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Abstract The microstructure, mechanical property and

corrosion behavior of AZ91D with addition of lanthanum

were investigated. With adding 1% lanthanum, the ultimate

tensile strength and the elongation increased by 21.1% and

by 101.2%, respectively. This mainly caused by the

refinement of the b phase and the formation of Al11La3

strengthening phase. With adding 1% lanthanum in AZ91D

alloy, the weight loss corrosion rate decreased to 47.2%.

But when lanthanum content is over 1%, the corrosion rate

increased. Small amount of lanthanum could form the

small b phase similar to reticular structure, which could

restrain the corrosion at some extent; large amount of

lanthanum caused the depletion of aluminum in a matrix,

which increased the corrosion rate.

Induction

Magnesium alloys have a high strength-to-weight ratio, and

thus appear to be promising alternatives to aluminum and

steel alloys used in the automotive industry. Although a

wide variety of applications can be envisaged for magne-

sium alloys, the use at present is limited mainly due to

inferior corrosion property [1–5]. And magnesium alloy

with Al and Zn have found wide spread application in the

automobile sector. Corrosion performance is, therefore,

quite important as it concerns the operating life of mag-

nesium alloy components in a vehicle.

The addition of rare earth is an effective way to improve

the mechanical properties of magnesium alloys, and the

corrosion resistance in some degree. Some works have

been reported [6–9] on the corrosion behavior of the

commercial alloy AZ91, which is widely used in low-

temperature applications. Nevertheless, there are a few

works concerning the effect of rare earth additions on the

corrosion performance [10–12] and no works concerning

the effect of lanthanum on the corrosion performance of

magnesium alloys. The aim of the present work was to

investigate the influence of lanthanum on the microstruc-

ture, mechanical properties and corrosion resistance of

magnesium alloys.

Experimental methods

In this work, four new AZ91D alloys with different

lanthanum content were studied and were named as AZL

alloys. These alloys were prepared starting with AZ91D

and pure lanthanum. The composition of AZ91D deter-

mined by ICP-AES is listed in Table 1. AZ91D ingots were

melted in an aluminum oxide crucible at 730 �C. Appro-

priate amounts of lanthanum (99.9% purity) were added

into the molten AZ91D alloy. The above procedures were

conducted under a flowing protective gas of SF6 (1 vol.%)

and CO2 (bal.) to prevent burning and oxidation. The melt

was held at 720± �C for 30 min, and then poured into one

permanent mold [13] and one cylindrical metal mold of

F45 mm · 100 mm. The actual lanthanum content of

AZL alloys determined by ICP-AES is listed in Table 2.

Tensile specimens with a gauge section of

15 mm · 3.5 mm · 2 mm were cut by electric spark

machining from the bottom of the ingots. And other

specimens were cut from the cylindrical ingots. Tensile
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tests were conducted on the Zwick T1-FR020TN.A50

electronic universal material testing machine. The Rigaku

Dmax-rc X-ray diffractometer and PHILIPS SEM 515

were employed to analyze phase compositions and the

corrosion morphology.

The specimens for immersion test were

F35 mm · 4 mm in size. Then the coupon specimens

were polished with 800 grit SiC paper. The specimens were

initially cleaned with acetone and distilled water. After

immersion tests, the corroded specimens were cleaned with

distilled water and dried. They were then immersed in a

chromate acid (180 g/L CrO3 + 1%AgNO3) at boiling

condition for 3 min to remove the corrosion products. The

extent of corrosion was given in weight loss per surface

area and time (mg cm–2 d–1, MCD).

The specimens for AC and DC electrochemical mea-

surements were 10 mm · 10 mm · 4 mm in size, and

were polished with 800 grit SiC paper. Then they were

welded with electrical wire and embedded in epoxy resin as

working electrodes for electrochemical measurements. The

exposed area was about 1 cm2.

Polarization curves and electrochemical impedance

spectra of the specimens were measured in an electrolytic

cell containing about 300 mL of 5 wt.% NaCl solution

saturated with Mg(OH)2 using a Solatron 1,287 + 1,260

electrochemical measurement system. The polarization

started from a cathodic potential of about –200 mV relative

to the corrosion potential and stopped at an anodic potential

60 mV positive to the corrosion potential. The scanning

rate was 0.1667 mV/s.

AC impedance measurements were conducted at the

corrosion potentials of the electrodes. The amplitude of

applied AC signal was 5 mV, and the measured frequency

range was from 1 kHz to 10 mHz.

During the polarization and AC impedance measure-

ments, a three electrode electrochemical cell was used,

with a saturated calomel electrode as reference, a platinum

counter electrode and a working electrode.

Experimental results

Microstructure

In the as-cast condition the microstructure of AZ91D

magnesium alloys consists of primary a grains with the

grain boundaries precipitated with large b phase particles

[14, 15], shown as Fig. 1a. With the addition of lanthanum,

the Mg17Al12 phases were gradually refined and some

small Mg17Al12 precipitates formed. The b precipitate

phase appears in two morphologies: large particles and fine

lamellar plates, shown as Fig. 2a, c. As shown in Fig. 1 a

and b, the addition of lanthanum refined the b phase and

formed the reticular b phase on grain boundary.

With the addition of lanthanum, some rod-like inter-

metallic phases are observed in the Fig. 1c–e. By analyzing

the SEM (Fig. 2a) and EDAX result (Fig. 2b), it was found

that the rod-like phase was Al–La phase. In addition to rod-

like Al–La phase, some blocky phases are observed in the

Fig. 1 c, e. The results of SEM (Fig. 2c) and EDAX results

(Fig. 2d) indicated that the blocky phase was Al–La–Mn

ternary phase. In the AZL2 alloy, there are four phases:

primary a, b phase (Mg17Al12), Al11La3 and Al8LaMn4,

shown as Fig. 1 f. By analyzing the XRD of AZL2, it was

found that the rod-like Al–La phase was Al11La3, which

was called Al4La by some researchers, and the block Al–

La–Mn phase was Al8LaMn4. With increasing lanthanum

content, the amount of the rod-like Al11La3 phase increased

and its size coarsened. Furthermore, the matrix becomes

depleted of aluminum due to the formation of more

Al11La3 phase, shown as Fig. 3.

Mechanical property

The effect of lanthanum on mechanical properties of

AZ91D at ambient temperature is shown in Fig. 4. With

the increasing of lanthanum addition, the ultimate tensile

strength and the elongation both sharply increased. With

adding 1% lanthanum, the ultimate tensile strength and the

elongation of AZL1 alloy increased by 21.1% and by

101.2%, respectively. When the lanthanum content was

more than 1%, the ultimate tensile strength and the elon-

gation of AZL alloys increased slowly. The ultimate tensile

strength and the elongation of AZL2 alloy increased to

178.02 MPa and 3.85%, respectively. In addition, the

addition of lanthanum had small effect on the yield

strength of AZ91D alloys. The yield strength of AZL1

alloy increased by 2.0% compared to that of AZ91D.

The reason of the mechanical property improvement is

that the addition of lanthanum not only formed Al11La3

strengthening phase, but also refined b phase. So the

addition of lanthanum could improve the mechanical

properties of AZ91D magnesium alloy.

Table 2 Chemical compositions of the AZL alloys (wt.%)

Alloy Al Zn La Mg

AZL05 8.99 0.709 0.527 Bal.

AZL1 8.99 0.709 1.064 Bal.

AZL15 8.99 0.709 1.489 Bal.

AZL2 8.99 0.709 1.953 Bal.

Table 1 Chemical compositions of AZ91D alloy (wt.%)

Alloy Al Zn Mn Fe Ni Cu Mg

AZ91D 8.99 0.709 0.194 0.01 < 0.002 < 0.002 Bal.
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Immersion test

Figure 5 shows the effect of lanthanum on the corrosion

resistance of AZ91D under immersion conditions (5 wt.%

NaCl solution). Firstly, with the increase of lanthanum

content, the corrosion rate of AZL alloys decreased obvi-

ously. Especially with adding 1% lanthanum, the corrosion

rate of AZ91D decreased to 0.067 mg cm–2 d–1, which was

about 47.2% of the AZ91D corrosion rate. The addition of

lanthanum refined b phase and formed small lamellar b
phase, which had a similar to reticular structure. This

similar to reticular structure could obviously restrain the

corrosion process.

However, when lanthanum content was more than 1%,

the corrosion rate sharply increased. With 2% lanthanum

addition, the corrosion rate of AZL2 alloy increased by

about 69.0%. The addition of lanthanum refined b phase,

but more addition of lanthanum consumed more aluminum

by the formation of Al11La3. So a matrix was depleted of

aluminum, which caused the large increase of corrosion

rate of AZ91D alloy.

Potentiodynamic polarization

The polarization behaviors of AZ91D and the AZL alloys

in 5 wt.% NaCl saturated with Mg(OH)2 are shown in

Fig. 6. As a first remark we noted that the shape of the

polarization curves was almost the same for all studied

alloys and no passive behavior could be observed during

the course of anodic polarization. And this is not con-

sistent with Mathieu’s experiment result [16], in which

they have found a plateau extending on a large anodic
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potential domain (Icorr is about 10–5A/cm2) on the polar-

ization curves for the high pressure die-cast and SSP

AZ91D magnesium alloy in ASTM D1384 water satu-

rated with Mg(OH)2. This is due to the aggressive envi-

ronment of NaCl solution for magnesium alloys. The

absorption of chloride ions to magnesium surface, trans-

forms Mg(OH)2 to easily soluble MgCl2 [17]. So in

5 wt.% NaCl solution saturated with Mg(OH)2, there is no

passive behavior for potentiodynamic polarization of the

AZL alloys.

Fig. 2 (a) Scanning electron micrograph of AZL1; (b) EDAX of the ‘‘A’’phase (c) Scanning electron micrograph of AZL2; (d) EDAX of the

‘‘B’’phase
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Another apparent change in the polarization curves of

the AZ91D and AZL alloys (Fig. 6) is to shift the polari-

zation curves to more positive potentials. In fact, the shifts

result from the different ‘‘pitting’’ potentials (Ept) of these

alloys. It has been demonstrated that [18] Mg–Al–Zn alloys

normally start localized corrosion (pitting) at a potential

slightly more negative than their corrosion potentials in a

salt solution. On a polarization curve obtained by the po-

tentiodynamic method, and starting potential scanning

from a cathodic potential, the ‘‘pitting’’ potential Ept is

usually indicated by a sudden drop in cathodic current

which is immediately followed by anodic current around

the corrosion potential. At the ‘‘pitting’’ potential, the

initiation of localized corrosion is accompanied by dra-

matic visible hydrogen evolution from the corroding sites

on the electrode surface during polarization curve mea-

surement.

In Fig. 6, the Ept is marked on each polarization curve.

The Ept is an important electrochemical parameter. It

indicates the tendency to localized corrosion. A more

positive Ept means less likely localized corrosion.

The dependence of Ept on lanthanum content in AZL

magnesium alloys is shown in Fig. 7. With 1% lanthanum

content, the AZL1 alloy had more positive Ept, which was

66 mV higher than the AZ91D Ept. This means that the

AZL1 alloy is more stable than the AZ91D alloy, which is

consistent with the weight loss corrosion rate results

(Fig. 5). But with more addition of lanthanum, the for-

mation of more Al11La3 phase caused the depletion of

aluminum content in a matrix, which led to the shift of Ept

to a more negative potential.

The corrosion potential (Ecorr) and the corrosion current

density (Icorr) derived from the polarization are plotted as

a function of lanthanum content in Fig. 8. Firstly, the

corrosion potential sharply increased with the increase of

the lanthanum content. When the lanthanum content

reached 1%, the corrosion potential reached the maximum

value, which was higher 65.6 mV than the corrosion

potential of AZ91D alloy. However, when the lanthanum

content was more than 1%, the corrosion potential of AZL

alloys decreased with the increase of lanthanum content.

Thereafter, with increasing the lanthanum content, the

corrosion current density firstly decreased, and then

increased, which was consistent with the weight loss results

(Fig. 5).

-1.75 -1.70 -1.65 -1.60 -1.55 -1.50

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

Ept

Lo
g 

I (
A

/c
m

2 )

Potential E (V)

 AZ91D
 AZL05
 AZL1
 AZL15
 AZL2

Fig. 6 Polarization curves of the AZL alloys in 5 wt.% NaCl

saturated with Mg(OH)2

0.0 0.5 1.0 1.5 2.0

-1.60

-1.58

-1.56

-1.54

-1.52

lanthamun concent (wt.%)

E
pt

(V
)

Fig. 7 Dependence of ‘‘pitting’’ potential (Ept) on lanthanum

content in the AZL alloys

0.00

0.05

0.10

0.15

0.20

0.25
C

or
ro

si
on

 r
at

e,
m

g·
cm

-2
·

d-1

AZL2AZL15AZL1AZL05AZ91D

 corrosion rate

Fig. 5 Weight loss corrosion rate of the AZL alloys after immersion

in 5 wt.% NaCl solution for 3d

0.0 0.5 1.0 1.5 2.0

-1.58

-1.56

-1.54

-1.52

lanthanum content (wt.%)

P
ot

en
tia

l E
 (

V
)

 E
corr

 I
corr

1E-5

1E-4

Lo
g 

I (
A

/c
m

2 )

Fig. 8 Corrosion potential and corrosion current density of the AZL

alloys

J Mater Sci (2006) 41:5409–5416 5413

123



Electrochemical impedance spectroscopy

Corrosion damage results from electrochemical reactions,

so electrochemical measurements can often reveal the

corrosion mechanism. A corroding metal is approximately

modeled as a simple electrochemical system consisting of a

double-layer capacitance, a solution resistance and a

charge transfer resistance. The corrosion mechanism of

magnesium sometimes can be estimated through analyzing

the measured electrochemical impedance spectrum [18,

19].

In this study, the EIS results of AZ91D and AZL mag-

nesium alloys are presented in Fig. 9. All the alloys have a

capacitive semicircle in the high frequency region. Their

EIS spectra are similar except for the difference in the

diameters of the loops. This means that the corrosion

mechanisms of AZL magnesium alloys are the same, but

their corrosion rate could be different. The diameter of the

capacitive semicircle of a measured Nyqiust spectrum is

closely related to the corrosion rate. Makar et al. [20]

compared corrosion rates calculated from the first capaci-

tive semicircle in the high frequency region with weight

loss results for various magnesium alloys, and found that

most of the EIS results matched very well with the weight

loss data.

With the increase of lanthanum content, the diameter of

the first capacitive semicircles firstly increased. After the

diameter of AZ91D with 1% lanthanum content increases

to maximum, the diameter sharply decreased. Especially

the diameter of AZL2 decreased to minimum, which was

obviously smaller than the diameter of AZ91D. So if the

first capacitive semicircles are taken as the impedance

representing the corrosion resistance, the corrosion resis-

tance of AZL alloys firstly increases then decreases as the

lanthanum content increases. And this is consistent with the

weight loss corrosion results.

The Nyquist plots of AZL alloys (Fig. 9) have a

capacitive semicircle in the high and intermediate fre-

quency region and an inductive semicircle in the low fre-

quency region. The high frequency capacitive semicircle

can be attributed to the charge transfer reaction. Thus, for

the high frequency capacitive semicircle, a charge transfer

resistor Rct and a capacitor Cdl in parallel can model the

electrode/electrolyte interface. A partial data fitting made

with Boukamp circuit equivalent software [21] for the

charge transfer process produced the charge transfer

resistance (Rct) and double-layer capacitance (Cdl). Fig. 10

shows the dependence of the Rct and Cdl on the lanthanum

content of the AZL alloys. The Rct values correspond to the

diameter of the high frequency capacitive semicircle. And

the Rct also corresponds to the polarization resistance (Rp)

in those cases where the impedance spectrum collapses to

RC-R behavior (Rct = Rp). In addition, 1/Rp value is pro-

portional to the corrosion rate [22]. So with the increase of

lanthanum content, the Rct value of the AZL alloy firstly

increased, and then decreased when the lanthanum content

was more than 1%, i.e., the corrosion resistance of the AZL

alloys was improved firstly, and then reduced.

Considering the Cdl values, the low value of Cdl for the

magnesium alloy implies the formation of a relatively thick

and compact protective film on the metal surface [23]. In

this study, the increase of the Rct is not accompanied by a

breakdown of the Cdl values, even the Cdl values are

increased with the increase of the Rct. This shows that the

AZL alloys could not form an effective protective film in

5 wt.% NaCl solution saturated with Mg(OH)2 due to the

aggressive environment of NaCl solution for magnesium

alloys.

Corrosion morphology

Figure 11 was taken on immersion test specimens after

removed the corrosion products. In the case of as-cast

AZ91D, corrosion mainly occurred in the interior of a
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grain, and developed form grain to grain. The corroded

matrix exhibits a porous morphology, shown as Fig. 11a. It

was obvious that many deep pits formed in the corroded

areas on AZ91D during the immersion corrosion test and

the corrosion was localized.

However, the depth of the corroded areas on AZL alloy

(Fig. 11b) was relatively shallow and uniform compared to

the corrosion morphology of AZ91D. The morphology

observed on the corroded areas of AZL1 was similar to the

reticular b phase on grain boundary (Fig. 1b). This indi-

cated the adding of lanthanum promoted the forming of

more continuous b phase on grain boundary, which acted

as a corrosion barrier [24]. And this result was consistent

with the corrosion rate of immersion tests. As shown in

Fig. 11c area ‘‘A’’, the corrosion film, which formed after

the matrix in the interior of grain has corroded away, has

impeded corrosion to some extent.

Discussions

In the as-cast condition, adding lanthanum into AZ91D

magnesium alloy refined the b phase-Mg17Al12 and formed

rod-like Al11La3 phase. The precipitation of Al11La3 phase

impedes the formation and incipient development of the

cracks, which improved the tensile strength [25]. Further-

more, coarse b phase on grain boundary is harmful to the

mechanical properties, so the adding of lanthanum could

improve the mechanical properties by refined b phase. The

rod-like phase-Al11La3 was strengthening phase and small

compared to b phase, so it did not promote brittleness.

The secondary phase in a magnesium alloys is normally

inert and stable in corrosion. For example, in AZ alloys, b
phase is very corrosion resistant and normally not corroded

if exposed to a NaCl solution. It was found that lanthanum

not only refined b phase, but also formed more continuous

and b phase along the grain boundaries in AZ91D alloy.

And the reticular b phase effectively confined the devel-

opment of corrosion from grain to grain and hence sig-

nificantly reduced the corrosion rate of the alloy [24].

Conclusion

(1) The addition of lanthanum refined b phase and

formed Al11La3 strengthening phase, which greatly

improved the mechanical properties of AZ91D alloy.

With adding 1% lanthanum, the ultimate tensile

strength and the elongation increased by 21.1% and

by 101.2%, respectively.

(2) The weight loss corrosion rate of AZ91D alloy

decreased by adding small amount of lanthanum.

With the addition of 1% lanthanum, the corrosion rate

decreased to 0.067 mg cm–2 d–1, which was about

47.2% of AZ91D corrosion rate. By adding lantha-

num, the formation of similar to reticular structure-b
phase could restrain the corrosion process. But adding

more lanthanum, the corrosion rate of AZ91D alloy

increased.

(3) With increasing lanthanum content, the corrosion

potential, the ‘‘pitting’’ corrosion potential (Ept) and

the charge transfer resistance (Rct) all firstly in-

creased, then declined, which was consistent with the

weight loss corrosion results.

(4) So adding 1% lanthanum in AZ91D alloy could im-

prove not only the mechanical properties, but also the

corrosion resistance.
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