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Abstract: The protection of molten AZ91D alloy in the cover gases containing sulfur decomposed by
FeS» and fluorine produced by HFC-134a at 730 °C was investigated in this paper. The surface films
were analyzed by scanning electron microscopy (SEM), energy dispersive spectrometer (EDS), X-ray
diffraction (XRD) and X-ray photoelectron spectrometer (XPS). It is revealed that the cover gases
containing sulfur decomposed by FeS, and fluorine produced by HFC-134a can protect the molten
AZ91D alloy well. HFC-134a whose volume fraction is 0.04% -0.1% mixed with gas containing sulfur
by adding FeS, 0.5g per 30 minutes and holding the melting temperature at 730 for 30 min can
protect the molten AZ91D alloy. The bigger the volume fraction of HFC-134a, the better the effect.
The protected film is formed of MgO, MgF2 and small amount Mgs.
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1. Introduction

As a structural material, magnesium alloys are more and more widely used in aerospace,
automotive, electronics, the field of national defense and bio-medical applications due to their good
properties, rich reserves and production cost decreased with the progress of technology. However,
molten magnesium oxidizes readily in an atmosphere containing oxygen, often leading to combustion
on the melt surface [1]. To address this issue, it is necessary to protect the melt by the cover gas over
the melts. SF¢ contained in common gases is no longer acceptable environmentally due to its extremely
high greenhouse effect as well as a very long retention period in the atmosphere and substituted by the
other atmosphere of gases containing sulfur and fluorine.

Many researchers have reported that 1,1,1,2-tetrafluoroethane (HFC-134a) is a possible substitute
for SFs and HFC-134a can provide effective protection for magnesium and some magnesium alloy
melts [2,3]. Moreover, the protection effects of SO, mixed with carrier gases also have been studied by
a few researchers which found that MgSOy4 also formed in the protective film and the formation of the
film might be related to the formation of MgSQO4 [4-8]. FeS», a kind of pyrites, is decomposed at a high
temperature and elemental sulfur created as well as sulfur dioxide [9,10] and has a lower cost
compared with SO,.

In this paper, the protection of molten magnesium alloys AZ91D in the cover gases containing
sulfur decomposed by FeS; and fluorine produced by HFC-134a was investigated. With the different
contents of sulfur and fluorine, the micro-structure and composition of the surface films were
examined, and the thermodynamic properties of the system were also investigated.
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2. Materials and methods

The chemical composition of the material AZ91D magnesium alloy studied at present in weight
percent was 9.21%Al, 0.67%Zn, 0.203%Mn, 0.0007%Ni, 0.002%Fe, 0.0006%Cu, and Mg balance.

In order to reduce the influence of surface films, the surface oxide film of magnesium alloy block
(130g -170g) was cut and removed before the experiment. The chemical composition of FeS; in this
experiment was analyzed by EDS and determined as 4.24%0, 0.86%Mg, 2.79%S1, 47.71%S, 44.4%Fe
in weight percent. The protective effect using different sizes FeS, were compared and determine to use
FeS> with 120~180 pm in this experiment.

Figure 1 shows the installation and the schematic diagram of open furnace of 5L used in this
experiment. To control the melting atmosphere, a certain count of FeS, was put around the crucible
with magnesium alloy specimen at the bottom of the open furnace from the filling tube for every 30
min. At the same time, the other controlled mixed gases containing HFC-134a flew through a flow
meter and fed into the furnace. The cover gases containing different HFC-134a or air contents were
shown in Table 1.
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Figure 1. a. Photograph of the installation used in this experiment b. Schematic diagram
of apparatus sectional view of the furnace. 1.Heat-barrier materials 2.Resistance wire 3.Thermocouple
of temperature control 4.Melting furnace 5.Handle of melting furnace 6.Thermocouple of temperature

measurement 7.Handle of furnace cover 8.Inlet pipe 9.Filling tube 10.Furnace cover 11.Crucible.
12. FeS2. The cover gases pumped in the furnace to replace the air before the experiment for 30 min.
Proper amount of FeS, was added around the crucible with magnesium alloy specimen at the bottom of
the furnace. Then began to heat to 730°C with the speed of 25°C/min. The FeS; was added from filling
sleeve tube according to set time and amount until the end of the experiment .Cut the volume of
10mmx10mmx8mm out of the specimen to analyze and test. Phase analysis of the protective film was
by XRD and morphology and composition by EXEM and accessory of EDS.

3. Results and discussions
3.1. The Effect of HFC-134a Content on Protective Effect

Figure 2 shows the effect of HFC-134a content on protective effect of molten AZ91D alloy with
adding FeS, 0.5g per 30 min and holding the melting temperature at 730°C for 30 minutes. When
volume fraction of HFC-134a was 0%, melting magnesium was protected only by proper amount FeS,
and some cauliflower-like oxides formed on the surface (Figure 2a). The effect was not good. With
volume fraction of HFC-134a 0.04%, a little of the oxides were formed at individual position and
effect is common (Figure 2b). With volume fraction of HFC-134a 0.07%, cracking was formed on the
film substituting oxides and effect is common (Figure 2c). With volume fraction of HFC-134a 0.1%, a
silver-gray dense crack-free protective film with no crack was formed on the surface and the effect is
good (Figure 2d). In a word, protective effect is better with higher volume fraction of HFC-134a under
the condition that FeS; was added 0.5g per 30 min.
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Table 1. The parameters and the protection effect of samples

Samples ‘Weight of FeS2(g) per 30min Volume fraction of HFC-134a/% Protection effect
1 0.5 0 Not protected
2 0.5 0.04 Partly protected
3 0.5 0.07 Partly protected
4 0.5 0.1 Fully protected

c. 0.07%HFC-134a+0.5gFeS2
Figure 2. The effect of HFC-134a
content on protective effect
(0.5gFeS2/30min-air-730°C-holding 30min)

3.2. Morphology of Surface Film

Figure 3 shows the different surface film morphology of molten AZ91D alloy protected by
different HFC-134a content with adding FeS, 0.5g per 30 min and holding the melting temperature at
730°C for 30 min. With volume fraction of HFC-134a 0.04%, a part of the matrix was exposed and the
surface film was not complete (Figure 3a). With volume fraction of HFC-134a 0.07%, most of the
matrix was covered by protected film with a little cracking and the surface film was become compact
(Figure 3b). With volume fraction of HFC-134a 0.1%, compact protective film with no crack was
formed and covered the matrix completely with a good effect (Figure 3c).
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a. 0.04%HFC-1342+0.5gFeS;

b. 0.07%HFC-134a+0.5gFeS;

c. 0.1%HFC-134a+0.5gFeS;

Figure 3. Morphology of the surface film
tested by EXEM (0.5g FeS»/30min-air-730°C-holding 30min)

3.3. Compositions of Surface Film

Table 2 shows the effect of HFC-134a content on composition of surface film with adding FeS:
0.5g per 30 min and holding the melting temperature at 730°C for 30 min. Surface film was tested by
EDS and average composition can be determined. The depth tested by EDS can be greater than the
thickness of surface film which was thin. Although magnesium matrix information was tested, reaction
degree can be judged. With volume fraction of HFC-134a/% increasing, the percentage content of F
increased, O decreased obviously and S decreased also. The content of MgO and MgS decreased and
MgF> increased in the film judged by the percentage content of O, F and S.

Table 2. Different compositions of surface film with the change of HFC-134a content
Sample parameters:AZ91D alloy,0.5g FeS2/30min-air-730°C- 30min

Volume fraction of HFC-134a/% 0/% F/% S/% Mg/%
0.04% 26.05 10.55 3.14 53.26
0.07% 20.15 15.06 2.63 58.22
0.1% 18.93 18.34 1.38 52.88
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3.4. Analysis of XRD and XPS

The protected film contains not only Mg, F, O and S, but also other elements determined by the
testing of morphology and compositions. Compounds can be determined by XRD analysis. Figure 4
shows the XRD analysis result of the AZ91D alloy sample. The melt magnesium alloy was protected
by mixed gas containing 0.1%HFC-134a and sulfur decomposed by FeS, which was added 0.5g per 30
minutes. Heat the melting to the temperature at 730°C and hold for 30 minutes. It can be concluded that
the protected film was formed of MgO, MgF2 and a small amount of MgS. The peak of Mg is obvious
and caused by matrix with thin surface film (Figure 4).
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Figure 4. XRD analysis of the protected film

Figure 5 shows the whole pattern of surface film and the film sputtered for 500s by XPS. The
sample melted in the protective gas containing 0.1%HFC-134a and sulfur decomposed by FeS, which
was added 0.5g per 30 minutes. The surface film contains Mg, O, F, S and a little C. Figure 6 shows
the MglsXPS spectra of film from the same sample. 3 peaks can be obtained by fitting the high
resolution spectra. It means Mg elements existed in 3 states in the protected film. It can be concluded
that the main elements Mg, O, S and F in the film correspond to peaks of MgO, MgS and MgF.
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Figure 5. The whole pattern of surface film determined
by XPS (730°C-30min-air-0.5g FeS2/30min+0.1%HFC-134a)
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Figure 6. Mg1sXPS spectra of the surface film
(730°C-30min-air-0.5gFeS2/30min+0.1%HFC-134a

4. Conclusions

Finally, the basic questions posed above are then discussed and conclusions are drawn.

(1) The cover gases containing sulfur decomposed by FeS» and fluorine produced by HFC-134a
can protect the molten AZ91D alloy well.

(2) Volume fraction of HFC-134a was 0.04% -0.1% mixed with gas containing sulfur by adding
FeS2 0.5g per 30 min and holding the melting temperature at 730°C for 30 min can protect the molten
AZ91D alloy. The bigger the volume fraction of HFC-134a, the better the effect.

(3) The protected film was formed of MgO, MgF> and small amount Mgs.
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