, when the additional content of Mg2Si 
was 1.2 wt.%, micropores were found.

(2) The addition of Mg2Si led to a decrease 
in compression strength, but their compression 
strength was in the range of compact bone 
(90 – 170 MPa). The hardness of Fe/0.9Mg2Si 
composite (145 HV) was higher than other samples 
(112, 134, 142, and 127 HV for Fe, Fe/0.3Mg2Si, 
Fe/0.6Mg2Si, and Fe/1.2Mg2Si, respectively). 
A slight decrease was found after adding Mg2Si 
to 1.2 wt% may be caused by micropores in the 
microstructure.

(3) Electrochemical tests revealed accelerated 
corrosion behaviors for Fe/Mg2Si composites. 
This was due to the hydrolysis of Mg2Si, resulting 
in more matrix exposure to SBF. Immersion tests 
showed that corrosion occurred in the interior 
of Fe/Mg2Si composites with porous and loose 
corrosion product layers. This induced corrosion 
propagation toward the interior of the Fe matrix 
and bulk Fe matrix may peel off. As a result, 
Fe/Mg2Si composites exhibited high degradation 
rates (higher than 0.30 mm/year). In vitro, MG-63 
cell tests confirmed the good cytocompatibility 
Fe/Mg2Si composites. These results collectively 
showed that hydrolytic expansion was an effective 
strategy to accelerate the degradation of Fe-based 
implants for bone applications.

Figure 9. Cytocompatibility of Fe/0.9Mg2Si composite: fluorescent images of different concentrations 
of extract: (A) 0%, (B) 25%, (C) 50%, and (D) 100%, respectively, (E) average MG-63 cell number 
per mm2 in different concentrations of extracts (25, 50, and 100%, respectively) measured by ImageJ 
software; (F) MG-63 cell viability after incubation in different concentrations of extracts (25, 50, and 
100%, respectively) for 1, 2, and 3 days.
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