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Abstract

It is well known that casting at low superheat has a strong
influence on the solidification structures of the cast alloy.
Recent studies on casting magnesium AZ alloys at low
superheat using the Magnetic Suspension Melting (MSM)
process have shown that the cast alloy exhibit a fine
globular grain structure, and the grain size depend on the
cooling rate. This paper describes a stochastic mesoscopic
model for predicting the grain structure and segregation in
cast alloys at low superheat. This model was applied to
predict the globular solidification morphology and solute
redistribution of Al in cast Mg AZ31B alloy at different
cooling rates. The predictions were found to be in good
agreement with the observed grain structure and Al
segregation. This makes the model a very useful tool for
optimizing the solidification structure of cast magnesium
alloys.

Introduction

It 1s well established that the grain size, and solute
segregation and precipitation of intermetallic phases within
the grain have significant influence on mechanical
properties of the cast alloys [1]. For typical cooling rates of
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
[2, 3]. The detrimental effect of segregation on mechanical
properties is generally minimized by reducing the grain size
of as-cast alloy through either grain refinement and/or
casting at high cooling rates [2-4].

Much of research efforts to minimize the effects of
segregation and intermetallic precipitates on the mechanical
properties have been focused on grain refinement of the
alloys. The addition of various grain refiners such as
carbon and zirconium on the final grain structure has been
extensively investigated [5-7]. These studies showed that
grain refiners significantly reduce the grain size, and retain
the dendritic solidification morphology of cast alloy which
is generally undesirable as it cause entrapment of aluminum
rich secondary-o phase between secondary dendrite arms
[7.8].

Casting at low superheat is another method for grain
refinement of cast alloys. This method not only reduces the
grain size, but also changes the solidification morphology
from a dendritic to a globular structure. The idea behind
this technique is to suppress the formation of the columnar
zone by reducing temperature gradient at the solidification
front and to significantly reduce the growth rate to achieve
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plane front solidification. Casting at low superheat was
successfully applied to grain refine superalloys [9-11], Al-
11 2090 and 8090 alloys [12,13] and more recently to Mg
AZ31B alloy [14-16]. Superalloys studies were carried out
using Microcast X process [9], while grain refinement of Al
and Mg alloys was investigated using the Magnetic
Suspension Melting (MSM) process [17]. The average
grain size for unidirectionally-solidified Al-Li 2090 and
8090 alloys using a stainless steel bottom chill mold was
about 30 pum, while that for Mg AZ31B alloy was
approximately 80 pm. Increasing the cooling rate by using
a copper bottom chill mold was found to further decrease
the grain size of the Mg alloy [16]. 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.

Recently, simulation of microstructure evolution during
solidification has become a powertul tool for predicting the
grain structure and segregation in cast alloys. Phase Field
[18], Monte Carlo [19], Cellular Automaton (CA) [19-21],
Stochastic Modeling [19-22], and Voronoi Tessellation
[23] are the most common methods for simulating
microstructure evolution during solidification. This paper
describes a stochastic globular solidification model for cast
alloys at low superheat and critically examines the model
by comparing theoretical predictions of grain structure and
segregation of cast Mg AZ31B alloy at low superheat
against experimental measurements.

The stochastic globular solidification model

This section presents the formulation for a stochastic model
for globular solidification. This model is based on
previously developed models for dendritic solidification
[19-22]. The presented globular solidification model takes
into account the nucleation and growth of hexagonal
crystals.

Model formulation

A stochastic mesoscopic model for grain structure
evolution includes nucleation and growth kinetics, as well
as the growth anisotropy and grain selection mechanisms.
The geometry of the solidified material is first enmeshed in
macro-volume elements for which energy, mass, and
momentum transport can be calculated by a classical
deterministic methods.  Then, each macro-volume is
subdivided into a number of cubic micro-volume elements
that have a state index associated with them. In the time-
step calculation, the average temperature of the specimen is
calculated from an energy balance. When the average
temperature is lower than the equilibrium (or nucleation)



temperature, the nucleation and growth of grains begin.
The structure of the stochastic micro-model consists of a
regular network of microcells that resembles the macro-
volume element.

The mesoscopic model is characterized by: (a) geometry of
the microcell, (b) state of the microcell, (¢c) neighborhood
configuration, and (d) transition rules that determine the
state of the microcell. The geometry of microcell is chosen
to be cubic in 3-D and square in 2-D calculations. Each
microcell can have only two possible states: either liquid
or solid. The ratio between the number of solid microcells
and the total number of microcells represents the fraction of
solid within the macro-volume element. The neighborhood
configurations are based on the first- and second-order
nearest neighbor microcell. The probabilistic selection of
these configurations is based upon the crystallographic
anisotropy of grain growth. More details about the
selection of the neighborhood configurations are shown in
references [19, 21]. Solidification behavior depends to a
great extent on the transition rules. In the present model,
the change of state of the microcell from liquid to solid is
mnitiated either by either nucleation or growth kinetics. The
models for the description of nucleation and growth
kinetics in the microcells are initiated based on the local
solidification start times, #, which are computed by
interpolating the local solidification start times of the
macro-volume elements.

Growth anisotropy and probabilistic selection of
neighbourhood configuration

At the beginning of the simulation, all the microcells are
liquid, and their state index is set to zero. As nucleation
proceeds, some microcells become solid, and their index is
changed to an integer larger than zero, n. The microcells in
contact with the mold wall are identified with a different
reference index, m. The index is transferred from the
parent microcell to adjacent microcells, as they become
solid through growth. For the case of dendritic
solidification of AZ31B alloys, the integer takes into
account the preferential growth of hexagonal crystals in the
prism direction. The anisotropic characteristic in the prism
direction certainly results in O-fold preferred growth
directions with angles between the primary trunks of
dendrites of 60°. For graphical representation each integer
has a color associated with it, and each microcell is a pixel
on the computer screen. The crystallographic orientation of
the new grains is chosen randomly among 255 orientation
classes, which are the first 255 colors used for graphical
representation.

In 2-D calculations, the probability, dp(6), that a newly
nucleated grain has a principal growth direction in the
range (6, 6+ d6) is given by:

dpl0)="2 o M

T
where 3/ takes into account the six-fold symmetry of the
hexagonal crystal, i.e., the integral of dp(6) from -x /6 to &
/6 is equal to unity.
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Nucleation

The number of grains, SN . that nucleate in the volume of

the liquid and at the surface of the mold during one micro-
time step, Of, are calculated by using nucleation site
distribution, N . (5t) . These distributions can be calculated
by assuming some experimental approaches similar to
those already used in deterministic models of solidification.
The instantaneous nucleation model presented in [24] was
used in this work to calculate the nucleation site
distribution. Other nucleation models are described in
references [21, 25]. Assuming no grain movement in the
liquid, the grain density at any given location, N, can be
expressed as a function of local cooling rate:
N =c,+Ccrvcgi? @

where Cy, C,;, and C, are the nucleation parameters
determined from experiments and 7" is the local cooling
rate at the beginning of solidification.

The probability, ¢p, , for a microcell located in the bulk of

the liquid or at the surface of the mold to nucleate during
the micro-time step, Of , are calculated as

___ N, (3)
N —N?¢

MHVE HVE

dp,

where N ;VE and N;VE are the number of microcells in the

bulk and at the metal-mold interface, respectively. During
each time-step calculation both metal-mold interface and
bulk microcells are scanned and a random number, rand, is

generated for each of them (0 < rand < 1). The
nucleation of a microcell that is still liquid will occur only

if rand < dp, -

Growth

It is assumed that a nucleus formed at a particular location
will grow based upon a growth kinetics model and a
neighborhood configuration rule previously described. As
nucleation proceeds, the microcell becomes active (n or m

> () and can grow over a distance, d WVE (t) , that is given

by the following equation:
d (0= ,: V(AT )t

where 1, is the initial time, ¢ is the actual time, and }is the
growth velocity.

*)

The initial time is defined as either the nucleation time, if
growth is initiated through a nucleus, or the capturing time,
if growth is initiated by capturing another microcell. At the
capturing time, f,, the initial microcell on which the growth
was initiated captures the nearest neighbors based on a
selected neighborhood configuration. For the case of



equiaxed growth, this occurs when e (tg) is equal to the

a, = aqJtan’0 + 1 &)

where a is the size of the microcell for the stochastic
network and @ takes values from -m/6 to w6. At the
capturing time, the initial microcell becomes solid and its
state index is transferred to the captured neighbors.

distance

In order to reflect the probabilistic nature of grain
extension, the nearest neighbors are trapped by the active
microcells only when a randomly generated number, rand,
is smaller than the capture probability, Py defined as
follows:
d, 1) ©)

g
Further, the same procedure is used until all microcells
become solid.

b, =

The growth kinetics model presented in [19] is applied for
equiaxed solidification, where the growth velocity is
described by

V =i AT? ™
zi”[mL(k—l)cz +g}l

r D, K,

where — u=
D, is the liquid diffusivity, /" is the Gibbs-Thomson

coefficient, & is the partition ratio, my, is the liquidus slope,
p 1s the density, L is the latent heat of fusion, X, is the

liquid thermal conductivity, C; is the liquid interface

concentration, and the stability constant ™ = 1 / Ii? .

The melt undercooling for the system under consideration

can be calculated based on the following
definition/assumption:
AT =T, +m; (C;—Co)—Tb (8)

where 7 is the equilibrium liquidus temperature, <CL>L is

the intrinsic volume-averaged liquid concentration, and 7,
is the bulk temperature defined as the average temperature
in the volume element, ( ; , 1s calculated with the

segregation model described in [19, 22].

Comparison of the simulated and observed structure of
cast Mg AZ31B

In this section, we shall provide a critical assessment of the
stochastic model by comparing the theoretically predicted
grain size and Al segregation of cast Mg AZ31B alloy at
low superheat against experimental measurements at two
different cooling rates. The cast Mg alloy was prepared
using the MSM process, which is capable of casting metal
at superheat as low as 5°C. Casting of the metal was
carried out in bottom-chilled mold shown in Figure 1. The
mold was made of a ceramic tube with a metal block in the
bottom. A battery of thermocouples was used to measure
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the cooling rates along the ingot. In this work, stainless
steel and copper chill blocks were used to investigate the
effect of solidification rate on cast structure. The details of
the experimental MSM system and operating conditions are
available in [14 - 16].

M— 76 mm =

Ceramic
Mould

Chill Block

Stainless
Steel

Fig 1. Sketch of the casting mold

The simulation of the microstructure in the bottom-chill
mold shown in figure 1 was carried out assuming zero heat
flux at the top and side walls. In these computations, the
pouring temperature of the Mg alloy was 635°C and the
mitial temperature of the chill block was 20°C. Table 1
presents the data used in the microstructure modeling of
Mg AZ31B alloy.

Table 1. Data Used in Microstructure Modeling of AZ31B

Solidification Kinetics Property AZ31B
Liquid diffusivity, D; [m®s™] 3x10°
Solid diffusivity, Ds [m? s!] 1x10712
Liquidus slope [K wt. %] [14] my = -6.6
Initial Al concentration [wt. %] C,=3.14
Al partition coefficient [14] k=0.39
Eutectic [wt. %] 323
Gibbs-Thomson coefficient, G [K m] 0.9x107
Equiaxed nucleation parameters dN, Cp=5x10'%
[nuclei m™]
C, = 1x10",
C,=0




Figure 2 shows the measured cooling curves of the cast
alloy in the mold for copper and stainless steel chill blocks.
This figure shows that the cooling rate of the Mg alloy in
the copper chill mold is much faster than that in the
stainless steel chill mold. The Initial cooling rate in the
copper chill mold is about 2°C/s, while it is 1°C/s for
stainless steel chill mold. Figure 3 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. Here it should be mentioned
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Fig 2. Cooling curves for copper and stainless steel chill blocks

that these solidification times were in reasonable agreement
with model predictions.

Figures 4 and 5 show a comparison between the
theoretically predicted and experimentally measured grain
structure of cast Mg AZ31B alloy for low and high cooling
rates, respectively. As seen in these figures, the model
reasonably predicts the mean grain size and size
distribution over the range of the cooling rate investigated.
It also qualitatively predicts the expected decrease of the
grain size with increasing the cooling rate.
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Fig 3. Cooling curves for solidification region.
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Fig 4. Comparison between (a) experimental and (b) simulated grain structure for stainless steel bottom chill mold
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Fig 5. Comparison between (a) experimental and (b) simulated grain structure for stainless steel bottom chill mold



Figure 6 shows the EDS maps of Al segregation for the two
cooling rates investigated. The light areas correspond to Al-
rich secondary-a phase, while the more bright spots are the
Mg;sAl}; intermetallic. These phases are essentially found
at the grain boundaries, thus confirming globular
solidification morphology. These figures also show that the
concentration of aluminum in the matrix is much lower
than that at the grain boundaries, and the cooling rate has

little effect on concentration profile across the grain. The
measured and predicted Al segregation profile at the end of
solidification within 2 globular grains is illustrated in figure
7. The excellent agreement between the measured and
predicted magnitude and profile of Al distribution validates
the segregation formulation of the model for globular
solidification.

(b)

Fig 6. EDS Maps of Al solute distribution in MSM cast Mg AZ31B at 8°C superheat for (a) stainless steel and (b) copper chill

block
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Fig 7 Comparison between the experimentally measured
and theoretically predicted Al distribution across the grain

Conclusions

A stochastic mesoscopic model was developed to predict
the microstructure evolution in Mg AZ31B castings. The
model predictions were found to be in good agreement with
the experimental measurements in terms of the
microsegregation and the average grain size of the cast
alloy. This suggests that the developed stochastic
mesoscopic model can be used to assist in controlling the
microstructure of cast alloys with globular morphologies.
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