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1. Introduction

Semi-solid forming of Mg alloys has received much
attention because the process can overcome problems of
pore formation and hot tearing which are usually
observed in the high pressure die casting (HPDC)
process.[1,2] It is well known that there are two semi-
solid processes: rheocasting and thixocasting.[2] The
route of thixocating is composed of the manufacture of
billets of the desired micro-structure, and the subsequent
reheating and forming of the billet in the semi-solid
state. On the other hand, the rheocasting is the process
to form the semi-solid feed materials called slurry,
which are manufactured directly from the liquid state.
Such a process simplification leads the rheocasting to
become more cost-effective than the thixocating.

One of key technologies in the rheocasting is to
manufacture the high quality slurry. To the date, the
NRC (New Rheocasting) process has been well known
as the slurry forming technique for Mg alloys.[1]. The
primary Mg phase with globular shape can be formed
by the method avoiding con-stitutional supercooling
during precipitation of the primary Mg on a steel cup.
As nucleation sites for the method are on the cup wall,

great cares are necessary to keep nucleation and to avoid
remelting of the primary phase. Thus, the NRC method
indispensably accompanies some inconveni-ences 1In
control of cooling pattern.

In the present study, a simple method is suggested for
the production of the slurry used for the semi-solid
forming of AZ91 Mg alloy. The basic principle of the
method is utilization of Alg(Mn,Fe); as a heterogeneous
nucleation site for the primary Mg and the principle is
explained in the below.

2. Basic principle of the method

Solubility of Mn in Mg alloy melts varies as a
function of temperature. Thorvaldsen and Aliravci[3]
have obtained the following equation.

sol —

[Mn] [Al]-(}.4561 1.97-11398/T

where, [Mn]_, and [Al] are the solubility of Mn in the
melt and the Al concentration in weight %, respectively,

sol

and T is the temperature in Kelvin. The Mn solubility in
AZ91 alloy melt at several temperatures is calculated in
Table 1. As shown in Table 1, the Mn solubility varies
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significantly with temperature. Tablel shows that the
saturation solubility temperature for the AZ91 alloy with
0.23% Mn, which is used as a raw material in the present
work, is 642°C. When this alloy is solidified after
holding at a higher temperature than 642°C, super-
saturated Mn is likely to precipitate. It is well known
that the Mn in AZ91 alloy precipitates as a form of
AlMn; rather than pure Mn. In most cases the AZ91
alloy melt contains Fe. Thus, the actual precipitate
normally becomes Al;(MnFe)..[4] When the melt
reaches 598°C which is the liquidus temperature of
AZ91 alloy,[5] about 0.108% Mn will be precipitated as
a form of Ali(Mn,Fe); as far as solidification does not
exceedingly deviate from the equilibrium condition. If
these precipitates act as heterogeneous nucleation sites,
the primary Mg will be formed as illustrated in Fig. 1.
Slurries are formed when the melt is held at a two-phase
region (585°C) after partial solidification.

3. Experimental procedure

In the present work, AZ91 alloys with 0.23% and

° 4' . °*
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Alg(Mn,FE)s
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Cooling  Holding

Time Slurry

Fig. 1. A Schematic illustration for slurry forming of AZ91
Mg alloy.

0.45% Mn are used. Chemical compositions are listed in
Table 2. The alloy with 0.23% Mn was prepared by
machining the primary AZ91 ingot (Hydro Magnesium).
The AZ91 alloy with 0.45% Mn was prepared by the
following procedure. Approximately 20kg of AZ91D
primary ingots in a steel crucible was flux-melted at
740°C in an electric resistance furnace. In order to add
the Mn in the melt, 200 g of anhydrous MnCl, were
added into the AZ91 alloy melt. The melt was mecha-
nically agitated for half an hour and its temperature was
lowered to 700°C. After held for 1 h to allow for settling
of precipitated particles, the melt were cast into a steel
mold to make samples with 0.45% Mn.

A vertical tube furnace was used for slurry making. A
25 g sample was charged to a graphite crucible and held
at 740°C for 10 minutes to form a single liquid phase
under an inert atmosphere of Ar gas. The fully homo-
genized melt was drawn up near the Ar inlet and the Ar
flow rate was increased for quick cooling. Change in the
melt temperature was monitored by a K-type thermo-
couple that was inserted into the melt through the lid of
the crucible. When the melt temperature approached
around the liquidus temperature, the crucible was gently
moved down for holding the crucible at a solid liquid
two-phase region. The temperature of the solid liquid
two-phase region was controlled about 5851 3°C.
Samples were held for 5 and 20 minutes and they were
quenched into an ice water bath. Slurry microstructures
were characterized using an optical microscope (Cal Zeiss
Co., Axioplan 2) and a scanning electron microscope
(SEM, Hitachi, S-4200). Chemical analysis of precipitates
was carried out by the electron probe microanalysis
(EPMA, Cameca SX-51) technique. The size and
roundness of the primary Mg were measured from the
optical micrographs using the image analyzer program

Table 1. Temperature dependence of Mn solubility in liquid AZ91 alloys

Temperature (°C) 598 610 630 642 650 670 690 710
Mn Solubility (wt.%) 0.122 0.146 0.194 0.230 0.255 0.331 0425 0.541
Table 2. Composition of AZ91 alloys used in the study (wt.%)
Alloys Al Zn Mn Fe Si Ni Cu Mg
Low Mn 9.0 0.80 0.23 0.003 0.02 <0.001 0.002 Remainder
High Mn 9.0 0.80 0.45 0.0029 0.02 <0.001 0.002 Remainder

(52)
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(Media Cybernetics Co., Image-Pro Plus). The roundness
is expressed as P*/4pA, where A is a particle area and P
is its perimeter.[6] The solid fraction in the slurry was
also measured by the same program based on Delesse's
principle[7] which states that the area fraction of non-
classically shaped objects measured on the 'two-dimen-
sional' random sections is an unbiased estimate of its

volume fraction.

4. Results and discussion

4.1 Microstructure of AZ91 slurries

Microstructures of the slurries made from the AZ91
alloy with 0.23% Mn were shown in Fig. 2. Fig. 2(a) 1s
an optical micrograph of the slurry obtained under
conditions that the cooling rate from the single phase
melt to two-phase region (585°C) was 2.5°C/s and the
holding time at 585°C was 5 minutes. Fig. 2(b) s a
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Fig. 2. Microstructures of an AZ91 Mg alloy slurry with
0.23 wt.%Mn (Cooling rate is 2.5°C/s and holding time
is 5 min.); (a) an optical image and (b) a back-scattered
SEM image.

magnified SEM image of Fig. 2(a). Dark particles in the
optical micrograph or white particles in the SEM image
were observed to be within the primary Mg phase. From
the electron probe micro analysis (EPMA) of 30 particles,
the particles were identified as the Alg(Mn,Fe), phase
with composition of Table 3. If the Al;(Mn,Fe); phase
did not act as a heterogeneous nucleation site for Mg
crystallization, it would be pushed by the solid-liquid
interface of the primary Mg into the eutectic region.
Existence of the Al (MnFe); particles within the
primary Mg phase rather than the eutectic region
indicates that the particles act as the heterogeneous
nucleation site[8]. On the other hand, the slurry made
with the cooling rate of 0.08°C/s shows quite different
morphology. As shown in Fig. 3, branched dendrites are
formed and the size of each isolated primary Mg
dendrite is larger than that formed with higher cooling
rate. The branched morphology typically appears when
the nucleation mode is homogeneous. If we look at the
microstructure of Fig. 3, precipitates are rarely found.
This is due to the sedimentation of Alg(Mn,Fe)s particles
when the cooling rate to the mixed phase region is
excessively slow, considering that the density of
Alg(Mn,Fe), phase is calculated to be 4.4 g/cm’ from its

Table 3. Composition of Al,(Mn,Fe); phase

Chemical composition, at.% (wt.%)
Al Mn Fe

625+1337.1x1.11.3x04
(4491£1.3)(545+1.1)(0.5£0.6)

Fig. 3. An optical image of an AZ91 Mg alloy slurry with
0.23 wt.%Mn (Cooling rate is 0.08°C/s and holding
time 1S 5 min.).
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crystallographic data and the density of liquid AZ91
alloy is 1.6 g/cm’.[S] In this case the nucleation mode is
expected to be homogeneous because most Alg(Mn,Fe),
particles exist at the bottom of the crucible. Therefore, it
can be concluded that the moderate cooling rate is
required to get Alg(Mn,Fe); particles in the melt for the
heterogeneous nucleation.

4.2 Effect of Mn content on the microstructure
of AZ91 slurries

The AZ91 alloy melt with 0.45% was cooled from
740°C to 585°C and held for 5 minutes to compare the
size of the primary Mg phase with that of the alloy with
0.23 wt% Mn. In this case the cooling rate was 2.4°C/s.
The microstructure of the slurry with 0.45% Mn was
shown in Fig. 4. If we compare microstructures of Figs.
2(a) and 4, we can clearly distinguish the difference in
size and morphology of the primary Mg phase with Mn
content.

With higher Mn content, smaller and more globular
primary Mg appears. Image analysis for quenched slurries
with different amount of Mn shows that average sizes of
the primary Mg phase are 10240 mm and 55+ 18 mm
when the Mn contents were 0.23% and 0.45%, respec-
tively. The liquid fraction was 0.56 in both cases. It was
also observed that the roundness of the slurry with 0.45%
Mn is 1.23£0.22 and that with 0.23% Mn is 1.62*
0.60.

Considering the Mn solubility at the liquidus tem-
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Fig. 4. An optical image of an AZ91 Mg alloy slurry with
0.45 wt.%Mn (Cooling rate is 2.4°C/s and holding time
is 5 min.).

(54)

perature of AZ91 alloy is 0.122%, in the AZ91 alloy
melt with 0.45% Mn, solid Aly(Mn,Fe), corresponding
to the amount of 0.328(=0.45-0.122)% Mn should be
precipitated before the formation of the primary Mg
phase.

From the composition of Al;(Mn,Fe); phase in Table
3, the amount of solid Alg(Mn,Fe) is calculated to be
6.0 g per 1 kg of AZ91 alloy. This amount is more than
that in the alloy with 0.23% Mn, 2.0 g of Al,(Mn,Fe).
per 1kg of AZ91 alloy. From Figs. 2(a) and 4, one
hundred particles of Alg(Mn,Fe), were also counted and
it was determined that the average particle sizes of
Alg(Mn,Fe); were 10.58 =3.33 mm and 9.16 =3.35 mm,
respectively. The increase in Mn content in the AZ91
alloy increases the number of the Aly(Mn,Fe), particles
in the AZ91 alloy melt at its liquidus temperature. If
total volume of the primary phase is same and the
heterogeneous nucleation is dominant, the size of the
primary Mg phase is expected to decrease due to
increased heterogeneous nucleation sites. Assuming that
each primary Mg nucleates on each Al(Mn,Fe) particle,
we can calculated the size of the primary Mg in the
slurry at a given liquid fraction of 0.56 as a following
equation.,

(4/3)m(ry,) XN=V,

where, Ivg 1s the radius of each primary Mg. N, the
number of Al;(Mn,Fe), precipitates per 1 kg AZ91 melt,
/((4/3)1:(1};,“,’)3 X
), where W is the amount of Aly(Mn,Fe)s preci-

is calculated by an equation of N=W
dore
pitates per 1kg AZ91 melt and r,, and d,. are the
average size and density of precipitates, respectively. In
case of the AZ91 alloy with 0.23%Mn, N is calculated
to be 7.33 X108, whereas in the alloy with 0.45%Mn, N
1s 3.39X109. Under the assumption that density of the

primary Mg at 585°C is the same as that of the

pre

remained melt (density = 1.6 g/lcm?®), Vsol, the volume of
solid (primary Mg) phase per 1kg AZ91 melt, is
calculated to be 275 cm’ at the solid fraction of 0.44.
Thus, the average sizes of the primary Mg in the slurries
with 0.23% and 0.45% Mn was 89 mm and 53 mm,
respectively. Considering the existence of more than one
Al;(Mn,Fe); particle in a certain primary Mg and the
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standard deviation of Al(Mn,Fe); particle sizes, the

calculated values are reasonably agreed with the
determined values.

At a given liquid fraction, smaller primary Mg duc to
more heterogeneous nucleation sites has much less the
branched dendnites. This means that smaller primary Mg
more rapidly stabilizes its interface with the remaining
liquid in order to reduce its interfacial energy. One can
sec that the primary Mg phase is more globular with
increasing the Mn content. Additionally precipitated
phase is easily branched when nucleation sites are smalil.
Therefore, large amount of Mn content in AZ91 s
advantageous for the production of sound slurry as far

as it does not cause other deteriorating effects.

4.3 Effect of holding time on the micro-structure
of slurries

The effect of the holding time on the morphology
evolution of the pnmary Mg was investigated. Fig. 5
shows the microstructure of the slurry with 0.45% Mn,
which were held at 585°C for 20 minutes.
comparing with Fig. 4, one can see that the primary Mg

From

became more globular with increasing the holding time.

The size of the pnmary Mg phase was also increased.

Fig. 5. An optical image of an AZ91 Mg alloy slurry with
0.45 wt.%Mn (Cooling rate is 2.4"C/s and holding time
i1s 20 min.).

Average size of the primary Mg became 115 mm. This
kind of change would be attributed to the Ostwald type
ripening and coalescence of each pnimary Mg.

(55)

5. Conclusions

From the above experiment the following conclusions
have been drawn. When Mn content in AZ91 alloy is
higher than equilibrium solubility at the liquidus
temperature, Mn precipitates as Alg(Mn,Fe), before
precipitation of the primary Mg phase. It acts as a
heterogeneous nucleation site for the precipitation of the
primary Mg phase. Existence of Al;(Mn,Fe); within the
primary Mg phase and decrease of the size of the
primary Mg phase with increase of Mn content in AZ91
alloy prove that nucleation mode is heterogeneous. More
globular type morphology of the primary Mg phase was
found with increase of Mn content within AZ91 alloy.
The morphology of the primary Mg changed to globular
with increasing holding time and holding temperature at
mixed phase region.
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