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without any protections. A dense and compact oxide film is obtained on the surface of molten Mg–Y alloys
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when the concentration of Y is greater than 10 wt%. With the addition of Ce the critical concentration of Y
in Mg–Y alloys for forming a protective film is decreased significantly from 10 wt% to 3 wt%. AES and XRD
analysis reveal that the oxide film formed on the surface of Mg–3Y–4.5Ce alloy is mainly composed of
Y2O3 and Ce0.202Y0.798O1.601. Based on the theoretic analysis and experimental results, a selective oxidation
model of Mg–Y alloys at high temperatures is developed, and the third-element effects of Ce in Mg–Y

tail.
elective oxidation
are earth

alloys are discussed in de

. Introduction

Due to their high affinity to oxygen, Magnesium and its alloys
re particularly prone to surface degradation during high tem-
erature manufacturing stages such as melting, welding or heat
reatment [1–3]. Commonly, Mg alloys are melted or processed
nder the atmospheres of the fluxes or gases (N2, CO2, SO2, and
F6) to avoid a potential fire hazard, diminish material loses and
nsure quality of manufactured parts [4,5]. But the above methods
ave their inherent disadvantages such as environmental pollu-
ion, requiring complicated equipments and cost increase, et cetera.
s a result, since the 1950s much interest has been focused on

he investigation and development of ignition-proof Mg alloys
6–8]. According to F. Czerwinski, the oxidation process of AZ91D
s divided into three periods: the protective layer, incubation and
on-protective periods [9]. Small additions of Be, Ca have been
roved to benefit the oxidation resistance of magnesium alloys,
hich can be ascribed to the formation of the dense film during oxi-
ation [10–13]. You et al. investigated the increase of the oxidation
esistance of Mg–Ca alloys for the formation of MgO/CaO protec-
ive film at elevated temperatures [10]. Zeng et al. ascribed that

he addition of Be improved the oxidation resistance during alloy-
ng process [13]. However, ignition-proof Mg alloys with enough
e and Ca additions have not been extensively applied in indus-
ry due to their poor mechanical properties and the smart toxicity
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of Be. For these reasons, it is necessary to find new ignition-proof
elements.

Rare earths are often used as addition elements to improve prop-
erties of materials; especially Y and Ce have been proved to improve
oxidation and corrosion resistance [14–17]. Wang et al. investi-
gated the early oxidation behaviors of Mg–Y alloys oxidized in pure
O2 at high temperatures, and the results showed that the oxidation
behaviors of the Mg–Y alloys obeyed a parabolic law [16]. Liu et al.
found that the corrosion rate of Mg–3Y alloy decreased in 0.1 M
Na2SO4 attributed to a more protective surface film [14]. Our stud-
ies also revealed that the oxidation resistance of magnesium alloys
could be improved by implanting rare-earth elements (Y, Ce) [18].
However, the oxidation mechanism of magnesium alloys is rela-
tively complex and some physical phenomena are still not very
clear. Therefore, it is necessary and also of interest to understand
the oxidation behavior of magnesium alloys with addition of Y and
Ce.

In the present research, the effect of Y and Ce additions on the
oxidation behavior of Mg alloys at high temperatures was studied
so as to provide a new idea for the preparation of ignition-proof Mg
alloys. Moreover, a selective oxidation model of Mg–Y alloys was
established and the third-element effect of Ce in Mg–Y alloys was
analyzed.

2. Experimental procedures
All the alloys, i.e., Mg–Y and Mg–Y–Ce were prepared by commercial purity
Mg (99.9 wt%), pure Y (99.3 wt%) and pure Ce (99.5 wt%) in a steel crucible under
a cover gas mixture of CO2 and SF6. The chemical compositions of the resulting
alloys and the oxidation films were analyzed using Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) and Auger Electron Spectroscopy (AES).
Samples about 20 mm × 20 mm × 5 mm were cut for ignition point testing in air

dx.doi.org/10.1016/j.jallcom.2010.10.168
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. The schematic diagram of ignition point testing device.

mmediately after mechanical polishing and degreasing in acetone. The crystallo-
raphic features were examined mainly by X-ray diffraction with a Cu K� source. The
nalyses of microstructure morphologies were accomplished by using a scanning
lectron microscope which was equipped with an energy dispersive spectrometer
SEM-EDS).

. Results

.1. Ignition points testing

Fig. 1 is the schematic diagram of ignition-point-testing device,
hich was heated in air at a rate of 4 K/min in the present experi-
ent. The typical temperature vs. time curve of Mg in air is shown

n Fig. 2. The combustion heat is large enough to cause a steep rise in
he temperature–time curve of the samples, which proves the feasi-
ility of the ignition-point-testing method used in this paper. Here
he temperature located at the inflexion of the temperature–time
urve is defined as the ignition point of Mg alloy. In Fig. 2, the ver-
ical increase changes with the sizes of samples, and the larger the
ample is, the higher the vertical increase is. So the definite value
f the vertical increase is not given here.

The results of the ignition-point tests are shown in Fig. 3, in

hich 1173 K is the highest testing temperature. It can be seen that

here is a threshold value (7 wt%) of Y contents in the curve of Y
ontents vs. the ignition points of Mg–Y alloys (Fig. 3a). When the
contents are less than 7 wt%, the ignition points of Mg–Y alloys

carcely change compared with that of pure Mg, but when the Y

Fig. 2. The typical temperature vs. time curve of Mg in air.
Fig. 3. Ignition points of magnesium alloys with different compositions: (a) Mg–Y
alloys; (b) Mg–Ce alloys; (c) Mg–3Y–Ce alloys.

contents are more than 7 wt%, the ignition points of Mg–Y alloys
increase obviously. When the Y contents increase continuously and
are more than 10 wt%, Mg–Y alloys will not burn hold at a high
temperature 1173 K for 0.5 h. However, alloys with higher Y con-
tents are uneconomic because of their high cost. In order to reduce
the Y content in Mg–Y ignition proof alloys, cerium was added into
Mg–Y alloys as a third element. Fig. 3b indicates that the effect of Ce
additions on the ignition points of magnesium alloys is very small.
However, to our surprise, when Y and Ce are added together into

Mg alloys, the ignition points of Mg alloy increase rapidly. Fig. 3c
shows the effect of Ce on the ignition points of Mg–3 wt% Y alloys.
It is obvious that the ignition proof properties of Mg–Y–Ce alloys
are excellent while the Y content is decreased significantly from
10 wt% to 3 wt%.
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Table 1
EDS composition of the appointed areas in Fig. 5d.

Symbol O content, at.% Mg content, at.% Y content, at.% Ce content, at.%

F
m

ig. 4. X-ray diffraction patterns of oxide film formed on Mg–3Y–4.5Ce alloys oxi-
ized for 0.5 h at 1173 K in air.

.2. Microstructure and phase composition

In order to determine the oxidation products on the surface of

olten Mg–Y–Ce ignition proof alloys, XRD analysis have been car-

ied out, and Fig. 4 is the spectrum of the oxidation film of the
g–3Y–4.5Ce alloys held at 1173 K for 0.5 h in the air. As a result,

he oxidation film is composed of Y2O3 and MgO.

ig. 5. SEM morphologies of the oxidation surface of Mg–3Y–4.5Ce alloy oxidized at 1173
agnified image); (c) the cross-sectional view of the oxidation film (low magnified imag
1 57.66 10.51 31.17 0.66
2 10.49 86.81 2.60 0.10
3 47.54 1.60 50.86 0
4 26.71 72.52 0.77 0

Fig. 5 is SEM morphologies of the oxidation surface of
Mg–3Y–4.5Ce alloy held at 1173 K for 0.5 h. The surface of Y2O3
film is rugged and compact (Fig. 5a and b). As seen in the cross-
sectional images of the oxidation film (Fig. 5c and d), the oxidation
film includes two layers. Referred to the results of XRD (Fig. 4) and
EDS analysis (Table 1), the outer layer (symbol 1) is Y2O3, and the
inner layer (symbol 2) is Mg and MgO with a little Y2O3.

In the oxidation course, to form Y2O3, Y element in the matrix
near the interface diffuses into oxidation film, which is why Y con-
tent in position 4 is so little (Table 1). Ce element plays a role of the
third element (seen in Section 4.3), which promotes the formation
of Y2O3. It is unclear why nearly no Ce was detected (as Table 1)
and the further experiment and analysis will be done in the next
time.

3.3. AES analysis
AES analysis is carried out on the surface films of the
Mg–3Y–4.5Ce alloys hold for 30 min at 1173 K in air. Fig. 6a is the
AES differential spectrum of surface compositions. The oxidation
surface (about 0.5–2 nm in depth) is composed of O, Mg, Y and Ce

K for 0.5 h: (a) oxidation surface (low magnified image); (b) oxidation surface (high
e); (d) the cross-sectional view of the oxidation film (high magnified image).
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ig. 6. AES surface analysis of oxidation films formed on Mg–3Y–4.5Ce alloy: (a)
urface analysis; (b) in-depth AES profile.

lements, and the atom percentages of the four elements are shown
n Table 2. Fig. 6b is the results of AES concentration–depth analysis
f the elements, and there are several characteristics as follows:

The changes of the elements concentration in depth undergo
three stages: incubation stage, stable stage and transition stage.
There exists a relatively stable stage for the concentration
distribution of all elements. The conversion stage of element con-
centrations from surface to the stable stage is called as incubation
stage, and the conversion stage of element concentrations from
the stable layer to the matrix is called as transition layer. More-
over, the depth of stable layer is far more than those of the other
two layers.
In incubation stage, the contents of Mg and Ce elements are higher
than those of Y and O elements. And the contents of Mg and Ce

show downward trends while the concentrations of Y and O show
upward trends.
In stable stage, the total concentration of Y and O occupies more
than 95 at.%, and there are very little Mg and Ce.

able 2
lement concentration of oxidation films of Mg–3Y–4.5Ce alloy.

Elements O Mg Y Ce

Content, at.% 54.64 6.34 33.32 5.70
pounds 509 (2011) 2137–2142

• In transition stage, concentration of Mg increases rapidly while
those of O and Y decrease quickly. Moreover, concentration of Ce
increases heavily.

It is presumed that there exist sesquioxide Y2O3 on the oxidation
surface of molten Mg–3Y–4.5Ce alloys. Moreover, In the AES profile,
the film thickness is identified by the content of O element. But in
fact, the inner film includes some metal Mg. So the observed thick-
ness (approx 13 �m, Fig. 5d) is bigger than the thickness identified
by AES analysis (approx 6 �m, Fig. 6b).

4. Discussion

4.1. Thermodynamic analysis

The possible chemical reactions occurred on the surface of
molten Mg–3Y–4.5Ce alloy are as follows:

2Mg(l) + O2(g) = 2MgO (1)

4
3

Y(l) + O2(g) = 2
3

Y2O3 (2)

4
3

Ce(l) + O2(g) = 2
3

Ce2O3 (3)

2Y(l) + 3MgO = Y2O3 + 3Mg(l) (4)

2Ce(l) + 3MgO = Ce2O3 + 3Mg(l) (5)

2Y(l) + Ce2O3 = Y2O3 + 2Ce(l) (6)

The standard Gibbs free energy and the practical Gibbs
free energy of the above reactions can be calculated using
thermodynamic parameters. For simplification [13], the activ-
ity of Mg, Y and Ce are approximately replaced by their mole
atomic concentrations, [Mg], [Y] and [Ce], respectively, and the
activity of oxygen is approximately replaced by its volume frac-
tion in air. Thus in Mg–3Y–4.5Ce alloy, aMgO = aCaO = aY2O3 =
1, aMg = [Mg]at.% = 0.9837, aY = [Y]at.% = 0.0083, aCe = [Ce]at.% = 0.008,
aO2 = [O2]vol = 0.25. The standard Gibbs free energy and the prac-
tical Gibbs free energy of the reactions (1)–(6) can be calculated as
follows:

p0
MgO = exp

�G0
1

RT
= 6.36 × 10−46 Pa (7)

�G1(1033 K) = �G0
1 + RT ln

(
1

[Mg]2
at.% · pO2

)

= −881168.76 < 0 J mol−1 (8)

p0
Y2O3

= exp
�G0

2
RT

= 1.9 × 10−55 Pa (9)

�G2(1033 K) = �G0
2 + RT ln

(
1

[Y]4/3
at.% · pO2

)

= −101488.44 < 0 J mol−1 (10)

p0
Ce2O3

= exp
�G0

3
RT

= 5.2 × 10−52 Pa (11)
�G3(1033 K) = �G0
3 + RT ln

(
1

[Ce]4/3
at.% · pO2

)

= −946484.76 < 0 J mol−1 (12)
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Fig. 7. (a–d) Schematic diagram of th

G4(1033 K) = �G0
4 + RT ln

(
[Mg]3

at.%

[Y]2
at.%

)

= −200543.68 < 0 J mol−1 (13)

G5(1033 K) = �G0
5 + RT ln

(
[Mg]3

at.%

[Ce]2
at.%

)

= −97393.21 < 0 J mol−1 (14)

G6(1033 K) = �G0
6 + RT ln

(
[Ce]2

at.%

[Y]2
at.%

)

= −102605.52 < 0 J mol−1 (15)

The above calculations reveal that it is possible thermody-
amically for reactions (1)–(6) occurring and the decomposition
ressure of MgO, Y2O3 and Ce2O3 satisfy with a relation
s: p0

MgO(6.36 × 10−46 Pa) > p0
Ce2O3

(5.2 × 10−52 Pa) > p0
Y2O3

(1.9 ×
0−55 Pa). Moreover, the XRD result (Fig. 4) reveals that there is no
ew complex oxide in the surface film of Mg–3Y–4.5Ce alloy, which

ndicates that MgO, Y2O3 and Ce2O3 cannot form solid solution with
ach other. According to thermodynamics principle [13], oxides
ith high decomposition pressure form in the outer layer with high
xygen partial pressure while the oxides with low decomposition
ressure form in the inner layer with low oxygen partial pressure.

n other words, the oxidation films of Mg–3Y–4.5Ce alloy should
ollow the following order: MgO at the outer layer, Ce2O3 at the

edium layer and Y2O3 at the inner layer. Thus, the initial protec-
ctive oxidation course in Mg–Y alloy.

tive film has formed on the surface of Mg–3Y–4.5Ce alloy. In the
subsequent oxidation process, Y2O3 layer may grow sequentially
via the replacement reactions (4) and (6).

4.2. Selective oxidation model

According to the above analysis, a proposed mechanism for the
high temperature oxidation of Mg–Y alloys is shown in Fig. 7. Ther-
modynamics suggests the initial stage is simultaneous oxidation
of both Y and Mg (Fig. 7a). Gradually, the Y2O3 and the Mg matrix
are covered by MgO as a result of the faster outward diffusion of
Mg2+ than Y3+ (Fig. 7b). At this stage, because of the retardarce of
the surface oxides the oxygen partial pressure on the interface of
MgO/Mg matrix is decreased to be equal to decomposition pressure
of MgO but larger than decomposition pressure of Y2O3. As a result,
Y2O3 takes place by reaction (4). On the other hand, oxygen dif-
fused through the Mg–Y alloy also makes Y oxidize at the interface
of oxides/matrix. The both oxidations are called together as inner
oxidation (Fig. 7b). If the inner oxides (Y2O3) form a continuous film
(Fig. 7c) the inner oxidation will stop, and if any subsequent oxida-
tion courses, only the Y2O3 film become thicker and thicker while
Mg element does not oxidize further. As a result, the inner oxida-
tion will be transformed as the outer oxidation and the velocity of
oxidation will be decreased by reason of the retardarce of Y2O3 film.
This is so-called selective oxidation. Conversely, if the inner oxides
Y2O3 form discontinuous films (Fig. 7d), the oxygen partial pres-
sure on the MgO/Mg interface will increase and the inner oxidation
will continue, which means that the velocity of oxidation cannot

be decreased and disastrous oxidation is inevitable.

From the above analysis, the key to selective oxidation is
whether or not a continuous inner oxidation film is formed, which
in turn depends on the concentration of alloying elements in the
oxides/matrix interfaces. If the concentration of alloying elements
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n the interface of oxides/matrix is larger, the continuous inner oxi-
ation film is easier to form. Wagner [19] put forward a theoretical
odel to explain the transformation from inner oxidation to outer

xidation, and gave the critical concentration of the transition from
nternal to external scale formation as follows:

B,min >

√
�g∗

2v
NS

O
DOVM

DBVOX
(16)

According to formula (16), when the concentration of alloy-
ng elements B is more than the critical concentration NB,min, the
olume fraction of the inner oxides BO will be larger than the
ritical volume fraction g*. As a result, the discrete BO particles
row transversally and form a continuous inner oxidation film. For
g–Y alloys, when the Y content is less than 7 wt%, there is no

otable change for the ignition point of alloys, but as the Y con-
entrations increase continuously, the ignition points increase, and
hen the Y content is more than 10 wt%, alloys will not burn at

173 K (Fig. 3). It is obvious that the critical concentration needed
or selective oxidation in Mg–Y alloys is about 7 wt%. However, the
ritical concentration is only the minimum requirement for selec-
ive oxidation, and the higher concentration of Y is needed to form
table Y2O3 film. So when the content of Y is less than 10 wt%, even
hough the protective Y2O3 films formed initially, disastrous oxi-
ation is inevitable because Y in the oxides/matrix interface will
e consumed to less than 7 wt%. When the content of Y is more
han 10 wt%, the Y concentration in the oxides/matrix interface
ill always be more than 7 wt%, so these alloys do not burn up to

173 K.
The ignition points of Mg alloys depend mainly on two factors:

he formation of the initial protective film and the regeneration
f the protective film when it is destroyed. If the regeneration
roperty of the protective film is poor, ignition points of the
lloys depend on random conditions if or when the protective
lm is destroyed. Seen from Fig. 6b, there is a Y-depleted zone

n the film/matrix interface, which can not provide enough Y ele-
ents for Y2O3 film to regenerate in time once it is destroyed,

o the ignition points of Mg–Y–Ce alloys are unstable (Fig. 3)
nd are dependant on random conditions. In this paper, by
sing the special equipment (Fig. 1) the external factors which
ffect ignition points of alloys are eliminated as possible. And
n our opinion, the damage of the protective film is mainly
esulted from the cracking of the protective film itself. Now the
racking mechanism of the protective film is not yet clearly
nown.

.3. The third-element effect

Seen from Fig. 3, due to addition of Ce element, the
ritical concentration of Y in Mg–Y alloys for forming pro-
ective film is decreased significantly. From the perspective of
elective oxidation, with addition of trace Ce element the crit-
cal concentration N0

B of Y is reduced. This phenomenon also
xists in other alloy systems and is called the third-element
ffect.

The third-element effect was explained qualitatively in Wag-
er’s paper [16]. The third element was considered to play a role
f “getter” which inhibits the diffusion of O to internal alloy so as
o inhibit the inner oxidation of Y. For high temperature oxidation
f Mg–Y–Ce alloys, MgO, Y2O3 and Ce2O3 initially form simultane-
usly. Then, if concentration of Ce is large enough a replacement

eaction happens as follows:

Ce(l) + 3MgO = Ce2O3 + 3Mg(l) (17)

Thus, continuous Ce2O3 film forms on the surface of
olten alloys, based on which the oxygen partial pressure on

[

[

[

pounds 509 (2011) 2137–2142

oxides/matrix interface is decreased and selective oxidation of
Y was realized under the condition of smaller Y concentration.
Thermodynamic analysis indicates that chemical activity of the
third element must lay between that of the matrix element
(Mg) and selective oxidation element (Y). Thermodynamics cal-
culations show 0 > �G0

MgO(−893351) > �G0
Ce2O3

(−1013648) >

�G0
Y2O3

(−1081630) which proves that Ce satisfies the necessary
thermodynamics conditions to play the hypothesized role of the
third element in the high temperature oxidation of Mg–Y alloys.

As the above analysis, Ce element plays a role of the third ele-
ment, which promotes the formation of Y2O3. Moreover, although
the structure analyses reveals that the surface film is composed by
the outer layer and the inner layer (Mg and MgO), the outer layer
(Y2O3) rather than the inner layer (Mg and MgO) is thought to play
the role of preventing Mg alloys from vigorous oxidation or igni-
tion. So the proposed model in Section 4.2 aims at explaining the
formation mechanism of Y2O3 film.

5. Conclusions

1. When concentration of Y is larger than 10 wt%, ignition points of
Mg–Y alloys increase markedly and the alloy do not ignite in air
at 1173 K.

2. With the addition of Ce to Mg–Y the critical concentration of Y
in Mg–Y alloys for forming protective film is decreased signifi-
cantly.

3. XRD, SEM and AES analyses suggest that the protective films
formed on the surface of Mg–Y–Ce alloys are mainly composed
of Y2O3.

4. Based on the thermodynamics analysis, the selective oxidation
model in Mg–Y system was established.

5. Analysis from the selective oxidation model of selective oxida-
tion indicates that Ce play the role of “third elements”.
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