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The Mg-3%Al melt was treated by carbon inoculation and/or Fe addition. The effects of Fe addition and
addition sequence on the carbon inoculation of Mg-3%Al alloy were investigated in the present study. The
role of Fe in the grain refinement of Mg-3%Al alloy treated by carbon inoculation was closely associated
with the operating sequence of carbon inoculation and Fe addition. Fe has no obvious effect on the
grain refinement of Mg-3%Al alloy by carbon inoculation under the condition that Fe pre-existed in the
Mg-3%Al melt before carbon inoculation. However, Fe played an inhibiting role under the condition that
the Mg-3%Al melt had been inoculated by carbon before Fe addition. The Al-C-0 particles were observed
Grain refinement in the sample treated only by carbon inoculation. In addition to Al-C-O particles, Al-C-O-Fe particles
Nucleating substrate could be observed in the sample treated by Fe addition and then carbon inoculation. These Al-C-O and
Iron Al-C-0O-Fe particles, actually being Al-C and Al-C-Fe phases, should be the potent nucleating substrates
Carbon for Mg grains, resulting in the grain refinement. However, the Al-C-O-Fe-rich intermetallic particles
were mainly observed in the samples treated by carbon inoculation and then Fe addition. The Al-C-O-Fe
particles, actually being Al-C-Fe phases, formed under this condition should not be the potent nucleating
substrates for Mg grains, resulting in the grain coarsening.
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1. Introduction

During the past two decades, the consumption of magnesium
alloys has steadily increased in the industries of electronics and
automobile parts since magnesium is the lightest structural metal
currently available in the world [1-3]. Among a broad range of mag-
nesium alloys, Mg-Al type alloys take a dominant position in the
magnesium products [1-3]. The grain refinement has been proved
to be a very effective route to improve the mechanical proper-
ties of the Mg-Al type alloys [4-6]. Many grain refining methods
have been developed, such as addition of solute elements [4,7,8],
superheating [7-10], FeCl; inoculation [11] and carbon inocula-
tion [5-8,12-19]. Among them, the carbon inoculation offers many
practical advantages, like the lower cost, the lower operating tem-
perature and the less fading [7,8]. The refining mechanism of the
carbon inoculation firstly proposed by Emley in his book [20] is that
the Al4C; particles formed in the Mg—Al melt act as nucleating sub-
strates for Mg grains during solidification. This hypothesis has been
widely appreciated to date by many researchers [5-10,12-18].
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The element of Fe was proved to be an important factor to deter-
mine the refining efficiency for the Mg-Al alloys refined by carbon
inoculation [21-24]. Discrepant results that whether Fe inhibits
the grain refinement or not were obtained by some researchers
[21-24]. Haitani et al. [21] concluded firstly that Fe was an inhibit-
ing element for grain refinement, since it poisoned the potency of
the Al4C3 nucleating particles by transforming Al4C3 into Al-C-Fe-
rich intermetallic compounds. From then on, this viewpoint was
widely accepted by many researchers [7,8,10,22]. However, Pan
et al. [23] insisted that Fe played a positive role in the formation
of the nucleating particle rather than an inhibiting element. The
same result was also obtained in the authors’ previous study [24].
In these studies, the Al-C-Fe-rich intermetallic particles were also
observed. However, these Al-C-Fe-rich particles acted as nucle-
ating substrates for Mg grains resulting in the grain refinement
[23,24]. It is difficult to understand clearly why contradictory
conclusions were made for the same phenomenon. The exact mech-
anism is not disclosed yet.

It should be noted that the ultra-high purity raw materials, hav-
ing very low content of Fe (<10 ppm), were used in the studies
performed by Haitani and Cao et al. [21,22]. However, the com-
mercial raw materials with relatively high content of Fe (0.05%)
were employed by Pan et al. [23]. In the authors’ previous study
[24], different Fe contents (from 0.05% to 0.5%) were added into the
Mg-Al melt before being refined by carbon inoculation. As far as the
ultra-high purity Mg-Al alloys are concerned, Cao et al. [22] found
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they have native grain refinement due to the existence of native
Aly4C3 particles. In the Haitani’s study [21], therefore, the native
Al,C3 particles should pre-exist in the melt before Fe addition. On
the contrary, the element Fe pre-existed in the Mg-Al melt before
being refined by carbon inoculation in the studies performed by
Pan and authors [23,24]. Therefore, it seems that whether Fe plays
an inhibiting role or not in the grain refinement of Mg-Al alloys by
carbon inoculation should be associated closely with the operating
sequence of carbon inoculation and Fe addition.

This work aimed to study the effects of Fe addition and addi-
tion sequence on carbon inoculation of the Mg-3%Al alloy. Fe is
an inevitable impurity element in the commercial Mg-Al alloys.
From the viewpoint of commercial industries, such investigation
has more practical significance, and also some important data can
be provided to develop a suitable grain refiner, i.e. reliable and easy
to be applied to Mg-Al alloys.

2. Experimental procedure

The raw materials used in the present study included relatively high purity mag-
nesium (99.95%Mg, 0.002%Fe, 0.002%Mn), high purity aluminum (99.99%Al). The
alloy used in the present study was Mg-3%Al alloy, which has the basic composi-
tions widely used in industries as wrought magnesium alloy. To inoculate the Mg-Al
melt, the pellets containing carbon powder were prepared beforehand. The details
on the pellets have been described elsewhere [17,18].

The MgO crucible of relatively high purity was used in the present study to avoid
the uptake of other impurity elements. The Mg-3%Al alloy of about 20 g was melted
in an electric resistance furnace at 760 °C. To avoid oxidation, the melt was covered
by a protective flux (45%MgCl,, 35%KCl, 10%CaF,, 10%NaCl (mass ratio)). The high
purity Al-15%Fe master alloy was used to add Fe into Mg-Al melt. The addition
amounts of Fe and carbon were 0.1% and 0.2% (mass ratio) of the melt, respectively.
To exactly control the Al content in Mg-Al melt, the amounts of Al in the pellets and
Al-15%Fe master alloy were taken into consideration.

Six samples were prepared in the present study. They were the sample of
Mg-3%Al alloy without treatment and the two samples treated separately by
carbon inoculation and Fe addition, as well as the three samples treated by
the combination of carbon inoculation and Fe addition. The preparation details
of the six samples, corresponding to the process Nos. 1-6, were described as
following.

The pure Mg and pure Al were melted together and the melt was held for 20 min
before being poured. This process route corresponded to process No.1 to prepare the
sample without treatment. The pellets containing carbon powder were plunged into
the Mg-Al melt. After that, the melt was held for 10 min, manually stirred for 1 min
with a magnesia rod, and continued to be held for 10 min. This process route corre-
sponded to process No. 2 to prepare the samp1e treated only by carbon inoculation.
As for the process No. 3 to prepare the sample treated only by Fe addition, the pure
Mg, pure Al and Al-15%Fe master alloy were melted together and the melt was held
for 20 min before being poured.

The pure Mg, pure Al and Al-15%Fe master alloy were melted together, and
then the melt containing 0.1%Fe was further treated by carbon inoculation, like as
the process No. 2. This process route corresponded to the process No. 4. As for the
process route No. 5, the Mg-Al melt was firstly treated by carbon inoculation, like as
the process No. 2. After that, this Mg-Al melt was further treated by 0.1%Fe addition
and was held for 10 min before being poured. The process No. 6 was almost the same
as process No. 5. The carbon-inoculated melt further treated by 0.1%Fe addition was
held for a longer time of 20 min before being poured.

For the samples prepared through process Nos. 4-6, they were all treated by
the combination of carbon inoculation and Fe addition. However, the operating
sequences of carbon inoculation and Fe addition were different. For the sample pre-
pared through process No. 4, the Mg-Al melt was firstly treated by 0.1%Fe addition
and then inoculated by carbon. The contrary sequence was carried out in process
Nos. 5 and 6. The Mg-Al melt was firstly inoculated by carbon and then treated by
0.1%Fe addition.

The melts prepared through different process routes were poured into a cylin-
dric iron-mould with the size of @20 mm x 25 mm, which was preheated at 500 °C.
Metallographic samples were cut in the horizontal direction at the position of 10 mm
from the bottom of the samples. To reveal the grain boundaries clearly, the samples
were held at 420 °C for 6 h, and then were air-cooled. These heat-treated samples for
grain morphology observation were prepared using a standard procedure. The grain
microstructures were observed using the Leica DFC320 type optical microscope. Five
pictures for every sample were taken from the central area of the metallographic
sample. The grain size was evaluated using linear intercept method described in
ASTM standard E112-88. The five data of grain sizes measured from five pictures
were averaged. The average value and standard deviation were used to evaluate the
grain size of every sample.

To observe the microstructural characteristics of nucleating particles in the sam-
ples, the as-cast samples etched with 2vol.% nitride acid ethanol solution were

further studied by Quanta 200 scanning electron microscope (SEM) equipped with
IE350MT energy-dispersive X-ray (EDX) spectrometer.

3. Results
3.1. Grain refining efficiency

Fig. 1 shows the grain morphologies of the Mg-3%Al alloy
treated through different process routes. These pictures were taken
under relatively high magnification (100x ). The pictures used to
evaluate the grain sizes were taken under low magnification (50x)
since more grains existed in the pictures. The grain sizes of the six
samples are listed in Fig. 2. For the sample without treatment, the
grain was coarse withasize of 610 + 135 wm (Fig. 1a). The grain was
significantly refined for the sample treated by carbon inoculation.
Its grain size was decreased to 183 & 25 wm (Fig. 1b). For the sam-
ple treated by 0.1%Fe addition, its grain size was about 525 + 95 pm
(Fig. 1¢). For the sample treated through process No. 4, its grain size
of 188 +£31 wm was almost the same as the sample treated by only
carbon inoculation. Compared to the samples treated through pro-
cess Nos. 3 and 4, the grains became very coarse for the samples
treated through process Nos. 5 and 6 (Fig. 1e and f). Their grain
sizes were 582 + 140 and 708 + 165 .m, respectively.

Obviously, Fe had no effect on the grain refinement of the
Mg-3%Al alloy by carbon inoculation under the condition that Fe
pre-existed in the Mg-Al melt. On the contrary, Fe played an inhibit-
ing role in the grain refinement of the Mg-3%Al alloy if the Mg-Al
melt had already been treated by carbon inoculation before Fe was
added. Consequently, a conclusion could be drawn that the effect of
Fe on grain refinement of Mg-Al alloys by carbon inoculation was
closely associated with the operating sequence of carbon inocula-
tion and Fe addition.

3.2. SEM observations

By SEM observation, the AlI-C-O particles were easily captured
in the sample treated by carbon inoculation. The sizes of these par-
ticles distributed in the range between about 0.4 and 3 pm. Fig. 3
shows the typical images of the Al-C-O particles. The particles
denoted by A to C were all Al-C-0 particles, and their typical EDS
spectra measured from the particles denoted by A and B are also
illustrated in Fig. 3.

Judged by EDS spectra, two kinds of particles could be observed
in the sample treated through process No. 4. They were Al-C-0O
and Al-C-O-Fe particles. Fig. 4 shows the typical images of the
particles existing in this sample. The particle denoted by A was
Al-C-0-Fe particle and the other particles denoted by B to D were
all Al-C-0 particles. The sizes of these particles distributed in the
range between about 1.5 and 3 wm. The particles with a size of less
than 1 wm were hardly observed.

As for the two samples treated through process Nos. 5 and 6,
many intermetallic particles could be also easily observed. These
particles were mainly Al-C-O-Fe particles, while the Al-C-0 parti-
cles were hardly found. The images of the Al-C-O-Fe particles and
their typical EDS spectra are shown in Figs. 5 and 6. The sizes of
the particles existing in these two samples were obviously larger
than those in the samples treated through process Nos. 2 and 3.
The size distributions of the particles existing in these two samples
were both in the range between about 2 and 10 pm. Compared to
the sample treated through process No. 5, more particles with a
larger size could be found in the sample treated through process
No. 6. Judged by EDS spectra, the Al-C-O-Fe particles in these two
samples could be classified into two types. One type was that the
particles contained low content of Fe, such as the particles denoted
by A in both Figs. 5 and 6. The other type was that the particles
contained high content of Fe, such as the particles denoted by B in
both Figs. 5 and 6.
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Fig. 1. Grain morphologies of the Mg-3%Al alloy without treatment (a) and treated through process No. 2 (b), process No. 3 (c), process No. 4 (d), process No. 5 (e) and process
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Fig. 2. Average grain sizes of the Mg-3%Al alloy treated through different processes.

4. Discussion

Significant grain refinement could be obtained for the Mg-3%Al
alloy inoculated by carbon, as shown in Fig. 1a. For the refining
mechanism of carbon inoculation, the hypothesis that Al,Cs par-
ticles formed by reaction between Al and C in the Mg-Al melt
should act as nucleating substrates for Mg grains has been widely
accepted by many researchers [5-10,12-18]. However, it should
be noted that the Al-C-O particles have been always found in
the Mg-Al alloys inoculated by carbon [5,6,12,13,16-18]. Likewise,
the Al-C-0O particles were also observed in the present study, as
shown in Figs. 3 and 4. These Al-C-0 particles should be actually
the hydrolyzate of Al4C3 particles during specimen polishing, since
Al,C5 is extremely reactive to water [12,16]. On the other hand, the
formation of Al,CO phase in the Mg melt is thermodynamically less
favorable than the formation of Al4C3 phase [25].

The effect of Fe on the grain refinement of Mg-3%Al alloy, like
the sample treated through process No. 3, has been discussed in
the authors’ previous study [24]. As for the Al-15%Fe master alloy



J. Du et al. / Journal of Alloys and Compounds 502 (2010) 74-79

) | det | mode|temp
mm |ETD| SE -

Particle A Elements Wt%  At.%
[ 244 1627
o 1871 2033
2 Me 70.90 6038
Al 395 3.03
N

c
U“E ll 1.‘5 ‘.: 2?5 JI 3:5 4 4:5
kel
Particle B Elements Wt%  At.%
c 773 1400
o (o] 305 1095
Mg 80.60 7213
" Al 3.62 292

c
o5 1 15 2 25 3 a5 & 14
keV|

Particle A Elements Wit  At%%
c 731 1237
Al
o 2024 3837
Mg 4232 3655
Al 1083 843
e e Fe 1030 3.87
05 %5 2 15 3 a5 4 4
keV]
Particle D Elements Wt%  At%
¢ 773 1400
5 0 805 1095
Mg 8060 7213
M Al 362 192
[+
o5 1 15 2 25 3 35 & 14
kev

77

Fig. 4. SEM images of the Al-C-O-Fe particle (A) and the Al-C-O particles (from C to D) in the Mg-3%Al alloy treated through process No. 4 and their typical EDS spectra

measured from A and D particles.

Fig. 5. SEM images of the Al-C-O-Fe particles in the Mg-3%Al alloy treated through process No. 5 and their typical EDS spectra measured from A and B particles.
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Fig. 6. SEM images of the AlI-C-O-Fe particles in the Mg-3%Al alloy treated through process No. 6 and their typical EDS spectra measured from A and B particles.

used in the present study, its microstructure and X-ray diffraction
(XRD) pattern are shown in Fig. 7. The element Fe mainly existed
in the form of AlFe3 and AlFe intermetallic compounds. Judged
by Al-Fe binary phase diagram [26], the Al-15%Fe master alloy
should consist of Al and AlsFe phases under equilibrium solidifi-
cation. However, the AlFe phase is possibly formed in the Al-15%Fe
master alloy under non-equilibrium solidification.

After the Al-15%Fe master alloy was added into the Mg-Al melt,
some parts of Al-Fe intermetallic compounds were dissolved into
the melt and the other parts remained in the melt since the Fe
concentration in Mg melt is low (about 0.05% at 760 °C) [26]. There-
fore, the element Fe in the Mg-Al melt should exist in the form
of Al-Fe intermetallic compounds and solute Fe. As for the sample
treated through process No. 4, the Al-15%Fe master alloy was added
into the Mg-Al melt before being inoculated by carbon. Under
this condition, the formation of Al4C3 was possibly interrupted by
Al-Fe intermetallic compounds and solute Fe. Consequently, the
Al-C-0O-Fe particles could be observed in this sample, as the parti-
cles denoted by B to D in Fig. 4.

As far as the Al-C-O-Fe particles were concerned, they should be
actually the Al-C-Fe-rich intermetallic compounds. These Al-C-Fe-
rich compounds are possibly formed by the following processes.
Firstly, the Al-C-Fe intermetallic compounds can be formed by a
direct reaction among Al, C and Fe in the Mg-Al melt. Secondly,
the Al-C compounds may be formed by a reaction between Al
and C firstly, then the Al-C compounds are adsorbed on the sur-
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Fig. 7. Optical microstructure of the Al-15% Fe master alloy and its XRD pattern.

face of Al-Fe compounds. Thirdly, the Al-C-Fe compounds can be
directly generated by a reaction between C and Al-Fe compounds
on the surface. These processes may be competing with each other,
resulting in the formation of Al-C-Fe compounds with different
structures. Up to now, the structure of the Al-C-Fe intermetal-
lic compounds formed by a direct reaction among Al, Fe and C in
the magnesium melt has not been disclosed. So it is very difficult
to judge whether these Al-C-Fe intermetallic particles can act as
the nucleating substrates for Mg grains. However, as for the latter
two ways, it is possible that the Al-C coating film is formed on the
surface of the Al-Fe compounds.

As a result, the particles of Al-C-Fe compounds with duplex
structures, i.e. an Al-C film on the Al-Fe compound, could possi-
bly be formed. A hypothesis was firstly proposed by the present
authors that an Al4C3 coating film could possibly be formed on the
surface of some compounds with high melting-point [27]. Some
powerful evidences have been provided to prove the validity of
this hypothesis [17,28]. For example, the present authors found the
duplex structures of the Al-C film on the Al4Ca particles [17]. Liu
et al. [28] found that an Al4C3 film could be formed on the Al-Mn
intermetallic compounds.

These Al-C-Fe particles with an Al-C film should also act as
nucleating substrates for Mg grains. The Al-C-Fe particles formed
under this condition were theoretically proved to be potent nucle-
ating substrates for Mg grains [24]. Therefore, the same refining
efficiency could be obtained for the samples treated through pro-

+ ALFe
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Intensity
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cess Nos. 2 and 4, since the two types of particles, i.e. Al-C particles
and Al-C-Fe particles with Al-C film, could act as nucleating sub-
strates for Mg grains.

However, the AI-C-O particles could hardly be found in the
samples treated through processes Nos. 5 and 6. Only Al-C-O-Fe
particles were observed in these two samples. They were also actu-
ally the Al-C-Fe-rich intermetallic compounds. For the process
Nos. 5 and 6, the Al4C3 particles had already formed in the Mg-Al
melt before Fe was added. Addition of Al-15%Fe master alloy was
expected to introduce Al-Fe intermetallic compounds and a small
amount of solute Fe into the Mg-Al melt. Many possibilities exist to
form the Al-C-Fe particles, such as adsorption of Al4C3 and Al-Fe
intermetallic particles, reaction of Al4C3 and solute Fe, as well as
reaction of Al-Fe intermetallic particles and remaining carbon in
the Mg-Al melt. Likewise, these processes may be competing with
each other, resulting in the formation of Al-C-Fe compounds with
different structures. The amount of the Al-C-Fe particles formed
by reaction of Al-Fe phases and remaining carbon should be very
low since the carbon concentration is very low (less than 20 ppm)
in the Mg melt [14,26]. As for the first two situations, the particles
of Al-C-Fe compound with duplex structures of an Al-Fe film on
Al-C phase were possibly formed, resulting in poisoning of Al4C3
particles. In the study performed by Cao et al. [10], who attributed
the poisoning effects of Fe and Mn to the formation of a coating film
containing Fe and/or Mn on the Al4C; nucleating particles.

Anyway, judged by the obvious grain coarsening for the two
samples treated through processes Nos. 5 and 6, these Al-C-Fe par-
ticles should not be the potent nucleating substrates for Mg grains.
Therefore, Fe played an inhibiting role in grain refinement of Mg-Al
alloys inoculated by carbon under this condition, i.e. carbon inocu-
lation before Fe addition. However, more careful microscopic works
should be further carried out to understand the correlation between
the crystal structures of the Al-C-Fe intermetallic compounds and
the process conditions.

Based on the above discussion, it can be reasonably inferred that
the Al-C-Fe particles with high content of Fe should be formed by
the interaction of Al4C3 and Al-Fe intermetallic compounds. Under
this condition, the Fe peaks in EDS spectra of the Al-C-Fe particles
should be stronger, such as the particles denoted by A in Fig. 4, B
both in Figs. 5 and 6. The Al-C-Fe particles with low content of Fe
should be formed by reaction of Al, C and the solute of Fe in Mg
melt, such as particle denoted by A in Fig. 6.

5. Conclusions

1. Asignificant grain refinement could be obtained for the Mg-3%Al
alloy by carbon inoculation. That Fe inhibited the grain refine-
ment or not was closely associated with the operating sequence
of carbon inoculation and Fe addition.

2. Fehasnoobvious effect on the grain refinement of Mg-3%Al alloy
by carbon inoculation under the condition that Fe pre-existed in
the Mg-Al melt before carbon inoculation. In contrast, Fe played

an inhibiting role in the grain refinement of Mg-3%Al alloy by
carbon inoculation under the condition that the Mg-Al melt was
inoculated by carbon before Fe addition.

3. The AI-C-0 particles were observed in the sample treated by
carbon inoculation. In addition to the Al-C-O particles, the
Al-C-0O-Fe particles could be observed in the sample treated
by Fe addition and then carbon inoculation. These Al-C-0 and
Al-C-0-Fe particles, actually being Al-C and Al-C-Fe phases,
should be the potent nucleating substrates for Mg grains.

4, The Al-C-O-Fe-rich intermetallic particles were mainly
observed in the samples treated by carbon inoculation before Fe
addition. Under this condition, the Al-C-O-Fe particles, actually
being Al-C-Fe phase, should not be the potent nucleating
substrates for Mg grains.
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