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Abstract

The surface morphologies before and after immersion corrosion test of various chitosan-coated
Mg-1Ca alloy samples were studied to investigate the effect of chitosan dip coating on the
slowdown of biocorrosion. It showed that the corrosion resistance of the Mg–Ca alloy
increased after coating with chitosan, and depended on both the chitosan molecular weight and
layer numbers of coating. The Mg–Ca alloy coated by chitosan with a molecular weight of
2.7 × 105 for six layers has smooth and intact surface morphology, and exhibits the highest
corrosion resistance in a simulated body fluid.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The medical applications of Mg alloys had been hindered
owing to the fast corrosion rate mismatched with the tissue
healing rate [1]. To improve the corrosion resistance of the
Mg alloys, various surface modification techniques, including
alkaline treatment [2], heat treatment [3], microarc oxidation
[4] and electrodeposition [5], etc, have been developed
recently. In the present study, we aimed to introduce chitosan
coating on Mg alloys with two main considerations: one is
that the insolubility of chitosan in aqueous solutions above
pH 7 may protect the Mg alloy substrate from corrosion;
the other is that chitosan is biodegradable by enzyme action
and hydrolysis, and its degradation products, saccharides and
glucosamines, are part of normal metabolism and may be
incorporated into glycoproteins or excreted as carbon dioxide
gas during respiration [6].
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2. Experimental details

The composition of the experimental alloy was Mg-1.4
wt%Ca. All samples were cut into 2 mm thickness plates
from a 12 mm diameter extruded bar with the extrude ratio
of 17:1, ground up to 2000 grit SiC paper, ultrasonically
cleaned with deionized water, acetone and ethanol for 10 min
each, passivated in 10 g L−1 C2H2O4·2H2O and activated in
200 ml L−1 H3PO4(85%) and 100 g L−1 NH4HF2, and then
rinsed in deionized water again. Chitosan solutions were
prepared with four types of chitosan (type 1: DD = 87%,
η = 15 mPa s, Mv = 1.0 × 104; type 2: DD = 85%, η =
200 mPa s, Mv = 15 × 104; type 3: DD = 90%, η = 370 mPa s,
Mv = 27 × 104; type 4: DD = 83%, η = 725 mPa s, Mv =
60 × 104) respectively at one weight percentage in 0.2%
acetic acid. Here DD represents the degree of deacetylation,
η represents the intrinsic viscosity and Mv represents the
molecular weight. Each chitosan solution was stirred for at
least 1 h to ensure its maximum dissolution into acetic acid and
then filtered through several layers of cheesecloth to remove
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Figure 1. Plain view SEM images of the surfaces of (a) uncoated Mg–Ca alloy and chitosan coatings with molecular weight approx.
(b) 1.0 × 104, (c) 1.5 × 105, (d) 2.7 × 105 and (e) 6.0 × 105 for six layers; (f ) cross-sectional SEM image of (d); plane view SEM images
of the surfaces of the chitosan coatings with molecular weight approx. 2.7 × 105 for (g) one layer, (h) three layers and (i) nine layers.

any undissolved particulate. The silanization reactions were
used to pretreat the Mg–Ca alloy substrate according to the
procedure described in [7, 8]. After that the dip coating of
chitosan solution was done with 1, 3, 6 and 9 repetitions at
a speed of 1 cm min−1, and each time the sample would be
evaporated at 60 ◦C for 20 min after coating.

The immersion test was carried out in the simulated body
fluid (SBF) in accordance with ASTM-G31-72 at 37 ◦C. After
different immersion periods, the samples were removed from
SBF, gently rinsed with deionized water and air dried. The
surface morphologies and compositions of samples before and
after immersion were characterized by environmental scanning
electron microscopy (ESEM, AMRAY-1910FE), equipped
with energy-dispersive spectrometer (EDS) attachment. The
pH value change of SBF was monitored during the immersion
test. The hydrogen resulting from biocorrosion would escape
from the immersion solution and would be collected and
measured its volume by the same method as described in [9].
An average of three measurements was taken for each group.

3. Results and discussion

The surface morphologies of Mg–Ca alloy samples coated
by different types of chitosan coatings for six layers are

presented in figure 1, and the uncoated Mg–Ca alloy sample is
characterized as control. The chitosan coatings show relatively
smooth and flat surfaces for types 2 and 3 chitosan coating
(figures 1(c), (d)), whereas many micro-holes are observed on
the surface of type 1 chitosan coating (figure 1(b)). Type 4
chitosan coating presents a rough surface with a few micro-
holes visible, as shown in figure 1(e). The change in the surface
morphology of the chitosan coating can be explained by the
viscosity of chitosan solution increasing with the increase
of chitosan Mv according to the Mark–Houwink–Sakurada
equation [6]. The cross-sectional image of type 3 chitosan
coating is examined by SEM with a tilt angle of 45◦, as shown
in figure 1(f ). There is no visible gap at the interface, and the
thickness is estimated to be about 10 μm. Judged from SEM
images in figures 1(g)–(i), the surface of 1, 3 and 9 layers of
type 3 chitosan coating shows the appearance of pores with
different sizes, in comparison with the flat and compact surface
of six layers of type 3 chitosan coating, as shown in figure 1(d).

The hydrogen evolution (figure 2(a)) results show that the
average evolution rates decrease for Mg–Ca alloy samples with
different types of chitosan coatings (0.026 ml cm−2 h−1 for
type 1 chitosan coating, 0.027 ml cm−2 h−1 for type 2 chitosan
coating, 0.013 ml cm−2 h−1 for type 3 chitosan coating and
0.029 ml cm−2 h−1 for type 4 chitosan coating), compared with
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Figure 2. The hydrogen evolution volume (a) and the variation in the pH value of SBF (b) for samples coated by chitosan with different Mv

(1.0 × 104, 1.5 × 105, 2.7 × 105 and 6.0 × 105) and different layers of chitosan coating with the same molecular weight, approx. 2.7 × 105.
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Figure 3. SEM images of the surfaces of chitosan coatings with molecular weight approx. 2.7 × 105 for (a) zero layer (uncoated), (b) one
layer, (c) three layers, (d) six layers and (e) nine layers after immersion in SBF for 10 days, (f ) typical EDS spectra of the chitosan-coated
Mg–Ca alloy after 10 days immersion in SBF.

the uncoated one (0.038 ml cm−2 h−1). Different hydrogen
volumes are ascribed to the thickness and film quality of
different chitosan coatings. On the one hand, the hydrolysis
of the chitosan chains [7] with low molecular weight might
result in less protective effect in comparison with one with
high molecular weight. On the other hand, only the corrosive
solution, penetrating into the chitosan coating and reaching
the interface position of chitosan coating and the Mg–Ca alloy
substrate, could lead to the biocorrosion of the Mg–Ca alloy;
thus a much thicker and compact chitosan film would provide
better protection to the Mg–Ca alloy substrate.

The change in the pH value of solution (figure 2(b)) shows
similar tendency with the change in the hydrogen evolution

(figure 2(a)) in that all samples with chitosan coating show a
reduced variation of the pH value. For example, among all
type 3 chitosan coating with different layers (1, 3, 6 and 9),
as shown in figure 2(a), the corrosion rate for six layers is
0.013 ml cm−2 h−1, which is the lowest, in comparison with
0.029 ml cm−2 h−1 for one layer, 0.022 ml cm−2 h−1 for three
layers, 0.017 ml cm−2 h−1 for nine layers. Correspondingly,
the hydrogen evolution for six layers of type 3 chitosan coating
is the lowest, as shown in figure 2(b).

The SEM images of the surfaces of type 3 chitosan
coatings for different layers after 10 days immersion in SBF
are shown in figure 3. After 10 days immersion, the surface
of the uncoated Mg–Ca alloy sample suffers severe corrosion,
whereas the chitosan coatings can still be seen on the surfaces
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of all type 3 chitosan-coated Mg–Ca alloy samples. For one
layer type 3 chitosan coating sample, the surface presents
an uneven morphology (figure 3(b)). Coated with three and
nine layers of type 3 chitosan coating, the surface of the
samples turn smooth after corrosion but with some cracks
visible (figures 3(c) and (e)). In contrast, the surface of six
layers type 3 chitosan coating sample presents a relatively
smooth and regular morphology without cracks. In addition,
the corroded surface of type 3 chitosan coating samples is
mainly composed of carbon, oxygen, magnesium, phosphate
and calcium, as shown in figure 3(f ).

4. Conclusions

The dip coating of chitosan was found to improve effectively
the biocorrosion resistance of the Mg–Ca alloy in the simulated
body fluid. The coatings, produced by 1.5 × 105 and 2.7 × 105

molecular weight chitosan, present a smooth surface, whereas
micro-holes can be seen in coatings produced by 1.0 × 104

and 6.0 × 105 molecular weight chitosan. The surface of six
layers of chitosan coating (with molecular weight 2.7 × 105) is
smooth and compact. In contrast, the surfaces of one, three or
nine layers of chitosan coating show the appearance of a few
micro-holes and cracks. The corrosion results indicated that
the coating with six layers produced by 2.7 × 105 molecular
weight chitosan exhibits the lowest corrosion rate.
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