Available online at www.sciencedirect.com
N

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 23(2013) 3167-3172

Transactions of
Nonferrous Metals
Society of China

g 8lke Science
ELSEVIER Press

www.tnmsc.cn

Grain refinement mechanism of A1-5C master alloy in AZ31 magnesium alloy
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Abstract: Al-5%C master alloy was prepared by powder in situ synthesis process, and its effects on grain refinement of AZ31 alloy
and refining mechanism were investigated. The results indicate that the AlI-5C master alloy consists of a(Al) and Al,C; phases, and
the size distribution of Al4C; particles is controlled by sintering time. The Al-5C master alloy can remarkably reduce the grain size of
AZ31 alloy, which decreases with the increasing addition amount of Al-5C master alloy when the addition amount is below 2%. The
refining mechanism is attributed to the formation of new compounds of Al-C—Mn particles by Al,C; and Mn, which might act as

nucleating substrates for a-Mg grain.
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1 Introduction

As the lightest metallic structure materials,
magnesium alloys have been widely used in automotive
and aerospace industries for saving mass. The
commercial Mg—Al alloys, such as AZ31 and AZ91
alloys, are the most commonly used magnesium alloys in
industries. They are suitable for structural components in
airplanes and cars, such as cylinder heads, airbag
housings, steering wheels and seat flames [1]. In order to
broaden the application fields of Mg—Al alloys, it is
essential to improve their low strength and poor
formability. It is well known that the grain refinement is
an important technique for improving the mechanical
properties of strength and ductility. Zr is the most
promising grain refiner for Mg alloys which do not
contain Al; however, it cannot be used in Mg—Al alloys
due to immediate reaction with Al forming Al;Zr phase
[2]. It is significant to find grain refiners which can be
used for Mg—Al alloys.

Many potential methods have been developed for
refining Mg—Al grain including superheating, carbon
inoculation, the agitation methods, adding melt agents
(AL4GC;, AIN, SiC, TiB,) and micro-alloying with solute
elements (Sr, Ca, Ce, Y) [3—10]. Among these methods,
the addition of carbon-containing agents (C,Clg) is

known to be the most effective method and offers
practical advantages because of the low operating
temperature and the less fading with a long-time holding
[11]. However, the problem of this method is the
releasing of harmful chloride gas during refining. As
other powder refiner agents (such as Al,C; and SiC),
MgCOs;[12] and MnCO; [13] also have the problem of
un-wetting with magnesium alloys and releasing CO,
gas. Therefore, a reliable, efficient and convenient
commercial grain refiner has to be developed. According
to the successful experiences of grain refinement in
aluminum alloy, adding master alloy is an important
method for its convenient operation and less pollution.
There are few investigations on the preparation of
Al-C master alloy due to the bad wettability between
graphite and aluminum melt. PAN et al [14] prepared the
Al-1C master alloy through putting a certain amount of
carbon containing preforms into the aluminum melt, but
the particle size of the resultant Al,C; is far away from
the optimal size proposed by QUESTED and GREER
[15]. HAN et al [16] fabricated the Al-2.5C master alloy
by powder metallurgy, but it seems that the reaction of
Al and C is not sufficient and the lamellar resultant with
a large size is located at the grain boundaries of a(Al). It
is also hardly to see the morphology of the formation
particles of Al,C; clearly. Therefore, it is critical to
control the particle size distribution of the resultant
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Al,C3. Besides, the grain refinement mechanisms of
Al4C; are still unclear. In addition, it is still unclear what
are the ideal volume fraction, particle size distribution
for a given alloy composition. Hence, in the present work
Al-5C master alloy was prepared by powder in situ
synthesis process and its effects on grain refinement of
AZ31 magnesium alloy were investigated, and the
refining mechanisms were also discussed.

2 Experimental

For preparation of the Al-5C refiner, the mixture of
aluminum powders and graphite powders (mass ratio
19:1) was milled in a planetary ball mill for 5 h, and then
the mixed powders were pressed into a cylindrical
preform with a diameter of 69 mm at 400 °C for 30 min
under the pressure of 100 MPa. Subsequently, the
cylindrical preform was sintered at 1000 °C for a
given duration in vacuum condition and cooled down to
room temperature in the furnace. The XRD and SEM
analyses were employed for the analysis of phase
identification and microstructures of the Al-5C master
alloys.

For grain refinement tests, commercially pure Mg
(>99.9%), Al (>99.9%), Zn (>99.9%) and Mg—4.5Mn
master alloy were used for preparing AZ31 alloy in a
magnesia crucible with 1% protecting flux. The flux
(RJ-2) consists of 35%—45% KCI, 5%—8% CaF,,
40%—-50% MgCl,, and 5%—8% (NaCl+CaCl,). Al-5C
master alloy was added into the melt at 770—780 °C, the
amount of Al in the AI-5C master alloy was carefully
taken into consideration in order to exactly control Al
content in the AZ31 alloy melt. The melt was held for 30
min and then poured into a preheated graphite mold with
dimensions of d55 mmx70 mmx120 mm. The pouring
processing was under protection of CO, and SFs mixed
gas. All the grain refinement tests were repeated three
times.

All specimens for the optical microscopy and SEM
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microscopy were sectioned, cold-mounted, polished and
then etched in a solution of picric and acetic acid
(solution of 10 mL acetic acid, 10 mL H,O, 4.2 g picric
acid and 70 mL ethanol). Macrostructures were observed
by MEF-3 optical microscope. The tensile tests were
carried out at an initial engineering strain rate of
1 mm/min at room temperature. The Brinell-hardness
tests were conducted with a load 245 N and the load time
of 30 s.

3 Results and discussion

3.1 Characteristics of AI-5C master alloy

Figure 1 shows the characteristics of Al-5C master
alloy. It can be seen from Fig. 1(a) that there are a lot of
tiny particles distributed uniformly in the master alloy.
Figure 1(b) shows the XRD pattern of Al-5C master
alloy, it can be identified that the master alloy is
composed of a(Al) phase and Al,C; phase. According
to the calculated results of LIU [17], the Gibbs free
energy (AG) of the following reaction

Al(1)+C(s)— ALCx(s) (1)

is negative when the temperature is higher than 933 K.
So, sintering at 1000 °C can satisfy the thermo-
dynamics conditions of the above reaction.

Figure 2 shows the sintering time as a function of
the particle size of the resultant Al4C;. From Fig. 2(a),
sintering for 1 h, the particles can be observed clearly
under high magnification by SEM, and the further
analyses of EDS confirm that the tiny particles (Area 1 in
Fig. 2(a)) are Al4C; particles (see Fig. 2(c)) with a size of
1-5 um. However, when the sintering time is prolonged
to 3 h, it can be found that the particle size of ALC;
phase increases evidently. As shown in Fig. 2(b), the
black rod-like particles with an average size of 15 pum
turned out, which was further identified as Al;C; phase
in Fig. 2(d). It is concluded that the particle size
distribution of Al4C; is controlled by the sintering time

(b)
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Fig. 1 Optical microstructure (a) and XRD pattern (b) of AI-5C master alloy
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Fig. 2 SEM images (a, b) of AlI-5C master alloy and corresponding EDS spectra of area 1 (c) and area 2 (d)

strongly. In order to acquire the ideal particle size
distribution, the sintering time must be controlled by no
more than 1 h.

3.2 Grain refinement of AZ31 by AlI-5C master alloy

The macrostructures of as-cast AZ31 alloy with
different adding amounts of Al-5C master alloy are
presented in Fig. 3. When the adding amount of AI-5C
master alloy is 0.5% (Fig. 3(b)), there is not apparent
refinement of AZ31 alloy. With the addition amount
increasing to 1% (Fig. 3(c)), the grain size of AZ31 alloy
is remarkably refined compared with that observed in
Fig. 3(a) for the base alloy, and the further grain
refinement is attained as the adding amount of Al-5C
master alloy is up to 2% (Fig. 3(d)). However, the grains
coarsen again when adding 3% (Fig. 3(c)) AI-5C master
alloy because of the aggregation of the redundant Al,Cs
particles.

3.3 Mechanical properties

Table 1 lists the refinement effects of Al-5C on
mechanical properties of AZ31 alloy. As can be seen
from Table 1, the addition of Al-5C master alloy can
improve the mechanical properties of the unrefined AZ31
alloy because of the grain refinement. Compared with the
unrefined AZ31 alloy, the ultimate tensile strength,
elongation and hardness of the AZ31 alloy refined by 2%

Al-5C master alloy are improved from 136.9 MPa, 8.5%
and HB 479 to 152.1 MPa, 8.7% and HB 50.7,
respectively.

3.4 Grain refining mechanism

The most accepted refining mechanism of Mg—Al
alloy by carbon inoculation is that Al,C; or AlL,OC
particles can act as an excellent nucleating substrate for
a-Mg phase [18—21]. In the present study, the notable
grain refinement of the AZ31 alloy is obtained by adding
2% Al-5C master alloy, which should suppose to owe to
AlCs particles in Al-5C master alloy. However, the
ALC; or ALLOC particles have not been found in AZ31
alloy as expect. In recent years, it had been reported that
carbon inoculation cannot refine the binary Mg—Al alloy
containing more than 3% Al (no Mn element), but the
commercial magnesium alloys such as AZ61 and AZ91
alloy (both containing about 0.3% Mn) can still be
refined by carbon inoculation [14,22—24]. It is obviously
inferred that Mn plays an important role in grain
refinement of Mg—Al alloy inoculated by carbon bearing
preforms. They found AI-C—O—Mn—Fe particles within
o-Mg and proposed that it is the AI-C—O—Mn—Fe type
particles  responsible for the observed grain
refinement rather than the Al,C; or ALLOC type particles.
However, they had the opposite opinion on the
formation mechanism of the AI-C—O—Mn—Fe particles.
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Table 1 Mechanical properties of AZ31 alloy treated by 2%
Al-5C master alloy

Expzrl;g;?ntal strefleg?;;ﬁPa Ductility/ % har(Elrelélse?HB)
AZ31 136.9 8.5 47.9
AZ31+2%Al1-5C 152.1 8.7 50.7
Enhancement% 11.1 24 59

LIU et al [22] assumed that the Al,C; particles are
absorbed on the surface of the Al-Mn—Fe-rich
compounds and finally transformed into AI-C—O coating
film. On the contrary, from the analysis results of the
diffraction pattern, KIM et al [23] identified the
polygonal structures of Al-C—O—Mn—Fe type particles
as Alg(Mn, Fe)s which nucleated on the surface of ALLC;,
and proposed the duplex nucleation grain refining
mechanism Al,C;—> Alg(Mn, Fe)s—>a-Mg.

Figure 4 shows the SEM image of alloy, from which
we can see several polygonal particles with a size of
about 5 pm within a-Mg grain. The EDS analysis results

Fig. 3 Macrostructures of AZ31 alloys
with different additions of Al-5C
master alloy: (a) 0; (b) 0.5%; (c) 1%;
(d) 2%; (e) 3%

Fig. 4 SEM image of AZ31 alloy with addition of 2% AI-5C

master alloy

on the particles are shown in Fig. 5, and the element
contents are also listed in Table 2. From Fig. 5 and Table
2, it can be seen that there are three main elements of Al,
C, Mn and some tiny elements of O and Si in the three
particles. The little oxygen element detected by EDS can
be attributed to the slight oxidation of the sample
during preparation [21]. As to silicon element, it is
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Fig. 5 SEM images and EDS analysis results of particles shown in Fig. 4: (a, b) Particle 1; (c, d) Particle 2; (e, f) Particle 3
Table 2 EDS results of particles in AZ31 alloy treated by 2% Al-5C master alloy
Particle x(AD)/% x(C)/% x(Mn)/% x(0)/% x(Fe)/% x(Si1)/% x(Mg)/%
1 21.89 48.84 25.67 1.02 1.83 0.76
2 21.27 49.21 24.65 2.15 1.96 0.76
3 23.04 47.43 24.23 2.72 1.90 0.67

maybe introduced as impurities from Al-5C master alloy
which contain certain of silicon. It is worthy to note that
the carbon content in the three AlI-C—Mn particles is
much higher than that in the Al,C; particles, from which
it can be deduced that some of aluminum in the edge of
Al,C; particle maybe reacted with other elements. These
observations are in good agreement with the current
understanding of the grain refinement mechanism of
Mg—Al alloys refined by AlLC; proposed by
NIMITYONGSKUL et al [24]. Therefore, it is
reasonable to assume that the AI-C—Mn particle was
formed by Al,C; particle and manganese elements, and
the Al4C; particle rather than the AI-Mn particle is in the

core of AI-C—Mn particle. It is also found that particles
2 and 3 do not contain iron elements, and the particle 1
contains only few iron, from which it is difficult to
confirm whether iron element is necessary or not for
grain refining of AZ31 inoculated with Al4C;. Further
investigation should be carried out in the future.

4 Conclusions

1) The Al-5C master alloy consists of a(Al) phase
and Al,C; phase, and the Al4C; particle size distribution
is controlled by the sintering time.

2) The addition of 2% AIl-5C master alloy can
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successfully reduce the grain size of AZ31 alloy, the
tensile strength, elongation and macro-hardness of AZ31
alloy are improved.

3) The refining mechanism of AZ31 alloy refined

by Al-5C master alloy is attributed to the new Al-C—Mn
particle acting as heterogeneous nuclei for primary a-Mg
grain.
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