CHAPTER 14

MACROSEGREGATION
14.1

INTRODUCTION

Solute composition inhomogeneities at the macroscopic scale of a casting –
a phenomenon commonly known as macrosegregation – are undesirable for
several reasons. First, such inhomogeneities cannot be removed readily by
heat treatment, as the time required for solid state diffusion to occur at
this scale is prohibitive. For instance, for Ds ⇡ 10 12 m2 s 1 and L = 1 m,
the diffusion time is in the range of 1012 s or 32,000 years! Second, macrosegregation results in spatial variations of the mechanical properties after
heat treatment due to the concomitant spatial variations in the amount,
nature and size of the precipitates. Third, macrosegregation can lead to
the formation of gross compositional defects such as freckles, also called
segregated chimneys, which are described later on in this chapter. Finally,
there is a cost associated with macrosegregation for certain expensive alloys. Consider gold alloys, for instance: A rating of 18 carats requires an
absolute minimum of 75 wt% Au everywhere in the material. Thus, if
the composition is not uniform, certain regions will have even higher gold
content, thereby adding to the overall cost. It is therefore important to understand, model and control macrosegregation, which is the subject of this
chapter.
It was seen in Chap. 5 that the directional solidification of an alloy
with k0 < 1, at constant velocity with a planar front, consists of three
stages: the initial transient during which the composition in the solid Cs
is lower than the nominal composition C0 ; the steady state regime where
Cs = C0 ; and the final transient where Cs > C0 . This implies segregation
at the scale of the whole specimen, i.e., macrosegregation. Macrosegregation can occur even during the steady-state regime of planar front growth
if there is a certain amount of convection. This case, briefly presented in
Sect. 14.2, will enhance our understanding of what takes place in the more
general case of dendritic solidification.
Indeed, in most cases encountered during the production of alloys or
shape castings – as demonstrated in Chap. 8 – the thermal conditions are
such that the planar front is unstable, causing dendrites or cells to form.

644

Macrosegregation

This induces microsegregation at the scale of the secondary dendrite arm
spacing, as discussed in Chap. 10. Despite this localization of segregation
at the micron scale, macrosegregation can nevertheless occur by several
mechanisms, as illustrated in Fig. 14.1. In all of them, macrosegregation takes its origin in the relative movement of one phase with respect
to the other. Indeed, as the solid and liquid phases do not accept the
same amount of solute, microsegregation will give rise to macrosegregation when one phase moves relative to the other.
Key Concept 14.1: Causes of macrosegregation
The four main causes of macrosegregation, illustrated in Fig. 14.1,
and treated in the following sections, are:
(a) Macrosegregation associated with solidification shrinkage. In
this case, the suction of the liquid induced by the moving interface is opposite to the movement of the isotherms, leading to
what is known as inverse segregation (Sect. 14.4).
(b) Macrosegregation associated with natural or forced convection. If
the velocity of the liquid is parallel to the composition isopleths,
i.e., perpendicular to the solute gradient, no macrosegregation
occurs. However, macrosegregation is induced when the flow enters or exits the mushy zone, i.e., when v` · rC` 6= 0 (Sect. 14.5).
(c) Macrosegregation associated with grain movement. As long as
the grains move with the same velocity as the liquid, there is no
macrosegregation. However, equiaxed grains have a tendency to
sediment or float, depending on the density of the solid relative
to the liquid, giving rise to macrosegregation (Sect. 14.6.1).
(d) Macrosegregation associated with deformation of the mushy solid.
In this case, the overall velocity of the solid is small but r·vs 6= 0.
In other words, the mushy solid behaves like a sponge causing
the liquid to be expelled under compression, or drawn in under
tension (Sect. 14.6.2).
Macrosegregation at a given location in a casting is said to be negative when the average composition measured over a representative volume
element is lower than the nominal value. It is positive in the opposite
case. But which composition are we talking about? Before detailing each
source of macrosegregation in Sects. 14.4 to 14.6, it is worthwhile to reemphasize in Sect. 14.3 what has been presented in Chaps. 3 and 4 concerning the composition field and the general equations governing macrosegregation for dendritic solidification. Before doing so, we present some
general aspects of macrosegregation during planar front solidification. It
should be emphasized that, unless stated otherwise, we will always assume that k0 < 1 and m` < 0 throughout this chapter.
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(a) v = – v*

(b) v ⋅ rC ≠ 0

(c) vs ≠ 0, vs ≠ v

(d) r ⋅ vs ≠ 0
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Fig. 14.1 Various types of macrosegregation induced by (a) solidification shrinkage,
(b) fluid flow, (c) grain movement and (d) deformation of the solid.

14.2
14.2.1

MACROSEGREGATION DURING PLANAR FRONT
SOLIDIFICATION
Thermal convection in a pure material

Before describing convection and macrosegregation induced during directional solidification of alloys, let us first briefly recall the basics of natural convection in pure substances already seen in Chaps. 4 and 6. Using
the Boussinesq approximation, i.e., assuming T Tc ⌧ 1, where Tc is a
characteristic temperature difference, and taking all other properties to be
constant, the governing equations controlling heat and mass transport in
a fully liquid region are given by (see Sect. 4.6)
@v`
+ v` · rv`
@t
@T
+ v` · rT
@t

r · v` = 0
rp
⌫ ` r2 v ` =
⇢`0

(14.1)
g

T (T

T0 )

(14.2)
(14.3)

↵ 0 r2 T = 0

where T is the volumetric thermal expansion coefficient (= V 1 dV /dT ), g
is the gravity vector and T0 is the reference temperature at which ⇢` = ⇢`0 .
The hydrostatic contribution ⇢`0 g is included in the pressure, as described
in Sect. 4.6 (Eq. (4.167)). In order to understand the mechanism by which
flow is induced by thermal gradients, we take the curl of Eq. (14.2) and use
the vector identity r ⇥ (rp) ⌘ 0 to obtain
@w`
+ (v` · r)w`
@t

(w` · r)v`

⌫ ` r2 w ` =

T rT

⇥g =

1
r⇢` ⇥ g
⇢`0

(14.4)
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where w` = r ⇥ v` is the vorticity vector. If the fluid simply rotates with
angular velocity ⌦ about a point in the x y plane, i.e., v`✓ (r) = r⌦, the
vorticity vector component is parallel to the z-axis and w`z > 0 corresponds
to a counterclockwise rotation. If w`z < 0, on the other hand, the rotation
is clockwise.
Key Concept 14.2: Thermal convection
Consider a fluid initially at rest, i.e., v` = w` = 0. Equation (14.4)
then reduces to:
@w`
=
@t

T rT

⇥g =

1
r⇢` ⇥ g
⇢`0

(14.5)

This clearly indicates that a temperature gradient rT (or density gradient r⇢` = ⇢`0 T rT ) not parallel to g leads to a rotation of the fluid.
Using this equation, one can then distinguish several cases:
• r⇢` ⇥ g 6= 0
Such a situation is illustrated in Fig. 14.2. A square cavity has thermally insulated bottom and top walls, its right boundary is maintained at a high temperature, and its left boundary is maintained at
a low temperature. The gravity vector points vertically down. As expected, solving Eqs. (14.1)-(14.3) for this configuration gives a counterclockwise velocity field and isotherms distorted in the sense of the
fluid rotation.
• r⇢` is parallel to g, i.e., ⇢`0 T Gz gz > 0 and r⇢` ⇥ g = 0
Such a situation would occur if, for instance, the cold boundary were
at the bottom and the hot boundary at the top, with insulated vertical
sides. Since the colder/denser liquid is situated below the warmer/less
dense liquid, no movement would be induced and the configuration is
stable or stagnant or stagnant situation.
• r⇢` is opposite of g, i.e., ⇢`0 T Gz gz < 0 and r⇢` ⇥ g = 0
In this case, the hot boundary is at the bottom while the cold boundary is at the top. Since the warmer/less dense liquid has a tendency to
rise, such a situation would be unstable. Beyond a critical Rayleigh
number, in this geometry Ra = g T T L3 /(⌫` ↵) > 1708, convection
occurs. If the upper boundary is replaced by a free surface, the critical Rayleigh number for convective instability decreases to approximately 1100.
With these considerations in mind, it is now possible to describe the
more interesting situation of planar front solidification of alloys.
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14.2.2
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Convection during directional solidification of a
binary alloy

For alloys, in addition to Eqs. (14.1)-(14.3) for the liquid phase, solute
transport must also be included,
@C`
+ v` · rC`
@t

(14.6)

D ` r2 C ` = 0

For the moment, we focus on the composition of the liquid during directional solidification with a planar front, taken to be horizontal, and thus
perpendicular to g. We consider solidification both from below and from
above. The thermal gradient G is taken as externally imposed and may
be either parallel (G · g = Gz gz = Gg > 0) or anti-parallel to gravity
(G · g = Gz gz = Gg < 0). These two cases correspond to unstable and
stable thermal configurations, respectively if T > 0. Considering now
the contribution of the solutal field, we will sketch the density field in the
liquid, which is related to the temperature and composition by the constitutive model given in Eq. (4.52)
⇢` = ⇢`0 (1

T (T

T0 )

C (C`

(14.7)

C`0 ))

where C is the solutal expansion coefficients of the liquid phase, C =
V 1 @V /@C` = ⇢ 1 @⇢/@C` . Computing the dot product of g with the gradient of Eq. (14.7) gives
✓
◆
✓
◆
@T
@C`
C GCz
= ⇢`0 T Gz gz 1 +
(14.8)
r⇢` · g = ⇢`0 gz
T
C
@z
@z
T Gz

g

(a)

(b)

Fig. 14.2 (a) The steady state velocity field and (b) isotherms in a square cavity
with a cold boundary to the left, a hot boundary to the right and two horizontal thermally insulated boundaries (Grashof number Gr = 105 ). (Courtesy of J.L. Desbiolles.)
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where GCz = @C` /@z is the vertical solutal gradient. When compared to
the case of the pure fluid discussed in Sect. 14.2.1, one can see that the
stability of the liquid during solidification of a binary alloy depends on
the sign of the term inside parentheses, i.e., on the relative magnitude of
the thermal and solutal gradient terms, T Gz and C GCz . It was demonstrated in Chap. 8 that, in the absence of convection, planar front growth
is stable provided that m` GCz < Gz . Let us assume that we are just at the
limit of stability, m` GCz = Gz .
Key Concept 14.3: Thermo-solutal convection
For a binary alloy growing with a planar front at the limit of stability,
i.e., when m` GCz = Gz , the driving force for thermo-solutal convection
(Eq. 14.8) is given by:
✓
◆
C
r⇢` · g = ⇢`0 T Gz gz 1 +
= ⇢`0 T Gz gz (1 + B)
(14.9)
m` T
where T and C are the thermal and solutal expansion coefficients,
respectively, and m` is the slope of the liquidus. The coefficient B =
C /(m` T ) is a property of the alloy alone, not of the geometry nor
the processing conditions. Note that the condition m` GCz = Gz also
applies in the mushy zone since T = Tliq + m` (C` C0 ).
Figure 14.3 shows the various possibilities that can be encountered
during vertical solidification of a binary alloy with k0 < 1 and m` < 0.
Figure 14.3(a) presents the solute profile in the solid derived in Chap. 5
for v` = 0, during the initial transient, up to a point where steady state is
reached. Recall that, at steady state, the composition at the interface in
the liquid C`⇤ is equal to C0 /k0 , where C0 is the nominal composition, and
the solute boundary layer thickness is equal to D` /vT . The composition
profile at steady state in the liquid is also shown in Fig. 14.3(a). When
considering this steady state situation and T > 0, four situations can be
distinguished depending on the value of B and the direction of growth:
•

C < 0 ) B > 0, and Gz gz < 0 (Fig. 14.3(i)).
This situation corresponds, for example, to the growth of Al-Cu against
gravity, where denser Cu is rejected into the liquid and thus r⇢` · g >
0 everywhere, including in the solute boundary layer. Since B is positive, the solute gradient reinforces the stability of the liquid layer at
the solid-liquid interface. No macrosegregation is expected.

•

C > 0 ) B < 0, and Gz gz < 0 (Fig. 14.3(ii)).
In this case, the rejected solute is less dense (e.g., such as in Cu-Sn
or Fe-C) and B < 0. (Note that the same situation might occur with
a denser solute element and k0 > 1). If B > 1, the configuration
remains stable even in the boundary layer. However, if B < 1, such
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Fig. 14.3 A schematic illustration of planar front solidification of a binary alloy
during the steady state phase of directional solidification. The composition profile
in the liquid and in the solid are displayed with solid and dashed lines, respectively.
In cases (i) and (ii), solidification proceeds from below, i.e., anti-parallel to gravity.
Cases (iii) and (iv) correspond to solidification from above. The associated buoyancy
force r⇢` · g is shown for the four cases. In the regions where r⇢` · g < 0, the liquid
has a tendency to be unstable.

as for the case represented schematically in Fig. 14.3(ii), a convective
instability might develop in the region close to the interface where
r⇢` · g < 0.
•

C < 0 ) B > 0 and Gz gz > 0 (Fig. 14.3(iii)).
Since the solidification occurs in the direction of gravity, the hotter
liquid finds itself in the lower position and thus displays a thermal
instability that is reinforced in the solute boundary layer since the
rejected solute is denser than the solvent.

•

C > 0, i.e., B < 0 and Gz gz > 0 (Fig. 14.3(iv)).
Although this situation is thermally unstable, it could be stabilized
close to the interface if B < 1.

Certainly, the cases described above are merely indicative of when
convection, and thus macrosegregation, can be expected. They were obtained under the very restrictive assumptions of a planar front growing at
the limit of constitutional undercooling in a well-defined vertical thermal
gradient. Once convection starts, the thermal and solutal fields evolve according to Eqs. 14.3 and 14.6. The flow can then become rather complex,
as illustrated in Fig. 14.4, which shows plumes of a Sn-rich liquid moving
upward during the planar front solidification of a Cu-Sn alloy, for which
C > 0 and Gz gz < 0.

