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Abstract: The effects of alloying element Ce on the oxidation behavior and the surface tension of Mg-1.2Ca alloy were investigated
in order to further develop the burn resistant magnesium alloys. Results show that with the increase of Ce content from 0 wt% to 1.5
wt%, the ignition point of Mg-1.2Ca alloy increases rapidly while the surface tension declines. The ignition point of
Mg-1.2Ca-1.2Ce alloy can reach 780 <C. It can be melted in atmosphere without any protection method. The oxidation film of
Mg-1.2Ca melt becomes smooth and dense with the increase of Ce addition, which can prevent magnesium alloys from further
oxidation and burning. According to the test and analysis, the oxide film of Mg-1.2Ca-1.2Ce alloy consists of three layers, that is,
loose MgO in the outer layer, MgO-CaO composite oxide film in the middle layer and MgO-Ce,O5; composite oxide film in the inner

layer.
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Magnesium alloys are widely used in aerospace, electronic
technology and automotive industry due to their good
properties such as low density, high specific strength and
stiffness, as will as good processability. However, magnesium
alloys are prone to oxidate or even burn as they have high
chemical activity and loose oxide film. So fluxes or protective
gas methods should be taken to prevent oxidation during
melting and casting processes ™. However, both of two
methods would lead to many problems, such as inclusion,
environmental pollution and complication of melting process
and equipment. So it is necessary to investigate a better burn
resistant method.

Alloying is an effective method to improve the burn
resistant performance of magnesium alloys. Recently, the
effect of rare earth (RE) on properties of magnesium alloys
has been investigated. RE is usually used as addition element
to enhance the oxidation resistance™. It was revealed that Ce
content in the solid solution will influence the burn resistant
performance of magnesium alloys together with other
elements in the alloys, such as Ca. The interactive effect on
the oxidation resistance is much more complicated than that of
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the single element in the solid solution. Sakamoto et al.*!
studied the oxidation of Mg-Ca alloy. The results indicated
that the ignition temperature could increase by 250 <C after 5
wit% Ca was added into pure magnesium. They also found that
the burn resistant performance was improved at the cost of the
decrease of tensile properties, so the content of Ca should be
controlled in about 1 wt% for the pure magnesium.

Surface tension is both a fundamental property and an
important technological parameter to high temperature alloy™,
which is related to the concentration of active element, the
internal stress and the wettability. And above mentioned
parameters have a great influence on the formation and the
morphology of oxide film of magnesium alloys. However, the
surface tension of the magnesium alloy melt was rarely
studied. The structure of the oxide film on the molten alloy
and its thermodynamic and kinetic mechanisms were far from
being understood. In the present paper, the author also studied
the oxidation behavior of magnesium alloys by means of
surface tension testing.
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Mg-1.2Ca-xCe alloys used in the present investigation was
smelted from commercial pure Mg (99.95%), Mg-29.7%Ca
and Mg-30.0%Ce master alloys in an SG2-1.5-12 electric
resistance furnace under the protection of 99.5vol%CO,-
0.5vol% SFg gases. The raw materials were first cut and mixed
in a proper ratio, melted and then cast into mould, finally the
ingots with composition of Mg-1.2Ca-xCe (x=0, 0.3, 0.6, 0.9,
1.2, 1.5) were obtained.

The samples were taken from the central section of the
ingots, and then they were machined to cylindrical shape with
the dimension of @12 mm>15 mm for testing ignition points.
Upon testing the ignition points, the samples were
continuously heated in the electric resistance furnace at a
constant heating rate of 4 <C/min until the ignition occur-
rance®. And the temperature during heating was measured
with a multi-channel data acquisition system (with an
accuracy of 22 <C). It is worthy mentioning that neither flux
nor gas protection were used in this process. For each alloy,
the ignition point was tested for three times and then the
average value of ignition point was calculated.

The surface tension of molten Mg-1.2Ca-xCe alloys were
measured at the temperature of 730 <C in open air using the
maximum bubble pressure method (MBPM)™, as shown in
Fig.1. The maximum bubble pressure method proposed by
Simon! is based on the use of a single capillary immersed
into the studied liquid. Mg-29.7%Ca and Mg-30.0%Ce
interalloys were added after commercially pure Mg melted
completely at the temperature of 730 <C, removing the
impurities of melt surface. The surface tension were tested after
maintaining the melt at the temperature of 730 <C for 15 min.

The surface tension ¢ can be calculated from the measured
maximum capillary pressure P and the known capillary radius
r by the Laplace equation':

o=Pr/2 Q)

The measured capillary pressure P can be expressed via the
excess maximum pressure in the measuring system Ps=p,gH rax,
where H,., represent the maximum difference of liquid level
between U-tube manometer, and p, is the density of liquid;

1-argon gas, 2-pressure reducer, 3-flowmeter, 4-pressure stabilizer,
5-needle valve, 6-fine needle valve, 7-drying bottle, 8-flowmeter,
9-three-limb tube, 10-U-tube, 11-temperature controller, 12-ther-
mocouple, 13-capillary, 14-graphite crucible, 15-melt, 16-furnace,
17-bracket, 18-dialgage

Fig.1 MBPM surface tension testing schematic

hydrostatic melt pressure P,=p, gh, where h is the immersion
depth of the capillary into the melt, and p, is the density of
melt. Hence the capillary pressure is given as follows:

P = PP, )
Together with Eq.(1) we obtained:
0= (p1Hmax—p2h)gri2 (3)

The analyses of composition and microstructure of
oxidation film were conducted by a Hitachi S4800 scanning
electron microscope (SEM) equipped with energy dispersive
spectrometer (EDS). The phase of oxidation film was
examined by an X-ray diffraction (XRD) system (SmartLab,
Rigaku) with Cu Ka radiation.

2 Results and Discussion

2.1 Ignition point testing

A typical temperature-time curve of ignition point testing of
pure magnesium is shown in Fig.2. The combustion heat of
the samples is large enough to cause a steep rise in the
temperature-time curve. The temperature-time curves display
a rapid oscillation of rising in burning process and the first
inflection point is defined as the ignition point of the sample
in the present research®.

The results of the ignition point testing are shown in Fig.3.
And the fitted curve is also drawn up in the figure, which
complied with Gaussian function. As can be seen from the
graph, the ignition point of Mg-1.2Ca increases rapidly when
the content of Ce is in the range from 0 wt% to 1.2 wt%.
However, when the content of Ce is more than 1.2 wt%, the
ignition point is almost invariable. The average ignition point
of Mg-1.2Ca-1.2Ce can reach 780 <C, which is about 77 <C
higher than that of Mg-1.2Ca. The data of ignition point of
Mg-1.2Ca-xCe alloys can be fitted as the following equation:

X*l.39)2] (4)
1.03
where, T is the ignition point (<C) and x is analyzed content of
Ce (Wt%) in Mg-1.2Ca.
2.2 Oxide film analysis

The oxide films of Mg-1.2Ca and Mg-1.2Ca-1.2Ce can be
vividly seen in Fig.4. Both of them are cooled under natural
condition from magnesium melt. As can be seen, the oxide
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Fig.2 Typical ignition point test of pure magnesium
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Fig.3 Effect of Ce content on the ignition point of Mg-1.2Ca alloy

Fig.4 Oxide film morphologies of magnesium alloys with different
Ce content: (a, b) the oxide film of Mg-1.2Ca and (c, d) the
oxide film of Mg-1.2Ca-1.2Ce

film of Mg-1.2Ca-1.2Ce is dense and bonds with the matrix
very well. On the contrary, the oxide film of Mg-1.2Ca is thin
and contains many micro-pores and cracks, which can well
explain the difference of burn resistance performance between
the two alloys.

The phase of Mg-1.2Ca-1.2Ce oxide film is composed of
Mg, MgO, CaO and Ce,0s, which is confirmed by the XRD
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Fig.5 XRD pattern of Mg-1.2Ca-1.2Ce oxide film

analysis in Fig.5. And the main reason of the improvement of
the ignition point is that the oxide film tightness increases.
The tightness is always expressed by P-B ratio (ratio of the
volume of the oxide to the consumed metal volume). When
the P-B ratio is larger than 1, the oxide film has the function to
protect the matrix; while the P-B ratio is smaller than 1, the
oxide film is loose. The P-B ratio of pure magnesium equals
to 0.81 for MgO™™, and thus the surface oxide film cannot
prevent the proliferation of oxygen and the oxidation of inner
magnesium. However, the P-B ratio of Ce,O; is 1.16, the
addition of Ce,0O; in the oxide film can make it more compact.

The cross section morphology of Mg-1.2Ca-1.2Ce oxide
film with thickness of 2~3 pm, is shown in Fig.6. When Ca
and Ce are added to magnesium alloys, because the P-B ratio
is larger than 1, the filling of Ca and Ce oxide into the holes of
magnesium results in the formation of a composite and
compact coherent oxide film which can prevent the
penetration of oxygen during heating. From the elements
distribution, we can see that Ca and Ce are mainly located at
the surface of magnesium melt. The oxide film can be divided
into three layers. Due to the magnesium vapor pressure, the
outer layer are mainly composed of loose MgO. The middle
layer and inner layer are mainly composed of MgO-CaO and
MgO-Ce,0; composite oxide film, respectively.
2.3 Surface tension testing

Rare earths are surface active elements, as they are prone to
gather on melt surface, and this gathering phenomenon will
greatly affect the oxide film of magnesium and its burn resistant
performance. Surface tension is an important parameter to high
temperature melt, which is a perfect way to reflect the value of
Ce concentration. The surface tension of Mg-1.2Ca-xCe alloys
were tested at 700 <C, using MBP method. As can be seen in
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Fig.6 Morphology (a), EDS line analysis (b), and EDS spot analysis
(c) for cross section oxide film of Mg-1.2Ca-1.2 Ce
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Fig.7, the surface tension of Mg-1.2Ca decreases rapidly with
the increase of Ce content. The data of surface tension of
Mg-1.2Ca-xCe alloys can be fitted as a parabola equation,

0=0.567 — 0.079x + 0.017x* (5)
where o represents surface tension, and x is the content of Ce.

The relationship between surface tension and ignition point is
illustrated in Fig.8. It can be seen that the ignition point increases
with the decreasing of Mg-1.2Ca-xCe melt surface tension.

The gathering of Ce on the surface of magnesium alloy melt
makes the surface tension reduce and greatly improves the
burn resistance performance, resulting in forming a composite
oxide film on melt surface. Internal stress is another factor to
the burn resistant of magnesium alloys, which prompts the
forming of wrinkle and crack. Hence, the internal stress
should be controlled at a proper level. Ce is a surface active
element, which can decline the surface tension and the internal
stress. So this is another reason why oxidation resistant of
Mg-1.2Ca is improved with Ce addition.

2.4 Transformation in solid-state

In order to understand the mechanism of burn resistance of
magnesium alloy, the transformation of Mg-1.2Ca and
Mg-1.2Ca-1.2Ce solid-state samples during continuous heating
in the atmosphere were investigated. In the present study, the
heating temperature was maintained at 730 <C. And the evident
changes of the samples were caught with the increasing of time.
All the samples were polished before heating process.

Fig.9 shows the surface morphologies transformation of
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Fig.7 Effect of Ce content on the surface tension of Mg-1.2Ca
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Fig.8 Relationship between surface tension and ignition point

Mg-1.2Ca solid-state at 730 <C for different heating time under
atmosphere situation. After 10 min heating, a thin oxide film is
generated on the surface of Mg-1.2Ca solid-state. From Fig.9a,
Fig.9b, it can be seen that some wrinkles exist around the phase
boundaries due to the unbalanced internal stress. When the time
increases to 20 min, the oxide film continues to grow, as seen in
Fig.9c, Fig.9d). The increase of the thickness and the expansion
of oxide film exacerbates the internal stress and the intensity of
wrinkle. When the internal stress is large enough, the micro-
pores or even obviously cracks may be produced at the edges of
wrinkles. Owing to rapid transport rate of oxygen in external
scale, the oxygen pressure at the scale/substrate interface is very
high. Therefore, solid-state reactions among oxygen may occur,
giving rise to complex oxides. The morphology of the oxide
resembles some cauliflower, which can be seen in Fig.9e and
Fig.of.

The particularly high burn resistance of Mg-1.2Ca-1.2Ce can
be again deduced from its solid-state transformation, as can be
seen in Fig.10. Fig.10a, 10c and 10e images represent the
morphologies of solid-state transformation, at 730 <C for
different heating time. And the Fig.10b, 10d, and 10f are their
high magnification images. The thin oxide film is formed after
10 min oxidation, which is very smooth. Then, many cracks
appear on the surface of oxide film. The fracture mode of crack
joint is ductile fracture which is full of dimples. With time and
temperature increasing, some parts in the film collapse from the
matrix. Fortunately, the surface of the magnesium alloy is
packaged by a new dense oxide film, which completely isolates
magnesium matrix from atmosphere.

Fig.9 Morphologies transformation of Mg-1.2Ca solid-state at
730 <T with different heating time: (a, b) 10 min, (c, d) 20
min, and (e, f) 40 min

26



Qin Lin et al. / Rare Metal Materials and Engineering, 2016, 45(1): 0023-0027

Fig.10 Morphologies transformation of Mg-1.2Ca-1.2Ce solid-state
at 730 <€ with different heating time: (a, b) 10 min, (c, d) 20
min, and (e, f) 40 min

The effect of Ce on oxidation resistance in the present study
should be attributed to the oxidation mechanism different from
Mg-1.2Ca at 730 <C. During the exposure at 730 <C, both alloys
exhibit different oxidation behaviors between the matrix and
eutectic regions. This is associated with the difference of
compositions in individual phases due to microsegregation
during solidification. What is more, the huge difference in oxide
film tightness is the most important reason for the appearance of
the discrepancy of solid-state transformation between two alloys.

3 Conclusions

1) For the Mg-1.2Ca-xCe magnesium alloys, the ignition point

increases rapidly with increasing of Ce content from 0 wt% to
1.2 wt%; however, the ignition point almost has no change when
the Ce content is in the range from 1.2 wt% to 1.5 wt%. The
ignition point of Mg-1.2Ca-1.2Ce alloy can reach 780 <C, which
increases by 80 C compared with that of Mg-1.2Ca alloy.

2) The surface oxide film structure of magnesium alloy turns
into the composite dense one from the porous by adding Ce,
which is composed of three layers: MgO outer layer, MgO-CaO
middle layer and MgO-Ce,O; inner layer.

3) The surface tension of Mg-1.2Ca inclines with the addition
of Ce. And the ignition point increases with the decreasing of
surface tension of Mg-1.2Ca-xCe melt.

4) In the respect of the oxide film tightness, there exists a
huge difference between Mg-1.2Ca and Mg-1.2Ca-xCe. The
ignition of Mg-1.2Ca is attributed to the wrinkles and cracks on
oxide film. The Mg-1.2Ca-xCe have tight and dense oxide film
which will package the alloys completely at high temperature
resulting in isolating magnesium matrix from atmosphere, so the
burn resistant performance of the alloys are improved greatly.
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