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Abstract

An AZ91D ingot in the as-cast condition was homogenized by solution treatment and then aged for various periods
of time. The microstructures produced were studied in detail and the b phase volume fraction was measured
quantitatively. The Corrosion resistance of all the different microstructures was studied in 3.5% NaCl solution
through weight loss measurement in constant immersion conditions and potentiodynamic polarization experiments.
The corroded surfaces were analysed using SEM and XRD. The volume fraction of the b phase was found to have a
significant influence on the corrosion behaviour. The T4 condition improved the corrosion resistance of AZ91D
alloy compared to the T6 heat treatment. The results support the idea of microgalvanic coupling between cathodic b
phase and anodic a matrix.

1. Introduction

Homogenization and subsequent ageing treatment of
AZ91D alloy are known to offer considerable improve-
ment in mechanical properties [1–3]. Early studies on
ageing of magnesium alloys showed improved strength
with increasing refinement of precipitates and the
conditions for producing finer precipitates were lower
ageing temperature, shorter ageing time and lower Al
content [1, 2].

However, such heat treatment may have a great
impact on corrosion behaviour due to the modification
of microstructures. Ageing treatment of homogenized
AZ91D alloy leads to the precipitation of b phase along
the grain boundaries. The size and morphology of the
precipitates depend on the ageing temperature, time and
specific processing route. As b phase may act either as
an effective cathode or a physical barrier to corrosion,
depending on its volume fraction, it is important to
study the influence of this phase on corrosion and
electrochemical behaviour.

Clark [4] reported an age hardening mechanism in an
AZ91 series magnesium alloy and found that both
discontinuous and continuous b precipitation occurred
during ageing. The discontinuous precipitation was
made up of alternating lamellae of b phase and
equilibrium composition matrix growing behind a mi-
grating grain boundary. Crawley and Milliken [5]
studied the ageing behaviour of AZ91 and found that

the orientation relationship of the continuous precipi-
tation is consistent with that reported by Clark. Lunder
[6] and Beldijoudi et al. [7] studied the relationship
between the microstructure and the corrosion behaviour
of AZ91 alloys in the solution-treated (T4) and 16 h
artificially aged (T6) conditions. According to their
work, ageing to T6 precipitates b phase, which improves
the corrosion resistance.

Although several studies have been reported in
relation to heat-treated microstructures and the effect
of heat treatment on corrosion behaviour, the role of b
volume fraction on corrosion and electrochemical be-
haviour is still not well understood. The present study
aimed to examine the microstructures and corrosion
behaviour of an AZ91D alloy under a wide range of
conditions (as-cast, T4, and T6 with different ageing
times) in order to understand the role of the b volume
fraction on the corrosion and electrochemical behaviour
in this important ultralight structural material.

2. Experimental procedures

2.1. Material

An AZ91D ingot was used and it was sectioned to
sample size of 10 mm · 10 mm · 2 mm for all the
experiments. The Chemical composition of the alloy is
given in Table 1.
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2.2. Heat treatment

According to ASM standard the recommended solution-
treating for AZ91 casting is 16–24 hr at 413 �C and
ageing time is 16 h at 168 �C [8]. In this work homo-
genization heat treatment (T4) was performed at 420 �C
for 24 h in argon atmosphere followed by water quench
at 25 �C. The solution treated alloy was aged artificially
(T6) in a vacuum oven at 200 �C for 8 h, 16 h, and 26 h,
respectively, to produce microstructures of varying b
volume fractions.

2.3. Corrosive medium

The 3.5% NaCl solution test medium was made with
AR grade NaCl and distilled water. The pH value was
measured to be 7.25. All corrosion tests were carried out
at room temperature.

2.4. Constant immersion testing

The specimens were ground on progressively finer emery
papers up to 1000 grade and then polished using 6 lm
diamond paste. All the specimens were initially cleaned
following the procedure of ASTM standard G-I-72 [9].
The polished and preweighed specimens were exposed to
150 ml of 3.5% NaCl solution for a constant time. At
the end of the experiment, final cleaning of the specimen
was carried out by dipping it in a solution of 15%
CrO3 + 1% AgCrO4 in 100 ml of boiling water. An
acetone washing followed this. The weight loss was
measured after each experiment and duplicate experi-
ments were conducted. The corrosion rate in millimetre
per year (mm y)1) was calculated using the weight loss
measurements.

2.5. Electrochemical testing

Electrochemical polarization experiments were carried
out using a potentiostat/galvanostat model 263A cor-
rosion measurement system. Electrodes for this study
were prepared by connecting a wire to one side of
the sample that was covered with cold setting resin. The
opposite surface of the specimen was exposed to the
solution. The exposed area was about 1 cm2. The speci-
mens were given a metallographic polish prior to each
experiment, followed by washing with distilled water
and acetone. Polarization measurements were carried
out in a corrosion cell containing 150 ml of 3.5% NaCl
solution using a standard three-electrode configuration:
saturated colomel as a reference with a platinum elec-
trode as counter and the sample as the working
electrode. Specimens were immersed in the 3.5% NaCl

solution. A polarisation scan was carried out towards
more noble values at a rate of 1 mV s)1, after allowing a
steady state potential to develop.

2.6. Surface morphology

The microstructure and surface morphology of the
corroded surfaces were characterized using optical
microscopy (Zeiss model) and scanning electron micro-
scopy (SEM, Jeol model 5600LV) coupled with energy
dispersed spectroscopy (EDS) system to identify the b
phase. An image analyser (Image-Pro Plus) software
was used to capture the images and calculate the
percentage covered by the b phase on as-polished
samples. X-ray diffraction (XRD, Philips, model
PW1830) was performed on the bulk specimens to
confirm the new secondary phases.

3. Results and discussion

3.1. Effect of heat treatment on microstructures

The microstructure of the ingot in the as-cast condition
was observed to contain primary a, eutectic a, and b
precipitates, as reported earlier [3, 10]. The homogeni-
zation heat treatment at 420 �C for 24 h was found to be
effective in dissolving the b precipitates in the as-cast
ingot, as shown in Figure 1(a). Artificial ageing causes
precipitation of the b phase, as shown in Figure 1(b)–
(d). For the 8 h ageing, b particles precipitated mainly
along grain boundaries (Figure 1(b)). When the ageing
time was increased to 16 h and 26 h, b phase was found
to increase in amounts and grow through the grain
discontinuously, as can be seen in Figure 1(c) and (d).
The longer the ageing time the larger the amount of b
volume fraction observed, and this trend is shown more
clearly in Figure 2. It should be mentioned that the
quantitative image analysis of the b volume fraction was
carried out under the SEM, since some b precipitates are
too fine to be resolvable by light microscopy [11].

3.2. Effect of ageing on corrosion rates

The corrosion behaviour of the heat treated AZ91D
alloy depends on how the microconstituents interact
with the aqueous environments to which they are
exposed. In the current study, the variation of corrosion
rate as a function of ageing time after exposure for a
period of 8 h was studied. As shown in Table 2,
homogenization of the as-cast ingot leads to the best
corrosion resistance, but the corrosion rate became
higher after the microstructure was aged for 8 h, 16 h or
26 h.

The deterioration of corrosion resistance in the aged
microstructures is related to the b phase. The b phase is
known to play a dual role in corrosion processes of
magnesium alloys [12, 14]. On the one hand, b phase
itself has a high resistance to corrosion, so it may play

Table 1. Chemical composition of the AZ91D alloy (in wt %)

Al Mn Ni Cu Zn Ca Si K Fe Mg

9.1 0.17 0.001 0.001 0.64 <0.01 <0.01 <0.01 <0.001 Bal
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the role of reducing corrosion rate by forming a barrier
of b once the less noble phase is dissolved [5, 6, 13]. On
the other hand, b phase is highly cathodic to the matrix

and can thus act as an effective cathode to cause
galvanic corrosion in anodic a matrix [12]. The obser-
vation of poorer corrosion resistance in the aged
microstructures indicates that b acted as cathode to
cause galvanic corrosion.

According to our previous study [12], the size and
morphology of b phase have significant influence on
corrosion behaviour of AZ91D alloy and corrosion is
usually initiated in regions containing less than 8%
aluminium. Therefore, the aluminium content of the
AZ91D matrix is another important factor that must be
considered. Higher corrosion rate in aged conditions
appeared to be influenced by the b phase in relation to
lower aluminium content in the matrix. A lower amount
of cathodic b phase and homogeneity of higher alumi-
nium content matrix in T4 alloy prevented severe
corrosion attack and the result therefore showed the
best corrosion resistance for T4 condition.

The above results were confirmed by SEM micro-
graphs for the different corroded surfaces of AZ91D
ingot in the T4 and T6 conditions, as shown in Figure 3.
The T4 condition exhibited a few deep pits distributed
uniformly on the surface (Figure 3(a)). For the same
alloys in the 8 h, 16 h and 26 h ageing conditions,
localized attack zones were found to be more severe
than with T4 condition (Figure 3(b)–(d)). The attack
was found to increase with increasing ageing time (i.e.,
increasing b volume fraction).

Fig. 1. Scanning electron micrographs showing the effect of ageing time on precipitation of b phase along the grain boundaries of AZ91D ingot

alloy (a) homogenization, (b) ageing for 8 h, (c) ageing for 16 h and (d) ageing for 26 h. Magnifications: (a) ·500, (b) ·300, (c) ·300 and (d) ·300.

Fig. 2. Effect of ageing time on the amount of precipitated b phase.

Table 2. Effect of heat treatment on corrosion rate of AZ91D ingot

Heat treatment Corrosion rate/mm y�1

As-Cast 4.0

Homogenization 1.6

8 h ageing 3.2

16 h ageing 2.5

26 h ageing 2.8
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3.3. Corrosion product

XRD patterns were taken on specimens tested under
constant immersion for 48 h, as shown in Figure 4. The

Figure shows the intensities of the peaks corresponding
to Mg, b phase and MgO Æ Al2O3. The study confirms
that corrosion products of the heat treated AZ91D
microstructures contain mixed magnesium–aluminium

Fig. 3. Scanning electron micrographs showing the corroded surfaces of AZ91D ingot at different ageing time after (a) homogenization, (b)

ageing for 8 h, (c) ageing for 16 h and (d) ageing for 26 h. Magnifications: (a)–(d) ·300.

Fig. 4. XRD patterns of AZ91D surfaces in various conditions after exposure to 3.5% NaCl solution for 48 h.
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oxides, as do the corrosion products of the as-cast
AZ91D ingot [10].

3.4. Effect of heat treatment on electrochemical behaviour

The electrochemical behaviour of the T6 AZ91D ingot
at different ageing times was investigated by comparing
with that of the homogenized microstructure (T4). The
potentiodynamic polarization curves of these micro-
structures in 3.5% NaCl solution are shown in Figure 5.
No microstructures showed any passivity in this solu-
tion.

Table 3 shows the Ecorr, Tafel slope and Icorr values for
all the microstructures. The Tafel slope is similar for all
the three ageing times, indicating similar electrochemical
reactions in the aged microstructures. The overpotential
for the cathodic reaction was lower on T6 specimens than
on T4. It is interesting to note that Icorr for the 26 h
ageing specimen is very low (Table 3) though the
corrosion rate for the aged microstructures are higher
than for the T4 condition (Table 2). The decrease of Icorr

value for the T6 condition is thought to be due to the
larger b volume fraction. In the electrochemical beha-
viour of the T6 condition it has been generally agreed
that the larger volume fraction of b phase is beneficial in
improving the corrosion behaviour of magnesium alloys
because the b phase along the grain boundary acts as a
physical barrier to corrosion [5, 6, 13].

The main reason for the discrepancy between the
electrochemical behaviour and weight loss corrosion
rate is that the inhibiting effect of the b phase in the T6
alloy predominated during short interval of electro-
chemical testing but the accelerating effect of the
decrease in Al content in the matrix predominated in
the long period immersion testing. Another point to
note is that b phase particles might break away from the

matrix during the long period of immersion testing and
fall into the chemical solution [10, 12, 14] and this also
tends to increase the corrosion rate of the T6 specimens.

4. Conclusions

(i) Homogenization treatment of an AZ91D ingot at
420 �C for 24 h was found to be effective in
dissolving the b precipitates. Artificial ageing at
200 �C caused precipitation of b phase mainly along
the grain boundaries. The volume fraction of b
phase was observed to increase with ageing time.

(ii) Homogenization treatment improves corrosion re-
sistance of the AZ91D ingot, but ageing of the
microstructure for 8 h, 16 h or 26 h lowers corro-
sion resistance. The results support the suggestion
that there exists microgalvanic coupling between
cathodic b phase and anodic a matrix. The XRD
study indicates the presence of mixed magnesium–
aluminium oxides in the corrosion products of the
heat treated AZ91D microstructures.

(iii) The volume fraction of the b phase was observed to
affect the corrosion behaviour of AZ91D alloy. The
inhibiting effect of the b phase in the artificially aged
alloy predominated during the short interval of
electrochemical testing but the accelerating effect of
the decrease in aluminium content in the matrix
predominated in the long period immersion testing.
During immersion testing, b phase may fall into the
chemical solution and this also tends to accelerate
the corrosion rate.
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Fig. 5. Potentiodynamic polarization curves for T4 and T6 AZ91D

ingot at different ageing times in 3.5% NaCl solution.

Table 3. Icorr, Ecorr and bc values for T4 and T6 AZ91D ingot in 3.5%

NaCl solution

Material Icorr/mA cm�2 Ecorr/V bc/mV

Homogenization 0.8 �1.55 181

8 h ageing 0.05 �1.50 411

16 h ageing 0.085 �1.56 480

26 h ageing 0.0015 �1.66 360
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