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This article studies the mechanism of iron reduction in magnesium alloy melt by
investigating the iron concentrations in different parts in the melt with different holding
time. The iron concentrations at the top, the center and the bottom of the melt are
measured with the holding time of 300, 1800 and 7200 s. The elements in the sludge settling
down in the crucible are also determined by ICP. With the increasing holding time, the iron
content in the upper part of the melt decreases and that in the lower part of the melt
increases. And the iron content in the sludge increases rapidly. The iron concentrations in
the melt and the sludge change little with longer holding time than 1800 s. Among the three
iron reduction agents B2O3, MnCl2 and TiO2, B2O3 has the highest iron reduction efficiency
(IRE). IRE of B2O3 is as two times and five times as IRE of MnCl2 and IRE of TiO2
respectively. Formation of FeB and settling of it into melting sludge are believed to be the
primary mechanism of iron reduction by B2O3 processing. The mechanism of iron reduction
in magnesium melt by MnCl2 or TiO2 processing is studied by thermodynamic analysis.
Formation of substance containing MnFeAl or TiFe with high density and high melting
point and settling of them into melting sludge are suggested to be the mechanism of iron
reduction by MnCl2 or TiO2 processing. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The magnesium alloy, as the lightest structural metal,
has been widely used in automobile, electronics and
aerospace industries due to its desirable combination of
properties, including low density, high specific strength
and specific stiffness, superb damping and electro-
magnetic shielding capacities, good machinability, and
good castability [1, 2]. The demand for magnesium
alloys has been increasing significantly since 1990 s
[3–6].

The inherent quality of magnesium alloys, as we
know, to a critical level is the prerequisite for that many
processing techniques take effects to a satisfactory ex-
tent. Therefore, we make great efforts to improve the
inherent quality of magnesium alloy ingots. In mag-
nesium alloys, iron must be controlled to an extremely
low level because even a small amount of it can remark-
ably impair the corrosion resistance [7–9]. In addition,
iron is reported to suppress grain-refining effects of
super-heating treatment [10, 11].

In a previous paper [12], the author studied the iron
reduction in AZ91 melts by B2O3. However, the mech-
anism of iron reduction was not further discussed. In
this article the author studied the mechanism of iron
reduction in magnesium melt by investigating the iron
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concentrations in different parts in the melt with dif-
ferent holding time. The experimental iron reduction
agents are B2O3 [12], MnCl2 and TiO2 [13]. The au-
thor also compared the effects of B2O3, MnCl2 and
TiO2 on iron reduction in magnesium melt.

2. Experimentals
2.1. Materials
Industrial AZ91 alloy scraps with initial iron content of
0.062 wt% were adopted in this work. Chemically pure
B2O3, MnCl2 or TiO2 was mixed with a purification
flux named JDMR flux (mainly chloride) [14], respec-
tively, and then added into the melt for iron reduction.
The JDMR flux was developed by Shanghai Jiao Tong
University.

2.2. Experimental procedures
The scraps were melted in a graphite crucible under
protection of a shield gas consisting of SF6 (1 vol%) and
CO2 (bal.). The mixtures of B2O3, MnCl2 or TiO2 and
the JDMR flux in the form of powder were added into
the melt at the temperature of 735–740◦C respectively.
The addition of the mixture was 4 wt% by the melt
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weight. And the iron reduction agent is 20 wt% by
the mixture. After being stirred for fifteen minutes, the
melt was held for 300, 1800 and 7200 s and samples
at the top, the center and the bottom of the melt were
got for chemical analysis. The sludge that deposited
at the crucible bottom was also collected for chemical
analysis.

The chemical compositions of the melts and the
sludge were studied with an inductively coupled plasma
spectrum machine (ICP, IRIS Advantage 1000) pro-
duced by the Thermo Jarrell Ash Company. Phases
were analyzed using a scanning electron microscope
(SEM, PHILIP SEM515) with an energy disper-
sive spectroscope (EDS). The sludge was studied
by means of an X-ray diffractometer (XRD, Rigaku
Dmax-rC).

3. Results
3.1. Iron distribution in the melts

and the sludge
Fig. 1a–c show the distribution of iron and boron in
the melts and the sludge with the holding time of 300,
1800 and 7200 s respectively. It can be seen that the
iron content and the boron content increase from the
top to the bottom in the melts, but the increasing extent
is not significant with the holding time of 300 s. The
sludge has the highest iron content and boron content.
With the holding time of 1800 and 7200 s, the iron
distribution and the boron distribution appear similar
with that for 300 s. However, the iron and the boron
in the sludge are far more than those in the melts. In
addition, the iron distribution shows little difference
with the holding time of 1800 and 7200 s. There-
fore, it is presumed that iron atoms have almost set-
tled down in the sludge within 1800 s. And 1800 s
is believed to be the proper holding time for B2O3

processing.
Fig. 2a–c show the iron distribution and the man-

ganese distribution in the MnCl2 processed melt and
the sludge. The experimental results are similar with
those of the B2O3 processing. A little difference lies
in the fact that the MnCl2 processed melt has high
manganese content which is due to manganese in the
original AZ91 ingot. However, the highest manganese
content in the sludge shows us that manganese atoms
react with other atoms and form some high density
substance settling down in the crucible.

Fig. 3a–c show the iron distribution and the tita-
nium distribution in the TiO2 processed melt and the
sludge. The experimental results are similar with those
of the B2O3 processed melt. We can presume that tita-
nium atoms react with other atoms, probably iron, and
form some high density substance settling down in the
melts.

3.2. Iron reduction efficiency
The changes of the iron concentration in different parts
in the melts with the increasing holding time were
shown in Fig. 4a–c. It can be seen that iron decreases
with the increasing holding time for the top, the cen-
ter and the bottom melts in the crucible. And a sharp

T AB L E I Changes of iron concentration in different parts of the
melt with the holding time of 300 s

�CFe (wt%)

Samples Top Center Bottom

B2O3 processed melt 0.032 0.026 0.016
MnCl2 processed melt 0.020 0.011 0.005
TiO2 processed melt 0.011 0.005 0.003

drop appears with the holding time of 300 and 1800 s.
The iron content changes little with the holding time
increasing from 1800 to 7200 s. At the same part in
the melt, iron decreases more quickly in the B2O3 pro-
cessed melt than that in the MnCl2 processed melt or
the TiO2 processed melt.

Table I shows the changes of iron concentration (rep-
resented by �CFe) in different parts in the melts with
the holding time of 300 s. We define �CFe in the cen-
ter part of the melts as iron reduction efficiency (rep-
resented by IRE). IRE is 0.026, 0.011 and 0.005 for
B2O3, MnCl2 and TiO2 processing respectively. There-
fore, B2O3 is believed as an effective iron reduction
agent for magnesium.

4. Discussion
Generally, it is difficult to study the reactions that occur
in a chemically complicated alloy melt by experiments.
Therefore, we tried to analyze the reactions via thermo-
dynamic calculations in B2O3 processed, MnCl2 pro-
cessed and TiO2 processed magnesium melts, respec-
tively. The related thermodynamic data come from two
handbooks [15, 16].

(1) B2O3: In the B2O3 processed melt, the following
reactions may take place concerning B2O3, Mg and
Fe.

B2O3 (s) + 3Mg (l) = 3MgO (s) + 2B (s)
(1)

�G0
1 = −1828710 + 106.16T

B (s) + Fe (l) = FeB (s)
(2)

�G0
2 = −93300 + 18.07T

B (s) + 2Fe (l) = Fe2B (s)
(3)

�G0
3 = −128940 + 35.26T

B2O3 (s) + 3Mg (l) + 2Fe (l)

= 3MgO (s) + 2FeB (s) (4)

B2O3 (s) + 3Mg (l) + 4Fe (l)

= 3MgO (s) + 2Fe2B (s) (5)

Here s, l and g represent solid, liquid and gas respec-
tively, �G0

1, �G0
2 and �G0

2 are the changes of Gibbs
free energy of reactions (1), (2) and (3) at standard state
(1 atmosphere and 298 K) respectively, T is the reaction
temperature, and R is thermodynamic constant.
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Figure 1 Iron and boron distributions in the B2O3 processed melt and the sludge with different holding time (a) 300 s, (b) 1800 s, and (c) 7200 s.

Figure 2 Iron and manganese distributions in the MnCl2 processed melt and the sludge with different holding time (a) 300 s, (b) 1800 s, and (c)
7200 s.
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Figure 3 Iron and titanium distributions in the TiO2 processed melt and the sludge, with different holding time (a) 300 s, (b) 1800 s, and (c) 7200 s.

Figure 4 Changes of iron content with increasing holding time at different parts of the melts (a) top, (b) center, and (c) bottom.
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Figure 5 X-ray diffraction spectrum of the melting sludge.

The change of standard Gibbs free energy of the
reaction (4) is calculated:

�G0
4 = �G0

1 + �G0
2 × 2 = −2015310 + 142.3T

= −1972905 (J/mol) < 0

�G0
5 = �G0

1 + �G0
3 × 2 = −2086590 + 176.68T

= −2033939 (J/mol) < 0

�G0
4 and �G0

5 are negative at the standard state,
indicating that the reactions (4) and (5) are spontaneous
thermodynamically.

Taking T as 1008 K, �G0
4 and �G0

5 can be calcu-
lated:

�G0
4 = −2015310 + 142.3T

= −1871871.6 (J/mol) < 0

�G0
5 − 2086590 + 176.68T

= −1908496.6 (J/mol) < 0

which indicate that FeB and Fe2B can occur in the
B2O3 processed melt at 1008 K. According to the ratio
of B (corresponding to B2O3) addition and Fe content
in the melt, B is excess so that the reaction (2) play a
major role in removing Fe. The reaction (3) can only
take place in case of insufficient B based on optimal

chemical equilibrium. In the real, not optimal condi-
tion, however, the reaction (3) may also take place in
some extent in spite of very little formation of Fe2B. In
the XRD analysis pattern shown in Fig. 5 FeB (its melt-
ing point is 1650◦C) [17] was detected in the sludge.
And little Fe2B may also exist, but it is not certain
because its all peaks are overlapped.

(2) MnCl2: The similar work as the B2O3 process-
ing was carried out for the MnCl2 processed melt as
follows.

MnCl2 (s) + Mg (l) = MgCl2 (l) + Mn (l) (6)

At 1008 K, the change of Gibbs free energy of the
reaction (6) �G0

6 is calculated:

�G0
6 = −29270 − 73.05T

= −102904.4 (J/mol) < 0

which indicates that manganese can be substituted
by magnesium in the MnCl2 processed melt. These
manganese atoms react with iron atoms and form
some intermetallic containing MnFeAl settling down
in the crucible. The phase containing MnFeAl was ob-
served in the lower part of the melt by SEM. Fig. 6a
and b are morphology and EDS result of the phase
respectively.

(3) TiO2: The similar work as the B2O3 processing
was carried out for the TiO2 processed melt as follows.

TiO2 (s) + 2Mg (l) = Ti (s) + 2MgO (s) (7)

At 1008 K, The change of Gibbs free energy of the
reaction (7) �G0

7 is calculated:

�G0
7 = −262660 + 47.52T

= −214759.8 (J/mol) < 0

which indicates that titanium can be obtained in the
TiO2 processed melt. And Ti was reported to react with
Fe and settles down [18] in the crucible. Unfortunately
we have not detected some compound containing Fe
and Ti in the melt or sludge. And we will further work
on it.

Figure 6 Morphology of the MnFeAl phase and its EDS result.
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5. Conclusions
1. The iron concentration decreases significantly in

the magnesium melt by B2O3, MnCl2 or TiO2 process-
ing. The iron concentration in the upper part of the melt
is smaller than that in the lower part of the melt. And
the sludge has the highest iron content.

2. The iron concentration in the melt decreases
sharply within the holding time of 1800 s. And the
iron reduction efficiency of B2O3 is higher than that of
MnCl2 or TiO2.

3. Thermodynamic analysis and XRD research show
that formation of FeB is the main reason for iron reduc-
tion in the magnesium melt. The iron reduction in the
MnCl2 or TiO2 processed melts is due to formation of
the high density substance containing FeMnAl or FeTi
settling down in the crucible.
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