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a b s t r a c t

Electroless nickel plating is usually adopted to protect magnesium and its alloys from corrosion and
abrasion. While in biomedical application, electroless nickel platting is not a good choice in considera-
tion of the toxicity of nickel ion. In the present study, biocompatible and biodegradable iron coatings
were directly electroless plated on pure magnesium in the alkaline plating solutions containing three
different reducing agents: KBH4, NH2–NH2 and NaH2PO2. The electroless plated coatings consisting of
crystalline α-Fe are tightly bonded to magnesium substrates. The surface morphology of the iron
coatings differed with the reducing agents. When using KBH4, NH2–NH2 and NaH2PO2 as reducing
agents, the plating rates were 5.2 μm/h, 1.1 μm/h and 1.1 μm/h, respectively. All coated sample showed
more noble potential than the magnesium substrate.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Although a few biodegradable Mg alloys implant had been
successfully clinically trailed in orthopedic [1] and cardiovascular
[2] fields, the majoring of Mg and its alloys degraded very fast and
it results in the loss of mechanical integrity of the implants before
tissue healing, which needs to be improved. One of the effective
methods is developing new magnesium alloy systems [3] and
microstructures [4]. The other is surface modification treatment
[5] such as chemical conversion coating [6], physical vapor
deposition [7], electrodeposition [8], and micro-arc oxidation [9].

Electroless deposition is a promising coating method because it
does not require complicated equipment and dangerous power
source. Moreover, the electroless deposited coatings have excellent
thickness uniformity on substrate with complex geometries.
Electroless nickel plating [10] is usually used to protect the
magnesium alloy from corrosion and abrasion in the industry.
However, it is not suitable for biomedical use. It is well known
that, nickel is considered to be an extremely toxic element which
is allergenic [11] and carcinogenic [12]. In addition, nickel coatings
were non-degradable, which decreased the zeal to apply these
coatings as biodegradable implant materials.

Iron has good biocompatibility and degrades with a slower rate
than magnesium which has been revealed by the preliminary
animal test [13]. To date, no research has been reported on the

electroless iron plating on magnesium and its alloys. In this study,
iron coatings were directly electroless deposited on pure magne-
sium substrates after the acid pickling in nitric acid. In addition,
the surface morphology, microstructure, thickness and corrosion
behavior of the iron coatings were characterized.

2. Experimental

The commercial pure magnesium (99.8% purity) was cut into
Φ12 mm�1.5 mm coupons and used as the substrates for plating.
The electroless iron plating process included the following steps.
First, the substrates were mechanically ground by 400♯ SiC paper,
and then cleaned with ethyl alcohol and dried in air stream. Acid
pickling process was then performed in 10% nitric acid for 10 s at
room temperature instead of hydrofluoric acid or chromic acid
which could increase the hazard during operation. After acid
pickling process, the samples were cleaned with de-ionized water
quickly, and finally immersed into the plating baths directly free
from the complicated zinc immersion procedure or surface activa-
tion step. The plating baths were prepared by dissolving analytical
grade reagents into de-ionized water. Three plating baths were
investigated as follows: (a) Plating bath containing: KNa-
C4H4O6 �4H2O 75 g/L, FeSO4 �7H2O 27 g/L, KBH4 2.7 g/L, C12H22O11

3 g/L, and NaOH 33 g/L. The plating time was 40 min. (b) Plating
bath containing: KNaC4H4O6 �4H2O 100 g/L, FeSO4 �7H2O 35 g/L,
NH2-NH2 125 g/L, C12H22O11 3 g/L, and H3BO3 10 g/L. The pH value
was adjusted to 12.0. The plating time was 120 min. (c) Plating
bath containing: KNaC4H4O6 �4H2O 110 g/L, FeSO4 �7H2O 25 g/L,
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NaH2PO2 �H2O 15 g/L, C12H22O11 10 g/L, and H3BO3 10 g/L. The pH
value was adjusted to 12.0. The plating time was 120 min. During
deposition, one side of the magnesium substrate was connected
with aluminum foil, which was necessary to form the iron coating
[14]. After plating, the samples were rinsed with de-ionized water
and ethyl alcohol successively, and then dried in air stream.

The surface and cross-sectional morphology were observed
with a field-emission scanning electron microscope (FESEM)
(JEOL-7001F) equipped with energy dispersive X-ray spectroscopy
(EDS) (EDAX) for qualitative elemental chemical analysis. The
constitutional phase was analyzed with a glancing angle X-ray
diffractometer (GAXRD) (Rigaku D/MAX2500). The corrosion
behavior was evaluated by electrochemical measurements per-
formed in phosphate buffer solution (PBS) in a traditional three
electrode cell with specimen as working electrode, saturated
calomel electrode as reference electrode and platinum as counter
electrode using an electrochemical analyzer (CH CHI660C). The
open circuit potential (OCP) measurement was maintained up to
30 min. The potentio-dynamic polarization tests were carried out
in the range of �0.5 V to þ0.5 V vs. OCP.

3. Results and discussion

After the plating process, the surfaces of pure magnesium
substrates were almost fully covered by uniform coatings of gray
and matte appearance. Fig. 1(a)–(c) shows the surface morphology
and results of EDS analysis of the coatings prepared with three
electroless plating solutions. It can be seen that the surface
morphology of the coatings varies with the type of the reducing
agents. When using KBH4 as the reducing agent, the obtained
coating shows the cauliflower-like morphology, consisting of
nodules ranging in size from 2 to 3 μm. As observed at higher
magnification, the nodules consist of smaller nodules with sizes of
100–200 nm. The coating derived using NH2–NH2 as the reducing
agent is a densely and uniformly packed columnar metallic layer.
The average diameter of columns is estimated at approximately
200–500 nm. However there are some pores in the coating. When

using NaH2PO2 �H2O as the reducing agent, cauliflower-type mor-
phology is also observed. However, unlike the coatings obtained
using KBH4 as the reducing agent, the smaller hexagonal nodules
of 0.5–1.7 μm are apparently observed. Nevertheless, the cauli-
flower or columnar structure of the coating and the pores in the
coating may cause galvanic corrosion to promote active dissolution
of the magnesium substrate.

The results of EDS analysis shown in Fig. 1 indicate that
regardless of which reducing agent was used, the plated coatings
are mainly composed of pure iron.

Fig. 1(d)–(f) shows the cross-sectional morphology of the iron
coatings plated on pure magnesium. All coatings are compact with
a few pin-holes being observed (marked by arrows in Fig. 1). The
coatings are bonded tightly to the substrates with a mechanical
interlocking effect at the interface. When using KBH4, NH2–NH2

and NaH2PO2 as the reducing agents, the average thickness of the
coatings is about 3.5 μm, 2.1 μm and 2.2 μm, respectively, and the
average rate of coating formation is 5.2 μm/h, 1.1 μm/h and 1.1 μm/
h, respectively.

The GAXRD patterns of iron coatings obtained from the bath
containing different reducing agents are approximately same as
shown in Fig. 2. The results indicate that all plated coatings show
typical crystallized peaks of α-Fe at 2θ¼44.81, 65.01 and 82.31. The
coatings are mainly composed of crystalline α-Fe which corrobo-
rates the results of the EDS analysis. The plated iron coatings have
a (110) -preferred orientation.

Fig. 3 shows the OCP and potentio-dynamic curves of magnesium
with and without iron coating prepared with three different reducing
agents. It can be seen that the OCP value of all iron-coated magnesium
tended towards the more negative values owing to the galvanic effect,
but all coated samples showed more noble potential. However, as
shown in Fig. 3(b), the Icorr of all iron-plated magnesium was larger
than the magnesium substrate. It is mainly because the pore or cracks
in the coating, will generate intense galvanic corrosion between iron
and magnesium during electrochemical measurement. Clearly, the
compactness and thickness of the iron coatings need to be further
improved to prevent the formation of pore and cracks to protect the
magnesium substrate more effectively.

Fig. 1. Surface and cross-sectional morphology of electroless plated iron coatings: (a) and (d) using KBH4 as the reducing agent; (c) and (e) using NH2–NH2 as the reducing
agent; (d) and (e) using NaH2PO2 �H2O as the reducing agent. The inserted images in Fig. 1(a)–(c) were the high-magnification images and EDS spectrums.
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4. Conclusions

In conclusion, biocompatible and biodegradable iron coatings
could be obtained on pure magnesium using a relatively simple
electroless plating method with no need for zinc immersion process
or surface activation step. The coatings were mainly composed of
crystalline α-Fe. The iron coatings showed cauliflower-like or uni-
formly packed particle-like morphology which varied with the type
of the reducing agents. The average plating rate of coatings was
5.2 μm/h, 1.1 μm/h and 1.1 μm/h when using KBH4, NH2–NH2 and
NaH2PO2 �H2O, respectively as reducing agents. The iron coating can
inhibit the biogradation of magnesium substrate as revealed by OCP
measurement, but its quality needs to be further improved to get rid
of the pore or cracks during electroless plating.
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Fig. 2. GAXRD patterns of the iron coatings: (a) using KBH4 as the reducing agent; (b) using NH2–NH2 as the reducing agent; (c) using NaH2PO2 �H2O as the reducing agent.

Fig. 3. OCP (a) and potentio-dynamic (b) curves of magnesium with and without iron coating in PBS.
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