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Abstract
The aim of this work is to develop a numerical model capable of predicting the grain density in the Mg-based matrix phase of an
AZ91/SiC composite, as a function of the diameter and total mass fraction of the embedded SiC particles. Based on earlier work in
a range of alloy systems, we assume an exponential relationship between the grain density and the maximum supercooling during solidiﬁcation. Analysis of data from cast samples with diﬀerent thicknesses, and mass fractions and particle diameters of added SiC, permits
conclusions to be drawn on the role of SiC in increasing grain density. By ﬁtting the data, an empirical nucleation law is derived that can
be used in a micro–macro model. Numerical simulations based on the model can predict the grain density of magnesium alloys containing SiC particles, using the diameter and mass fraction of the particles as inputs. These predictions are compared with measured data.
Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Casting; Grain reﬁnement; Metal–matrix composites (MMCs); Modelling; Nucleation and growth

1. Introduction
The grain size of metallic materials – pure metals, alloys
or metal–matrix composites (MMCs) – substantially aﬀects
their mechanical properties. In some cases, crystal nucleation (rather than, for example, dendrite break-up) during
solidiﬁcation is a key factor in determining the grain size,
and control of nucleation can therefore be crucial in
achieving desirable properties, particularly if, as for most
MMCs, the grain size cannot easily be altered by any conventional post-solidiﬁcation heat treatment.
Software from several sources, including commercial,
can simulate the nucleation and growth of grains within
a solidifying liquid and predict the microstructure of the
⇑ Corresponding author. Tel.: +48 12 617 4718; fax: +48 12 633 6348.
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resultant solid phase(s) [1–6]. However, the presence of
reinforcement particles (e.g. alumina or silicon carbide) in
an MMC makes the modelling of the solidiﬁcation more
complicated [7–11]. Typically, the grain size in the metallic
matrix becomes smaller as more particles are added, but
the mechanisms of this reﬁnement remain unclear. In this
work a numerical model is developed, with input parameters derived by ﬁtting measured data. Building on earlier
work [12–16], the model is used to predict the grain density
in an MMC with an Mg–Al–Zn matrix (AZ91 alloy) containing diﬀerent amounts of SiC particles, and the eﬀect
of the diameter of SiC particles is also investigated.
It is commonly reported that for MMCs, the addition of
reinforcement particles signiﬁcantly aﬀects the grain size in
the metal matrix [14,17–20]. For the present work, it is
relevant that Mg–Al–Zn castings show a ﬁner grain size
when reinforced with SiC particles [13,14,16,21–24]. The
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resulting MMCs also show improved mechanical properties
[24]. The surfaces of ceramic particles are potential sites for
heterogeneous nucleation during crystallization of liquid
alloys [22]. If the misﬁt in interatomic spacings in the interface planes of the ceramic and the nucleating phase is less
than 5%, potent nucleation catalysis can be expected [25].
Cai et al. [26,27] have shown that for SiC (6Ha type) and
magnesium primary phase (a-Mg), the smallest misﬁt
(2.3%) is obtained for the crystallographic orientation relationship ð1 0 
1 0ÞMg ==ð0 0 0 1ÞSiC , suggesting possible potent
nucleation for this case. The SiC particles are polycrystalline, and the optimum crystallographic surfaces are not
always exposed to the liquid alloy, so that even large particles may fail to be eﬀective nucleants. However, a larger
population of SiC particles overall should give a larger
population of active nucleant particles.
2. Solidiﬁcation model
In the present numerical micro–macro model it is
assumed that the magnesium-based liquid solidiﬁes to an
Mg–Al single phase; for simplicity, the formation of any
eutectic structure is not considered. During computations
for AZ91-based composites the zinc content was omitted,
the metal matrix being treated as an Mg–9 Al binary alloy.
The temperature ﬁeld within both solid and liquid phases
can be described by the Fourier–Kirchhoﬀ equation:
@T
q
¼ ar2 T þ V ;
@s
CV

ð1Þ

where T is the temperature (K), s is the time (s), a is the
thermal diﬀusivity (m2 s1), qV is the latent heat release rate
(W m3) and CV is the speciﬁc heat (J m3 K1), taken to
be the same for both phases. The latent heat release rate
is deﬁned by
qV ¼ L

@fs
;
@s

ð2Þ

where L is the latent heat of crystallization of the magnesium primary phase (J m3) and fS is the solid fraction.
The instantaneous value of fS is calculated from the number Ni and radius Ri of the grains at each iteration step:
!
n
X
4p 3
R Ni :
fS ¼ 1  exp 
ð3Þ
3 i
i¼1
To facilitate the calculation, the initial radius of all
freshly nucleated grains is taken to be 1 lm. The overall
growth rate of the solid phase is modelled using Eq. (4),
the ﬁrst part of which accounts for the growth of existing
grains and the second part for the increasing number of
grains:
!
n
X
@fS
@R
4
@N
i
V
¼ ð1  fS Þ
þ pR3
4pR2i N i
;
ð4Þ
@s
@s 3 nþ1 @s
i¼1
where NV is the volumetric grain density (m3). The solidiﬁcation model assumes spherical growth of the primary
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phase. The growth rate is controlled by solute diﬀusion,
in this case by the diﬀusion of Al in the Mg-based liquid
in front of the moving solid–liquid interface. Eqs. (5) and
(6) are based on Fick’s second law in a spherical coordinate
system [28,29] and give the transient concentrations of aluminium in the solid and liquid phases, respectively:
 2

@C a
@ C a 2 @C a
r @C a @R
;ð5Þ
¼ Da
þ
þ
r @r
R @r @s
@s
@r2
 2

@C L
@ C L 2 @C L
R0  r @C L @R
þ
liquid phase :
þ
¼ DL
; ð6Þ
2
@s
@r
r @r
R0  R @r @s
solid phaseðprimary aÞ :

where CL and Ca are the concentrations of Al in liquid and
solid (wt.%), r is the distance from the grain centre, R is the
radius of a spherical grain and R0 the maximum radius of a
spherical grain if the remaining liquid solidiﬁes to one single grain. Using Eqs. (5) and (6) and applying the mass
balance of the partitioning solute (i.e. Al), the growth rate
of a solid grain can be calculated:


 0

@C a 
@C L 
0 @R
¼ Da
CL  Ca
 DL
;
ð7Þ
@s
@r  
@r  þ
r!R

C 0a ,

r!R

C 0L

are respectively the diﬀusivities
where Da, DL and
and the equilibrium concentrations of aluminium in solid
and liquid phases in the Mg–Al phase diagram. The boundary conditions are:
 at the solid–liquid interface: C ¼ C 0a , r = R, on the
grain side; and C ¼ C 0L , r = R+, on the liquid side,
a
 in the centre of a grain: @C
¼ 0; and
@r r¼0
L
 in the liquid far from a grain: @C
¼ 0:
@r r¼R
0

3. Experimental methods
The magnesium alloy AZ91, with about 9 Al, 0.6 Zn, 0.2
Mn, 0.03 Si, 0.002 Fe, 0.003 Cu and 0.001 Ni (all wt.%), was
selected as the matrix for this work. The samples contained
0, 0.1, 0.5, 1, 2 or 3.5wt.% sharp SiC particles (from Polmineral) with nominal arithmetic mean diameters of 10, 40 or
76 lm. About 1.4 kg of the AZ91 alloy was melted in a steel
crucible, using an electric resistance furnace ﬁlled with SF6/
CO2 shielding gas, and kept at 700 °C for 1 h before adding
the SiC particles pre-heated to 450 °C. The melt was
mechanically stirred for 2 min to ensure a uniform distribution of the SiC particles (similar to the procedure of Luo
[21]), and then cast into a resin-hardened sand mould with
cores and gating system as shown in Fig. 1. The mould was
designed to produce four 100  100 mm2 plates with a thickness of 10, 15, 20 or 30 mm, giving a range of cooling rates.
Analysis was based on the mean of values determined from
three experiments performed under the same conditions.
To obtain the cooling curves of the samples, a four-channel data-logging system with an acquisition rate of 5 readings
s–1 was used to record the change in temperature vs. time
from a K-type thermocouple positioned in the centre of each
plate (50 mm above the base plate shown in Fig. 1). A num-
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Fig. 1. Gating system and wooden model used for casting four
100  100 mm2 composite plates with thicknesses of 10, 15, 20 or 30 mm.

ber of cuboid samples with a cross-section of 35  35 mm2
and height of 45 mm were also cast from composites containing diﬀerent diameters of SiC particles. The thermocouple
was located in the centre of the cuboid crucible.
Metallographic specimens, taken from the cast plates at a
distance of 3 mm from the hot junction of the embedded
thermocouples, were ground and polished using conventional preparation methods, and then etched at room temperature. Some specimens were selected for detailed
metallographic study (to identify the components in the
microstructure; these specimens were etched for 5 s in a solution of 5 ml ethanoic acid in 80 ml H2O. The specimens
selected for grain density measurement were etched for
90 s in a solution containing 50 ml distilled water, 150 ml
ethanol and 1 ml ethanoic acid [13,14,30,31]. The etched
specimens were examined in white polarized light (using
crossed polars and a ﬁrst-order retardation plate). The
planar grain density was measured using the image-analysis
software NIS-Elements 3.0. The planar grain density NA
was obtained from a population of 100 grains, and the
volumetric density NV is calculated from NA using [32]
 
2
1
NV ¼ NA
;
ð8Þ
p
d mean
where (1/d)mean is the mean value of the inverse diameters
of all observed grain intercepts.
The phases present in the castings were identiﬁed using
X-ray diﬀractometry (Bragg–Brentano geometry, Bruker
diﬀractometer, with Cu Ka radiation).
4. Grain density and maximum supercooling
The supercooling at which a nucleant particle becomes
active is that at which there can be free growth of the nucleated grain from the particle. Greer et al. suggested that this
critical supercooling is inversely proportional to the particle diameter [33]. Thus, on cooling an alloy containing
nucleant particles, nucleation occurs ﬁrst on the largest
particles. The number of nucleation events as a function

of supercooling then depends on the particle diameter distribution. For a commercial grain reﬁner used in aluminium alloys, Greer et al. [33] made direct measurements of
the diameter distribution and reported that at the largest
diameters relevant for grain nucleation, the distribution is
exponential: the population larger than a given diameter
d is proportional to exp(d/d), where d is a length characterizing the width of the distribution. Fraś et al. [34] analysed the nucleation of eutectic colonies in cast iron, and
arrived at the same form of diameter distribution of nucleant particles.
Other forms of diameter distribution have been considered. Indeed, Fraś et al. [34] noted that the diameter of nucleant particles might follow a Weibull distribution, but found
that their data were best ﬁtted with a Weibull modulus of
one, which is a simple exponential distribution. Other studies [35,36], modelling the eﬀect of nucleant diameter distribution to guide the design of better grain reﬁners for aluminium
alloys, have considered Gaussian and log-normal diameter
distributions. All of these, however, closely resemble an
exponential distribution at the largest particle diameters
(which are the only ones likely to play a role in grain nucleation [33]).
As expressed by Fraś et al. [34], the inverse relationship
of nucleation supercooling and particle diameter, for an
exponential diameter distribution, directly gives a relation
between the number of grains per unit volume (the volumetric grain density, NV) and the maximum supercooling
of the melt DTmax, in the form


b
N V ¼ k exp 
;
ð9Þ
DT max
where k (m3) and b (K) are parameters to be estimated by
ﬁtting measured data. The model of Fraś et al. [34] assumes
that grain nucleation occurs on a particle of diameter d
when d = 2r*sinh, where r* is the critical radius for nucleation of solid in the liquid and h is the contact angle of
the solid nucleus on the particle substrate. As shown by
Greer et al. [33], the limited diameter of the particles invalidates this approach: the contact angle becomes irrelevant
and nucleation occurs when d = 2r*. Eq. (9) remains fully
valid, however: the interpretation of the ﬁtting parameter
b is just altered by the removal of the sinh factor.
Based on these experimental studies of systems as
diverse as commercial-purity aluminium alloys and cast
irons, and on reasonable mathematical ﬁtting of the diameter distribution of the largest nucleant particles, it seems
that Eq. (9) should have a general validity when nucleation
of grains is on a well-deﬁned set of particles. We take this
equation as the basis for our analysis in the present work.
5. Results and discussion
5.1. As-cast microstructure
The solidiﬁcation of the matrix of AZ91 is expected to
begin with the formation of primary a-Mg, with aluminium
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and zinc being rejected into the remaining liquid. When the
liquid is suﬃciently concentrated in these solutes, the secondary phase b-Mg17(Al, Zn)12 forms and the remaining
liquid solidiﬁes as a eutectic mixture of the a and b phases.
Optical metallography and scanning electron microscopy
(SEM) with energy-dispersive X-ray analysis (EDX) of
the as-solidiﬁed microstructure are consistent with this
sequence. Magnesium-rich regions, interpreted to be primary a-Mg grains, show dendritic microsegregation with
some evidence for sixfold dendrites. Between these grains,
EDX line-scans and compositional mapping show regions
with composition consistent with b-Mg17(Al, Zn)12 phase,
and regions of a-b eutectic.
Fig. 2 shows X-ray diﬀractograms for AZ91 and for an
AZ91/SiCp composite with 5wt.% of SiC particles. In both
cases, the primary a-Mg phase dominates, and the b-phase
Mg17(Al, Zn)12 formed on eutectic solidiﬁcation is also
detected. In the composite there is the additional phase
Mg2Si, as was also observed in earlier work [37]. The
carbides Al4C3 [37] and Al2MgC2 [38] may form in magnesium-based alloys. These carbides are diﬃcult to detect on
etched surfaces or even in TEM specimens, as they react
with water even at room temperature. On the other hand,
X-ray diﬀraction data come from a signiﬁcant depth (up
to a few micrometres) in the sample and so may avoid
problems of carbides reacting with water at the surface.
The XRD studies (Fig. 2) of the as-cast composites in the
present work do not show any evidence for carbides.
The microstructural feature of most direct relevance in
the present work is the distribution of SiC particles. This
is seen most readily in optical metallography (Fig. 3).
The etched samples, under polarized light, show the metallic regions of predominant a and b phases in a range of colours, depending on composition and crystallographic
orientation. The SiC particles show up as white or grey.
Fig. 3a shows that most SiC particles have been pushed
ahead of the growing solid grains, ending up at the grain
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boundaries. A few SiC particles appear to have been
trapped (entrained) within grains, presumably between
dendrite side-arms. In still fewer cases (Fig. 3b) large SiC
particles are observed near to grain centres, suggesting that
they were nucleation sites for the grains.
The predominance of SiC particles at the grain boundaries of the AZ91 matrix phase has been observed by others
[21,22,24]. Such a distribution is expected from the known
ineﬃciency of nucleation on added particles. Even when a
given ceramic phase is a potent nucleant for freezing of an
alloy, most of the particles are not active as nucleants [33].
The particles that are inactive are those that require larger
supercoolings for nucleation; according to the free-growth
model, these are the smaller particles. As brieﬂy reviewed
by Rauber et al. [24], it is usual in the solidiﬁcation of
particle-reinforced MMCs that particles that do not nucleate grains are pushed into interdendritic areas, ending up
aggregated on grain boundaries.
5.2. Grain-density measurements
As noted earlier, in the AZ91 alloy the total mass fraction and diameter of added SiC particles are expected to
aﬀect the grain density. The present analysis is based on
Eq. (9), which is modiﬁed to take account of these eﬀects:
effect of SiC mass fraction mfSiC :


bðmfSiC Þ
N V ðDT max ; mfSiC Þ ¼ kðmfSiC Þ exp 
;
DT max
effect of SiC particle diameter d SiC :


bðd SiC Þ
N V ðDT max ; d SiC Þ ¼ kðd SiC Þ exp 
:
DT max
In this approach, k and b in Eq. (9) are functions of the
mass fraction and diameter of SiC particles. The maximum
supercooling can be found from thermal analysis. It is

Fig. 2. X-ray diﬀraction traces of AZ91 alloy (red line) and composite reinforced with 5wt.% SiC (black line). The peaks have been identiﬁed, and show
the same phases in the two cases, apart from the presence of Mg2Si (circled) only in the composite.
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Fig. 4. Method (due to Kurz and Fisher [40]) of approximating the
nucleation temperature TN, the recalescence temperature TR and the
maximum supercooling DTmax.

Fig. 3. Optical micrographs of the microstructure of an AZ91/SiCp
composite with 1wt.% of SiC particles (which appear white or grey): (a)
overall grain structure, where the SiC particles are most evident at grain
boundaries (i), but can also be found trapped within grains (ii); (b) a closeup of a large SiC particle which could be the nucleation site for this a-Mg
grain.

deﬁned as the diﬀerence between the liquidus temperature
and the temperature at the onset of recalescence (Fig. 4).
The tabulated equilibrium liquidus temperature for AZ91
alloy is 595 °C [39], but this value does not reﬂect the
variability in actual composition and non-equilibrium
solidiﬁcation conditions. We therefore take the freezing
onset, i.e. the measured nucleation temperature TN, as
the best estimate of the liquidus temperature, justifying this
from the free-growth model [33]: given the largest SiC particle diameters (up to 100 lm by direct observation), the
onset of freezing should occur at very small supercooling.
The change in nucleation temperature with SiC mass fraction can be estimated from the data (Fig. 5) obtained by analysing the cooling curves of one alloy matrix and ﬁve
composites with 0.1, 0.5, 1, 2 or 3.5wt.% SiC using the
method described by Kurz and Fisher [40]. As shown by
the curve in Fig. 5, there is indeed an exponential relation
between the mass fraction of SiC and nucleation temperature, as in
T N ðmfSiC Þ ¼ 881  5:9 expð91:9mfSiC Þ:

ð12Þ

Eq. (12) was then used as an input for further analysis.
The parameters (k and b) were estimated by ﬁtting Eq. (9)
to the values of grain density NV and the maximum supercooling (DTmax) was measured for the four plate thicknesses,
Table 1. Since the ﬁtting parameters depend on the SiC particle diameter, the above calculation had to be performed for
each particular case individually (i.e. for three diﬀerent
mean SiC particle diameters of 10, 40 or 76 lm), Table 2.
With the parameter values obtained by ﬁtting, the equations
describing NV as a function of DTmax are:


43:21
;
ð13Þ
10 lm SiC : N V ðDT max Þ ¼ 1:7  1014 exp 
DT max
40 lm SiC : N V ðDT max Þ ¼ 3:9  1015


93:83
 exp 
;
DT max
76 lm SiC : N V ðDT max Þ ¼ 9:4  1016


135:09
 exp 
:
DT max

ð14Þ

ð15Þ

Fig. 5. Nucleation temperature TN as a function of SiC mass fraction. The
curve has been ﬁtted to the six measured data points, each based on three
measurements.
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Table 1
Measurements of maximum supercooling and grain density for AZ91-based composites reinforced with diﬀerent mass fractions of SiC particles, all of
mean diameter 45 lm.
Plate thickness
(mm)

10
15
20
30

0wt.% SiC

1wt.% SiC

2wt.% SiC

3wt.% SiC

4wt.% SiC

DTmax
(K)

NV (1010)
(m3)

DTmax
(K)

NV (1010)
(m3)

DTmax
(K)

NV (1010)
(m3)

DTmax
(K)

NV (1010)
(m3)

DTmax
(K)

NV (1010)
(m3)

N/A
6.6
4.5
4.3

N/A
1.9
0.27
0.21

8.3
7.7
6.9
6.4

15
12
7.9
4.4

14.8
14.0
13.6
12.6

17
13
11
5.7

16.6
15.6
15.0
14.8

22
15
12
10

16.4
15.8
15.6
14.5

28
21
19
12

Table 2
Measurements of maximum supercooling and grain density for AZ91-based composites reinforced by SiC particles of diﬀerent mean diameters. Plate
thickness 35 mm.
Mean particle diameter (lm)
SiC content (wt.%)

0
0.1
0.5
1
2
3.5

10

40

76

DTmax (K)

NV (1010) (m3)

DTmax (K)

NV (1010) (m3)

DTmax (K)

NV (1010) (m3)

5.5
5.8
6.3
6.5
8.7
9.5

0.38
6
12
38
110
180

5.5
5.8
6.3
7.1
9.1
10.6

0.38
1
1.4
8.7
12
56

5.5
6.2
7.8
8.6
9.8
11.2

0.38
0.92
1.2
1.5
9.6
54

Combining Eqs. (13)–(15), a more general expression is
derived, giving the grain density as a function of the SiC
particle diameter as well as the supercooling:
N V ðDT max ; d SiC Þ ¼ 1:132  1014


32:6 þ 1:4  106 d SiC
 exp 8:85  104 d SiC 
:
DT max

0 wt:% SiC
1 wt:% SiC

ð16Þ

The correlation coeﬃcients of all the above curve ﬁttings
are at least 0.932.
According to Eq. (9), and consistent with the freegrowth model [33], the parameter b should be inversely
proportional to substrate diameter, but this is not the
trend in Eqs. (13)–(15) where b increases with particle
diameter. While the eﬀects of size can be complex [7],
for large substrates the behaviour should be simple: for
a given mass fraction of substrate particles, their population should be inversely proportional to the cube of their
diameter, and the parameter k should show the same
dependence on diameter. This is again in contrast to the
trend in Eqs. (13)–(15) where k increases with particle
diameter. While the correlations show that the addition
of SiC particles has strong eﬀects on the nucleation
parameters k and b, it is very clear that the SiC particles
themselves do not have a one-to-one correspondence with
the nucleant substrates for the primary-phase grains. This
is not surprising, given that the SiC particles are much
larger than typical inoculant particles associated with single nucleation events [33].
Adopting a similar approach, the eﬀect of mass fraction
of SiC on NV can be calculated once the ﬁtting parameters
are determined:

2 wt:% SiC
3 wt:% SiC
4 wt:% SiC



27:35
;
N V ¼ 1:184  1012 exp 
DT max


29:95
12
N V ¼ 5:778  10 exp 
;
DT max


85:90
N V ¼ 5:815  1012 exp 
;
DT max


102:26
N V ¼ 1071  1011 exp 
;
DT max


104:85
14
N V ¼ 1:619  10 exp 
:
DT max

ð17Þ
ð18Þ
ð19Þ
ð20Þ
ð21Þ

The correlation coeﬃcients of all above curve ﬁttings are
at least 0.989. The SiC particle diameter in these calculations is 45 lm. In the model of Fraś et al. [34], k is the number of potential nucleant sites. The nucleant substrates are
not individual SiC particles, but they might be sites on the
particle surfaces. In that case, for a given particle diameter,
k should be proportional to the mass fraction of SiC. It is
known that for higher additions of nucleant substrates, the
nucleation becomes less eﬃcient (a smaller fraction of the
substrates actually initiate grains) [33]. In that case, the ﬁtting procedure might lead to the eﬀective value of k rising
less than proportionally with the mass fraction. In fact,
however, Eqs. (17)–(21) show k rising more than proportionally with mass fraction. This strongly suggests that
the eﬀect of the SiC particles in reﬁning the grain size in
the matrix phase cannot be attributed only to enhanced
nucleation. There must be other eﬀects such as restriction
of grain growth arising from the pushing of particles.
Particles being pushed could, for example, impede solute
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redistribution at the solid–liquid interface. As a possible
contribution to grain reﬁnement, growth restriction was
noted by Luo [21,22], but without any quantiﬁcation of
its signiﬁcance.
Combining Eqs. (17)–(21), a more general expression is
derived giving the grain density as a function of the mass
fraction of SiC:
N V ðDT max ; mfSiC Þ ¼ 1:42  1013


36:25 expð29:3mfSiC Þ
;
 exp 61:9mfSiC 
DT max
ð22Þ

where the correlation coeﬃcient of the curve ﬁtting is
0.866. Finally all the results were combined to obtain a general equation that yields the grain density of the matrix
phase in the composite as a function of the mass fraction
and particle diameter of SiC:
N V ðmfSiC ; d SiC ; DT max Þ

¼ 9  1013  exp 61:9mfSiC  4:1  104 d SiC

19:2 þ 8:3  105 d SiC þ 18:1 expð29:3mfSiC Þ

;
DT max

ð23Þ

where the correlation coeﬃcient is 0.856. When a simple
nucleation mechanism dominates, it is possible to derive
the nucleation law linking NV and DTmax directly from
the shape of the particle diameter distribution [33].
5.3. Numerical simulation
As noted above, the complex variation of grain density
with arithmetic mean particle diameter and mass fraction
of SiC precludes any simple nucleation analysis. In that
case, there is no option but to derive an empirical nucleation law, as given in Eq. (23). The adjustable parameters
in the expression are obtained by a statistical ﬁtting to all
of the experimental results. We now test whether the application of this empirical law in a numerical simulation can
give quantitatively useful predictions.
Based on the model explained above, a computer program in C++ language was written to simulate the nucleation and growth of Mg–Al primary phase in the
composite. As noted earlier, the eutectic reaction that takes
place during non-equilibrium solidiﬁcation of this alloy was
ignored. As in the analyses of Maxwell and Hellawell and
Greer et al. [33,41], the liquid is taken to be isothermal. Hunt
[42] has recently conﬁrmed that this is a reasonable approximation for the early stages of solidiﬁcation after pouring.
The temperature diﬀerences across the computational

volume are certainly small enough for a spatially uniform
temperature to be assumed. The computations are performed for a single volume element. The input data in the
simulation are:
(a) diﬀusion coeﬃcients of aluminium [7]: Da = 2.7 
1010, DL = 2.7  108 m2 s1;
(b) nucleation temperature calculated from Eq. (12);
(c) the initial temperature of the liquid is taken to be
700 °C, well above the liquidus temperature;
(d) CLV ¼ 267:86 K [43];
(e) imposed cooling rate, U = a$2T, depends on temperature and mould material, and is taken to be:
8
40
for T > 625  C
>
>
>
>
>
>
200
>
for 625  C P T > 620  C
< T 630
ð24Þ
UðT Þ ¼
>
5T 2900


>
> T 630 for 620 C P T > 600 C
>
>
>
>
: 100
for T 6 600  C :
T 630
Four series of simulations with SiC contents of 0.1, 2, 3
or 5wt.% were performed, using a constant arithmetic
mean particle diameter of 45 lm and based on Eq. (23).
This is derived from Eq. (9), which relates the ﬁnal number
of nucleation events per unit volume (NV) to the maximum
supercooling (DTmax). However the same exponential form
serves to relate the number of nucleation events at any
instant to the supercooling at that instant. Thus DTmax in
Eq. (23) is simply replaced by the instantaneous supercooling DT, calculated using
DT ðsÞ ¼ T N  T ðsÞ:

ð25Þ

Once the recalescence occurs, the model assumes no
more grain nucleation. This feature of the model makes it
possible to predict the grain density after complete solidiﬁcation of the composite. To verify the outcome of the simulation, a number of samples were cast and their grain
densities were measured. The calculated and measured
grain densities are given in Table 3. Fig. 6 shows the calculated and measured cooling curves of the alloys studied in
this work.
Given the assumptions made in this model and associated limitations, the predicted grain densities are reasonably close to the measured values. A key point is that the
predicted and measured grain densities follow very similar
trends. It is known that ceramic particles can signiﬁcantly
inﬂuence the thermophysical parameters of an MMC
[44]. For simplicity such eﬀects were ignored in the present
simulations, but they will be considered in future work.

Table 3
Measured and calculated grain densities.
Mass fraction of SiC particles
11

3

NV (10 ) (m ) (from simulation)
NV (1011) (m3) (from experiment)

0.1wt.%

2wt.%

3wt.%

5wt.%

0.88
0.95 ± 0.33

1.8
1.2 ± 0.4

1.9
1.3 ± 0.4

1.9
1.4 ± 0.3
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Fig. 6. Calculated (solid line) and experimental (dashed line) cooling curves for Mg–SiC composites with diﬀerent SiC contents. The eutectic reaction
revealed by the thermal arrest at 700 K on the experimental cooling curve was not taken into consideration in the modelling.

6. Conclusions

Acknowledgements

The grain density NV of the Mg-based matrix phase in
cast AZ91/SiC composites increases markedly as the mass
fraction of added SiC particles is increased, and as the
particle diameter is decreased for a given mass fraction.
Cooling curves were measured for plates of diﬀerent thicknesses cast from alloys with diﬀerent mass fractions and
particles diameters of SiC. The maximum supercoolings,
DTmax, derived from the cooling curves, when related to
the corresponding values of NV, show that there is not a
one-to-one correspondence between the SiC particles themselves and the nucleant substrates. In addition to possible
nucleation catalysis, the addition of SiC particles may
inﬂuence the grain density by eﬀects such as growth restriction. It was therefore not possible to derive a nucleation
law from fundamental mechanisms, but it was possible to
calculate an empirical law by ﬁtting the data on NV and
DTmax. This empirical nucleation law was used in a numerical simulation based on a micro–macro model including
the eﬀects of heat and mass transfer at the solid–liquid
interface. The simulation is capable of giving quantitatively
acceptable predictions of cooling curves, and matrix grain
densities in cast AZ91/SiC composites as a function of
heat-extraction rates, and mass fraction and particle diameter of SiC.

The authors acknowledge ﬁnancial support from the
European Union under Marie Curie Transfer of Knowledge Grant No. MTKD-CT-2006-042468 (AGH No.
27.27.170.304).
References
[1] Stefanescu DM, Upadhya G, Bandyopadhyay D. Metall Trans A
1990;21A:997.
[2] Stefanescu DM. In: Piwonka TS, Voller V, Katgerman L, editors.
Modeling of casting, welding and advanced solidiﬁcation processes
VI. Warrendale, PA: TMS; 1993. p. 3.
[3] Liu J, Elliott R. J Cryst Growth 1998;191:261.
[4] Rappaz M, Gandin CA. Acta Metall Mater 1993;41:345.
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