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Abstract 

This paper investigates the effect of cooling rate on the grain size 
and microstructure of Mg AZ31B alloy cast at a superheat of 8°C 
using the Magnetic Suspension Melting (MSM) process, which is 
capable of melting and casting at superheats less than 5°C. In this 
study, the Mg alloy was unidirectionally solidified in a bottom-
chill mold with stainless steel and copper chill blocks. The 
solidification parameters, namely growth velocity (V) and 
temperature gradient (G), were determined from numerical 
simulation of the cooling curves, which was found to be in good 
agreement with measurements. For the investigated solidification 
rates, metallographic examination showed globular solidification 
morphology, and the grain size was inversely proportional to the 
square root of the cooling rate. Microprobe analysis of the cast 
ingots also showed that Al segregation occurs primarily at the 
grain boundaries, and the solidification rate affects the size and 
distribution of both the secondary a phase and the intermetallic 
Mgi7Al|2 phase. 

In recent years, there has been considerable interest in casting 
magnesium automotive components as a mean to reduce the 
overall weight of the cars, thus improving fuel efficiency [1]. To 
produce quality products with a high degree of reliability, it is 
critical to minimize the effect of casting defects on mechanical 
properties of the cast alloy. One such defect is solute segregation 
in the as-cast alloy, which is known to be detrimental to 
mechanical properties [2-4]. For typical solidification rates for 
sand and die castings in the range of 0.1-100°C/s, the grain 
structure is dendritic, with segregation of the alloying elements in 
the matrix between the secondary dendrite arms,. Therefore, it is 
important to reduce the extent of solute segregation in the matrix 
by reducing the grain size, which generally depends on the 
solidification rate (V) [5]. 

Previous studies have shown that increasing the solidification rate 
reduces both the secondary dendrite arm spacing (SDAS) and the 
amount of secondary phases between the dendrite arms [6-8]. To 
achieve the desired mechanical properties of the cast Mg alloys, 
much effort has been focused on grain refinement via the addition 
of grain refiners as a means to reduce the SDAS at the same 
solidification rate [9-11]. This approach, however, does not 
completely eliminate solute segregation of the alloying elements 
in cast products. 

It is well established that casting at low superheat not only 
reduces the grain size, but the solidification morphology of the 
casting from a dendritic to a globular structure, further preventing 
segregation within the grains. The idea of behind this technique is 

to suppress the growth of dendrite arms by reducing the 
temperature gradient (G) at the solidification front. 

Previous studies on casting superalloys using the Microcast X 
technology have shown that a superheat of approximately 10°C 
produces fine grains around 100 μιη [12-14]. Studies on melting 
and casting Al-Li and Mg alloys at such low superheat using the 
Magnetic Suspension Melting (MSM) process have shown that 
the castings are homogenous, oxide free, and exhibit a fine 
globular grain structure. The average grain size for Al-Li 2090 
and 8090 alloys unidirectionally-solidified using a stainless steel 
bottom chill mold was about 30 μηι [15,16], while that for Mg 
AZ31B alloy was approximately 80 μηι [17,18]. These studies 
have also shown that segregation of secondary and intermetallic 
phases did not occur within the grain, but rather only at the grain 
boundaries. This paper examines the effect of solidification rate 
on the as-cast grain structure and micro/macro segregation of Mg 
AZ31B alloy at low superheat by varying the thermal properties 
of the chill block. 

Casting of Mg AZ31B at low superheat was carried out using the 
MSM process, which is an integrated containerless induction 
melting and casting process specifically developed for reactive 
metals such as Mg. The experimental system is comprised of two 
main components: the melting compartment and the casting 
chamber as illustrated in Figure 1, thus combining melting and 
casting into a single, seamless operation, where the charge is 
melted in the melting compartment and pours into the mold 
located in the casting chamber. A detailed description of the 
experimental system used in this study is given in Reference [18]. 

Melting Compartment 

Fig 1. Schematic of the MSM system 
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All experiments were conducted using an Mg AZ31B alloy with 
composition Mg-3.143%Al-0.66%Zn-0.377%Mn-0.051%Si. A 
typical experimental run involved placing short bars 76 mm in 
diameter and 63 mm high into the melting compartment and 
flushing the system with argon at a rate of 8.5 L/min . The coil 
was then energized, adjusting the current as necessary to maintain 
a constant superheat of 8°C. Upon melting the charge, the metal 
was poured into a bottom-chilled mold shown in Figure 2. The 
ceramic mold was a 153 mm silica tube with 76 mm ID and 89 
mm OD produced by Zircar Refractory Composites Inc. The 
stainless steel and copper chill blocks used in this study were 76 
mm in diameter and 50 mm high. A battery of thermocouples was 
used to measure the cooling rates at different heights in the center 
of the mold, and was attached to an Omega TC-08 data 
acquisition system. 

76 mm 

Ceramic 

Mould 

Stainless 

SteelBas* 
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Fig 2. Sketch of the casting mold. 

Characterization of the cast microstructures included optical 
microscopy and microprobe analysis. Optical micrographs were 
taken using a Nikon Epiphot 200 optical microscope, and EDS 
mapping of solute distribution was done using a JEOL 8600 FE 
SEM EPMA. The solidification parameters V and G were 
determined from numerical simulation of the cooling curves. 

Results and Discussion 

In the following, we shall present the results of the thermal 
analysis of the cooling curves used in the determination of the 
solidification parameters for MSM cast Mg AZ31B alloy on 
copper and stainless steel chill blocks at superheat of 8°C, 
together with the observed grain structure and segregation of Al 
for these two cases. 

Figure 3 shows the computed and measured cooling curves of the 
cast alloy in the mold for copper and stainless steel chill plates. 
The lines indicate the computed values while the symbols 
correspond to experimental measurements. This figure shows that 
the cooling rate for the copper chill block is about twice that of 
the stainless steel chill block, as would be expected. It also shows 
that the solidification model accurately reproduces the measured 
cooling curves within ±5 percent. 

Figure 4 shows an expanded view of the cooling curves within the 
solidification range. As seen in this figure, the experimental 
solidification times for copper and stainless steel chill blocks were 
found to be 24.7s and 36.1s, respectively. Although the model 
accurately predicts these total solidification times, it reasonably 
predicts the temperature evolution in the mushy region. This is 
mainly due to the difference between the actual and modeled 
evolution of latent heat during solidification. 
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Fig 3. Measured and computed cooling curves for cast Mg AZ31B 
alloy over copper and stainless steel chill blocks. 
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Fig 4. Cooling curves for solidification region. 

From these two curves, solidification parameters G and V were 
evaluated. Figure 5a shows me rate of advance of the solidified 
layer. As seen in this figure, the growth velocity V is almost 
constant over the entire height of the casting for both copper and 
stainless steel chill blocks. The mean growth velocities for the Mg 
casting on copper and stainless steel chill blocks were 0.75 mm/s 
and 0.6 mm/s, respectively. In contrast, the value of G at the 
solidification front depend on the height of the casting, Figure 5b, 
and is mainly due to the increase of thermal resistance of heat 
extraction in the chill block during solidification. For 
solidification on copper chill block, G decreases from 3.5 °C/mm 
at the bottom of the mold to 2.5 °C/mm at the top of the ingot, 
with an average value of 3 °C/mm. The corresponding G values 
for the stainless steel chill block ranged from 3.5 °C/mm to 1.5 
°C/mm, with an average value of 2.5 °C/mm. From these values, 
the average cooling rate, which is used to correlate the grain size 
with solidification rate [7], was evaluated. For copper chill block, 
the cooling rate is 2.25 °C/s, while for stainless steel the value 
was 1.5 °C/s. It is important to note that for castings at high 
superheats these solidification parameters correspond to equiaxed 
dendritic solidification morphology [5]. 

162 



a 

I 

0.2 0.4 0.6 0. 
Dimensionless Distance X*=x/H 

8 1 

Fig 5. Solidification parameters for copper and stainless steel chill blocks: (a) solidification rate V , (b) Temperature gradient G. 

Fig 6. Grain structure of MSM cast Mg AZ31B at 8°C superheat at 200 X for: (a) stainless steel and (b) copper chill blocks 

Fig 7. EDS Maps of Al solute distribution in MSM cast Mg AZ31B at 8°C superheat for: (a) stainless steel and (b) copper 
chill blocks 
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Figures 6a and 6b show the optical micrographs of the grain 
structures for cast Mg AZ31B on copper and stainless steel chill 
blocks at a superheat of 8°C. In these micrographs the brighter 
areas are the α-Mg phase, while the darker areas at the grain 
boundaries correspond to the Al-rich secondary-a phase and 
MgnAlu intermetallics. This suggests globular solidification 
morphology for cast Mg alloys at low superheat [17,18]. Further 
inspection shows that the average grain size for a solidification 
rate of 0.6 mm/s, which corresponds to stainless steel chill block, 
is 92 μιη, while that of the copper chill block solidification rate of 
0.75 mm/s is approximately 75 μπι. These results suggest that the 
grain size is inversely proportional to the square root of the 
cooling rate. Work is currently in progress to obtain more data to 
develop a more accurate correlation between the grain size and the 
cooling rate. 

Figure 7 shows the EDS maps of Al segregation for the two cases 
investigated. The light areas correspond to Al-rich secondary-a 
phase, while the more bright spots are the Mg|7Al|2 intermetallic. 
These phases are essentially found at the grain boundaries, which 
further confirm globular solidification morphology. It is also seen 
that the solidification rate affects the size and distribution of these 
phases. Moreover, the observed minor entrapment of secondary-a 
and Mg|7Al|2 phases in the matrix suggest that the superheat of 
8°C corresponds to the transition temperature from a globular to 
dendritic structure. 

Conclusions 

The effect of the rate of cooling on the microstructure of cast Mg 
AZ31B alloy at low superheat of 8°C was investigated 
experimentally and theoretically. The experimental study was 
carried out using the MSM process, which is capable of melting 
and casting metals at very low superheat. Casting experiments 
were carried out in a bottom chill copper and stainless steel molds. 
The solidification rates V and temperate gradients G for these two 
chill blocks were determined from a heat transfer model of the 
solidification process, which accurately predicts the 
experimentally measured cooling curves for these two chill 
blocks. All castings exhibited fine-grained globular structure with 
grain size less than 100 um, and the grain size was found to 
inversely proportional to the square root of the cooling rate. 
Microprobe analysis of Al segregation showed that the secondary-
α and Mg|7Al12 phases are mostly segregated at the grain 
boundaries, thus confirming that casting at low superheat promote 
the transition from dendritic to globular solidification morphology 
for Mg alloys. 
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