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Abstract High corrosion rate in physiological environ-
ment of the body is the major drawback of magnesium alloys
for their successful applications as biodegradable orthopae-
dic implants. In the present study, corrosion behaviour of
AZ91D magnesium alloy after laser surface melting (LSM)
was studied in modified-simulated body fluid at 37 °C. The
improved corrosion resistance of AZ91D alloy using LSM
was found to depend on the solidification microstructure
in the laser-melted zone. The general and pitting corrosion
resistance of laser-treated surface was significantly enhan-
ced due to the refined continuous network of -Mg;;Al;,
phases and the increased Al concentration in the laser-melted
zone.

Keywords Magnesium alloy - Laser surface melting -
Biodegradation - Corrosion

1 Introduction

In recent years, research and development work on mag-
nesium and magnesium-based alloys for bio-implant
applications has increased significantly [1-3]. Compared
with traditional implants such as stainless steels, titanium
alloys and cobalt—chromium-based alloys, magnesium
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alloys are much more attractive mainly due to their deg-
radation behaviour in the human body [1]. Unfortunately,
magnesium alloy implants corrode very quickly at pH level
of 7.4-7.6 and in the high-chloride environment of the
physiological system. Consequently, the implant will lose
its mechanical integrity before the tissues sufficiently heal
[1-3]. Therefore, improving corrosion resistance is an
important issue for the application of magnesium alloys as
biodegradable load-bearing implants.

AZ91D is one of the most widely used Mg alloys. In this
alloy, p-Mg;7Al, intermetallic phase normally helps to
improve the corrosion resistance [4, 5], but the effective-
ness of this phase in improving the corrosion resistance
depends on its amount and distribution in the «-Mg matrix
[6-9]. A fine and homogeneous f}-Mg;,Al;, phase provides
an effective anticorrosion barrier; however, the presence of
coarse and nonhomogeneously distributed fS-Mg;Al;,
phase could deteriorate the corrosion performance as it can
act as a galvanic cathode [6]. The beneficial effect of
f-Mg;Al;, phase on the corrosion resistance may be
enhanced significantly using laser surface melting due to
the refinement of microstructure and increase of Al con-
centration [10-12]. The objective of this research was to
study how laser surface melting could be explored to
improve corrosion resistance of AZ91D alloy in modified-
simulated body fluid (m-SBF).

2 Materials and methods

The material studied was AZ91D Mg alloy with the fol-
lowing chemical composition (wt.%): Al 8.97, Zn 0.78, Mn
0.31, Si 0.023, Cu 0.002, Ni 0.0005 and Mg balance. The
specimens were extracted from the ingot, ground with
progressively finer SiC paper (180, 400, 800, 1,200, 2,400
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Table 1 Main processing

Specimen ID Power density Scanning speed  Frequency Overlap Pulse duration
parameters used for laser W Cm,z) (mm (1) (Hz) (%) (ms)
surface melting of AZ91D Mg _ _
alloy A 3.82 x 10* 5 100 50 1.0

B 3.82 x 10* 10 100 50 1.0

C 3.82 x 10* 20 100 50 1.0

D 3.82 x 10 30 100 50 1.0

and 4,000 grit), cleaned with alcohol and then irradiated
with Lumonics JK704 Nd:YAG laser system. The laser
processing parameters are given in Table 1. Microstruc-
tural features of the specimens were studied using a JEOL
5600LV SEM equipped with an energy-dispersive X-ray
spectrometer (EDX). The EDX measurements provided
information on the chemical composition. Identification of
phases formed in the as-received alloy and the laser-melted
layer was performed using X-ray diffractometer (Philips
PW1710 series).

In vitro corrosion test was carried out in modified-
simulated body fluid (m-SBF) maintained at a temperature
of 37 °C. The composition of m-SBF is given in Table 2
[3, 13]. The solution was buffered with 2-(4-(2-hydroxy-
ethyl)-1-piperazinyl) ethanesulfonic acid (HEPES) at a
physiological pH of 7.4, and it had optimum ion concen-
tration for in vitro bioactivity assessment of artificial mate-
rials and biomimetic production of bone-like apatite [13].

Corrosion rates of the as-received and laser-treated
AZ91D specimens were measured in the m-SBF using
constant immersion test for five different intervals of time
(2 h, 1 day, 3 days, 7 days and 14 days). Before each test,
the specimen was ground on progressively finer grades of
emery paper (up to 4,000) and then weighed. Cleaning of
the specimen was carried out at the end of the immersion
test by dipping it into a solution of 15% CrO; + 1%
AgCrO4 in 100 mL water at boiling temperature [4]. An
acetone washing followed this. The weight loss was mea-
sured after each experiment and the corrosion rate was

Table 2 Chemical composition of m-SBF [3, 13]

Reagents Amount
NaCl (g) 5.403
NaHCO; (g) 0.504
Na,COs (g) 0.426
KCl (g) 0.225
MgCl, - 6H,O (g) 0.311
CaCl, (g) 0.293
Na,S0; () 0.072
1 M NaOH (mL) 15

0.2 M NaOH (mL) 100

HEPES (mL) 17.892

HEPES 2-(4-(2-hydroxyethyl)-1-piperazinyl) ethanesulfonic acid

@ Springer

calculated from the weight loss and specimen surface area
in mg cm ™% week .

The electrochemical corrosion behaviour of the
as-received and laser-treated AZ91D specimens was stud-
ied using potentiostat/galvanostat corrosion measurement
system (EG&G model 263A). The specimens were ground
prior to the experiment, washed with distilled water and
then ultrasonically cleaned in acetone. A potentiodynamic
polarisation test was carried out in a Model K0235 Flat
Cell Kit using AgCl/Ag electrode as the reference electrode
and the specimen as the working electrode. About 1 cm?
surface area of the specimen was exposed to 150 mL
m-SBF at 37 °C. A polarization scan was carried out
towards more noble values at a rate of 0.8 mV sfl, after
allowing the steady-state potential to develop.

3 Results and discussion
3.1 Microstructures

Microstructure of the as-received AZ91D alloy mainly
consisted of «-Mg phase as the alloy matrix, bulk
p-Mg;;Al;, intermetallic phase and lamellar f-Mg;;Al;,
structure, as shown in Fig. la. The -Mg;7Al;, phase in the
as-received alloy was found to be distributed nonuniformly
in the «-Mg matrix.

Microstructure of the AZ91D alloy was changed sig-
nificantly by the laser surface melting process. In the laser-
treated surfaces, almost all the f-Mg;Al, intermetallics
were refined and distributed uniformly, and the solidifica-
tion microstructure was mainly cellular/dendritic structure
with the continuous network of f-Mg;;Al;, phase precip-
itated interdendritically (Figs. 1b—e, 2). Moreover, coarse
dendritic structures were found to form along the over-
lapped regions due to the remelting process [10-12].
Compared with other LSM specimens, larger remelted
regions were found in specimen A due to its slowest laser
scanning rate, as shown in Figs. 1b and 2a. Furthermore,
with the scanning rates increasing, less remelted regions
and small cracks were found in the laser-melted zones in
specimens C and D due to higher internal stress during the
very fast cooling process [14, 15] (Figs. 1d, e, 2c, d).
Figure 3 shows typical X-ray diffraction patterns of
AZ91D alloy before and after laser treatment. The patterns
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Fig. 1 Scanning electron
micrographs showing original
surfaces of AZ91D alloy before
corrosion tests a as-received
alloy, b specimen A,

¢ specimen B, d specimen C
(with cracks arrowed) and

e specimen D (with cracks
arrowed)

confirm the presence of «-Mg phase and fS-Mg;Al;,
intermetallic phase in both as-received and laser-treated
microstructures.

It is worthwhile to note that magnesium alloys have high
thermal expansion coefficient (16.1 x 107® K~' between
20 °C and 400 °C) [16], so the tensile stress is expected to
be high during thermal contraction of the laser-melted
zone. Zhou et al. observed thermal-stress-induced cracking
in AZ91D alloy after surface melting using tungsten inert
gas arc [17]. In the current study, cracking was observed in
specimens C and D but not in specimens A or B. As laser
scanning rate increased from 5 and 10 mm s~ for speci-
mens A and B to 20 and 30 mm s~ for specimens C and
D (Table 1), the laser heating time decreased considerably
and thus the temperature gradients in the melted zone
increased significantly, leading to lager thermal tensile
stresses in specimens C and D than in specimens A and B.
This explains why specimens C and D are more susceptible

1ellar

to cracking. Gas porosity is a very common structural
defect formed during die-casting of magnesium alloys [18],
but no such defect was observed in any of the specimens
(Figs. 1, 2).

Quantitative analyses of chemical compositions in the
melted zone were carried out using EDX at around 30
different spots for each laser-treated specimen. The average
Al concentration in the laser-treated layer was calculated as
11.7 wt.%, which was higher than the Al concentration of
9.0 wt.% in the as-received material. The increased aver-
age Al concentration in the melted zone is likely due to
more Mg evaporation during the laser process [14, 19, 20].

3.2 Effect of laser surface melting on corrosion rates
Variation of corrosion rate with immersion time for the as-

received and laser-treated specimens is presented in Fig. 4.
Specimens A and B for varying immersion time all gave
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Fig. 2 High-magnification
scanning electron micrographs
showing microstructures of
AZ91D alloy after laser surface
melting a specimen A,

b specimen B, ¢ specimen C
(with cracks) and d specimen D
(with cracks)

As-received

Laser-treated b

Intensity (counts)

T ALA A ‘\ ~ “A ~ ‘\A A ~ -
3|o ' 4|0 ' 5|0 ' elo ' 7|o ' 8|0
2 theta

Fig. 3 Typical X-Ray diffraction patterns of AZ91D Mg alloy before
and after laser irradiation

lower corrosion rates than the as-received microstructure
due to the refined f-Mg;,Al;, phase. Moreover, speci-
men B showed the lowest corrosion rate among all the
LSM specimens. The corrosion rate of specimen A was
higher than that of specimen B due to the coarser dendritic
structures in the overlapped regions, which were more
likely to be corroded and decreased the overall corrosion
resistance [10-12]. Moreover, corrosion rates of speci-
mens C and D are shown in Fig. 4 to increase with
immersion time due to the presence of small cracks in the
melted zones (see Figs. 1d, e, 2c, d).

@ Springer

The typical surface features for corrosion initiation and
growth stages of specimens A and B after different times
of exposure are shown in Figs. 5 and 6. Corrosion started
initially at localized sites of the overlapped regions in
specimen A and the localized attack invaded the entire
surface with continued exposure. After 2 weeks of
immersion in m-SBF, the overlapped regions in speci-
men A were highly damaged, as shown in Fig. 5. For
specimen B, corrosion in the form of pitting initiated
preferentially along the grain boundaries, but pits were
clearly observed to be present within o-Mg grains after
exposure of 3 days. Corrosion was found to propagate with
increasing exposure time but the degree of corrosion was
lower in specimen B (Fig. 6) than in specimen A (Fig. 5).
The results are consistent with the assessment that speci-
men B gives the best corrosion resistance.

In order to understand the effect of microstructural
features on corrosion mechanism in greater detail, the
corroded surfaces of 2 h and 2 weeks exposures were
carefully analyzed under SEM. Selected SEM micrographs
for corroded surfaces of as-received specimen and laser-
treated specimens A, B and C are shown in Figs. 7 and 8.

In the initial 2 h exposure, corrosion of the as-received
microstructure occurred preferentially in o-Mg matrix and
the eutectic area, and intergranular and pitting corrosion
was found along the original -Mg;;Al;, phase (Fig. 7a).
For LSM microstructures A, B and C, deep corrosion was
observed along the overlapped regions while some local-
ized corrosion was found within the matrix (Fig. 7b—d).
Coarse dendritic structures in specimen A and small cracks
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Fig. 4 Corrosion rate for
as-received and laser-treated
surface in m-SBF a after 2 h
and b after 2 weeks

_
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Fig. 5 Corrosion rate for
specimen A in m-SBF as a
function of exposure time

Weight loss rate (mga’cmz,"week)

Fig. 6 Corrosion rate for
specimen B in m-SBF as a
function of exposure time
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Fig. 7 Scanning electron
micrographs showing corroded
surfaces of a as-received alloy,
b specimen A, ¢ specimen B
and d specimen C in m-SBF
after 2 h exposure

Fig. 8 Scanning electron
micrographs showing corroded
surfaces of a as-received alloy,
b specimen A, ¢ specimen B
and d specimen C in m-SBF
after exposure for 2 weeks

in specimen C were the main reasons for the increased
corrosion rate.

After immersion for 2 weeks the microgalvanic corro-
sion at «-Mg matrix and eutectic phase accelerated in the
as-received microstructure (Fig. 8a). In the laser-treated
microstructure A, localized pits were found to spread

@ Springer

188 rm

laterally along the overlapped regions to cover the whole
surface, resulting in uniform corrosion (Fig. 8b). Although
localized pitting corrosion in microstructure B spread, the
degree of corrosion was lower than that of specimen A
(Fig. 8c). Moreover, cracks in specimen C accelerated the
corrosion process, as shown in Fig. 8d.



J Appl Electrochem (2009) 39:1457-1464

1463

The results suggest that LSM has significant influence
on corrosion behaviour of the magnesium alloy due to the
refined f-Mg7Al;, phase. In the as-received microstruc-
ture, the bulk and lamellar f-Mg;;Al;, phase is highly
cathodic to the -Mg phase and can thus act as an effective
cathode to cause microgalvanic corrosion [4-9]. In the
LSM specimens, the original microstructures were refined
to the cellular/dendritic structure with the continuous net-
work of fine -Mg;;Al;, phase to provide an effective
barrier against corrosion. Among all the laser-treated
specimens, specimen B offered the best corrosion resis-
tance. Coarse dendritic structures in the overlapped regions
(in specimen A) and cracks in the melted zones (in speci-
mens C and D) were found to affect the corrosion
resistance adversely due to too slow or too fast laser
scanning rates.

3.3 Electrochemical behaviour of laser-treated
microstructures

The electrochemical corrosion behaviour of LSM micro-
structures was compared with that of the as-received
microstructure. The potentiodynamic polarization curves of
all the microstructures in m-SBF are shown in Fig. 9. The
values of corrosion potential (E), Tafel slope (f.) and
the corrosion current density (i..) for each polarization
curve are summarized in Table 3.

As shown in Fig. 9, corrosion potential E., for LSM
microstructures was shifted to less negative values (ranging
from —1.605 to —1.412 V) than that of as-received alloy
(—1.725 V), indicating less corrosion susceptibility for the
laser-treated microstructures. It is further noted that
cathodic current i.,, was much lower for all laser-treated
microstructures at all potentials, indicating that the laser-
treated samples had lower corrosion rates. This observation
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Fig. 9 Potentiodynamic polarization curves for as-received and laser-
treated AZ91D alloy in m-SBF

Table 3 E.oy, fe and icor values for AZ91D alloy before and after
laser irradiation in m-SBF solution

Specimen ID Ecore (V) P (V) fcorr (MA cmfz)
As-received —1.725 0.731 0.0722
A —1.449 0.149 0.0085
B —1.412 0.128 0.0075
C —1.570 0.214 0.0317
D —1.605 0.303 0.0541

is found to be in only partial agreement with the results of
immersion tests (Fig. 4): after the laser treatment, the
immersion corrosion rate is indeed lower for microstruc-
tures A and B but in fact higher for microstructures C and
D. However, the discrepancy can be explained because the
cracks in microstructures C and D are shown to accelerate
corrosion during immersion tests (Figs. 7d, 8d). The f.
values are similar for microstructures A and B (0.149 and
0.128 V) or C and D (0.214 and 0.303 V), indicating the
same electrochemical reactions for A and B or for C and
D. The difference in f. value between A and B on the one
hand and C and D on the other may be attributed to the
presence of cracks in specimens C and D.

4 Conclusions

Corrosion behaviour of AZ91D magnesium alloy after
laser surface melting in the modified-simulated body fluid
at 37 °C was studied using electrochemical techniques. The
homogeneous microstructure led to uniform corrosion in
the laser-treated specimens A and B with slow laser
scanning rates due to the refined continuous network of /-
Mg,;Al;, phases and the increased average Al concentra-
tion in the laser-melted zones. However, the coarse
dendrite structure in the overlapped regions along the laser
tracks provided the preferential site for pitting corrosion,
which resulted in poorer corrosion resistance in m-SBF for
microstructure A than for microstructure B. Moreover,
small cracks in the melted zones of specimens C and D
with fast laser scanning rates due to high thermal stress
accelerated the corrosion rate in the m-SBF. The study has
clearly demonstrated that laser surface melting can be used
effectively to improve corrosion resistance of biodegrad-
able Mg alloy implants. It is hoped that the study will
stimulate further research in this field.
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