CHAPTER 9

EUTECTICS, PERITECTICS AND
MICROSTRUCTURE SELECTION
9.1

I NTRODUCTION

In the previous chapter, we saw that the growth of a single phase ↵ from a
binary melt usually occurs in the form of equiaxed or columnar dendrites
at some undercooling T below the liquidus temperature Tliq . As the solidification proceeds, the liquid becomes richer in solute (if k0 < 1), and, at
some point, its composition reaches an invariant point, typically a eutectic or a peritectic. In order for the invariant reaction to proceed, a second
phase must nucleate and grow concurrently with, or at the expense of,
the ↵-phase.
In the case of eutectic growth, the exchange of solute between the two
solid phases occurs via transport in the liquid phase. The ↵-phase rejects
solute B, whereas the -phase rejects A. We demonstrate in Sect. 9.2 that
the spatial distribution of the solute, and the curvature of the ↵ ` and
`
interfaces, combine to make the eutectic front grow at an undercooling T
below the equilibrium eutectic temperature Teut . Section 9.2 also presents
the various types of eutectic morphologies: regular, irregular, nodular, divorced and multi-component/multi-phase eutectics.
We describe the morphologies associated with the peritectic transformation ↵ + ` !
in Sect. 9.3. This transformation also occurs below
the equilibrium peritectic temperature Tper due to solute transport being
required. We distinguish two mechanisms besides the solidification of
from the melt. The peritectic reaction occurs in the region where all three
phases ↵, and ` are in contact. The peritectic -phase can also expand
at the expanse of ↵ via the peritectic transformation, a solid state transformation at the ↵
interface involving diffusion through the peritectic
-phase. At very low speed, when the ↵ and planar fronts are normally
stable, new growth mechanisms resulting in novel peritectic microstructures will be seen to operate.
Finally, Sect. 9.4 describes the competition between various phases
and/or morphologies. Although nucleation kinetics determines which phase
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forms first, it will become clear that growth kinetics can confer an advantage to a particular phase or growth morphology. In a sample transforming
at a nearly uniform temperature, the phase or microstructure that grows
the fastest wins, whereas in directional solidification, the phase that grows
at the highest temperature is the winner. Illustrative examples include
the competition between austenite and ferrite dendrites in Fe-Ni-Cr steels,
and between graphite and cementite in eutectic cast iron. We will also discuss the competition between dendritic and eutectic morphologies in the
coupled zone of a eutectic phase diagram.
The notation in this chapter becomes somewhat complicated, since we
need to distinguish between various interfaces, e.g., ↵ ` or
`. Therefore, in addition to the “⇤ ” superscript used throughout this book for the
interfacial compositions in a given phase, e.g., C`⇤ for the interfacial liquid
composition, another superscript is added for the phase with which it is in
contact. For example, C`⇤↵ and C ⇤` represent the interfacial composition in
the liquid ahead of the ↵ ` interface and the interfacial composition of
at the
` interface, respectively.

9.2

E UTECTICS

Movies from experiments and simulations of eutectic growth can be found
at: http://solidification.org/Movies/eutectics.html

9.2.1

General considerations

Recall that the eutectic reaction is the direct transformation of the liquid
into two solid phases, ` ! ↵ + . We first treat the invariant eutectic
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Fig. 9.1 (a) A typical eutectic phase diagram and (b) the associated microstructure
that is formed during solidification in a vertical thermal gradient. (c) A schematic
diagram of the coupled growth of ↵- and -lamellae during the eutectic reaction.

Eutectics

387

reaction in binary alloys using the hypothetical phase diagram shown in
Fig. 9.1(a). Consider the hypoeutectic alloy C0 solidifying in a temperature
gradient, as illustrated in Fig. 9.1(b). As discussed in Chap. 8, the dendrite
⇤
tip will be found at a temperature Ttip
< Tliq (C0 ), and the interdendritic
liquid becomes increasingly enriched with increasing distance behind the
tip. Eutectic growth occurs at a certain undercooling T below Teut when
the liquid composition is close to Ceut . Let us now explore the mechanisms
by which the two solid phases ↵ and grow simultaneously, as sketched in
Fig. 9.1(c).
In a hypoeutectic alloy of composition C0 . Ceut , the ↵-phase is likely
to nucleate first. As the primary phase grows, the liquid is enriched in
B. At some point, the liquid composition at the ↵ ` interface, indicated
as C`⇤↵ in Fig. 9.2, becomes larger than Ceut . Thus, the enriched liquid is
undercooled by an amount Tn with respect to the -phase liquidus temperature for that composition. If we assume that the ↵ ` interface is
↵
at equilibrium, the undercooling Tn is given by (Tliq (C`⇤↵ ) Tliq
(C`⇤↵ ))
(see Fig. 9.2). At a certain critical value of Tn , the -phase nucleates
somewhere on the ↵ ` interface, as shown in Fig. 9.3. The nucleus usually has a particular crystallographic relationship with the parent phase.
The
phase then spreads across the ↵ ` interface. Akamatsu et al.
[2] observed this phenomenon in transparent organic systems, in which
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Fig. 9.2 Nucleation of the second phase in a hypoeutectic alloy.
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Fig. 9.3 (a) Nucleation of a -phase at a certain point of a growing ↵ ` interface.
(b) Lateral growth of the -phase is unstable, leading to the formation of cells. (c)
The ↵-phase continues to grow in between the -phase cells, leading to a periodic
arrangement of lamellae. (After Akamatsu et al. [2]).
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they found that the lateral spreading can become unstable, forming fingers or cells of -phase as the interface advances. The ↵-phase is still able
to continue its growth in between these -cells, naturally establishing an
alternating sequence of ↵- and -phases growing side-by-side.
Key Concept 9.1: Isothermal coupled growth
The invariant binary eutectic reaction ` ! ↵ + occurs at a unique
composition that we designate as Ceut . When the two solid phases, ↵
and , grow side-by-side with a triple line ↵
liquid, we call this
mode coupled growth, If both solid phases are at approximately the
same temperature, corresponding to the same position in a thermal
gradient, we call this mode isothermal coupled growth.
Consider next the alloy C0 close to the eutectic composition shown
in the idealized phase diagram in Fig. 9.4. Suppose that there are two
solid phases, ↵ and , each growing with a planar front at constant velocity v ⇤ , but that they are unaware of each other’s presence. The solute profiles in the liquid ahead of ↵ and in this “thought experiment”
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Fig. 9.4 (a) A linearized eutectic phase diagram. Schematic diagrams showing the
steady-state solute field in the liquid ahead of (b) two independent ↵ and planar
fronts, and (c) two lamellae ↵ and growing in a coupled manner.

Eutectics

389

are illustrated in Fig. 9.4(b). The liquid interfacial compositions ahead of
the phases are obtained by extending the liquidus and solidus curves, as
shown in Fig. 9.4(a). The composition in the liquid at the ↵-` interface is
enriched, C`⇤↵ = C0 /k0↵ (k0↵ < 1), whereas ahead of the -phase the solute is depleted C`⇤ = 1 (1 C0 )/k0 . Note that the partition coefficient
k0 < 1, and thus, if one were to redraw the phase diagram swapping elements A and B, the results would be similar. This requires that we define
k0 = (1 Cs )/(1 C` ) when the composition is measured as the mass
fraction of element B. Note also that the two planar fronts in this thought
experiment would not be at the same temperature.
Coupled growth provides a much more efficient mechanism for solute
transport than the independent planar growth of each phase. Since the
↵-phase rejects B while the -phase rejects A, the coupling of ↵ and , illustrated in Fig. 9.4(c), allows a lateral diffusion in the liquid, resulting
in much smaller maximum and minimum compositions ahead of the two
solid phases. The speed of the lateral diffusion increases as the lamellar
spacing decreases. We will see in Sect. 9.2.3 that surface tension requires the interfaces to be curved, and the lamellar spacing is determined
by a balance between transport and surface tension, similarly to what was
found for dendritic growth in Chap. 8.

9.2.2

Coupled eutectic growth morphologies

Recall from Chap. 8 that materials for which Sfm /R > 2 usually also
have a large anisotropy in solid-liquid interfacial energy and are therefore
faceted, whereas those for which Sfm /R < 2 are non-faceted. The various combinations of such materials lead to different morphologies for the
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Fig. 9.5 Eutectic interface morphologies that can be obtained when the ↵-phase is
non-faceted and the -phase is either non-faceted (left) or faceted (right). This is
shown for two volume fractions of the -phase. The eutectic is growing in a thermal
gradient perpendicular to the page.
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↵
eutectic. The eutectic microstructure is also affected by the volume
fractions of the two phases. The present section describes the observed
morphologies for coupled growth, as shown schematically in Fig. 9.5.
Key Concept 9.2: Faceted-faceted eutectics
If the two solid phases ↵ and are both faceted, they grow along welldefined crystallographic directions, and cannot maintain steady triple
junctions, unless a very specific orientation relationship occurs right
from the start of growth. Therefore, the faceted needles or plates of ↵
and appear to grow “independently” of each other, although they still
exchange solute via the liquid phase. Therefore, no coupled growth is
possible in this case.
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Fig. 9.6 Regular and irregular eutectics: (a) regular Al-Au eutectic observed in a
longitudinal section; (b) irregular Al-Si eutectic observed in a transverse section;
(c) regular CBr4 -C2 Cl6 eutectic observed during growth; (d) an irregular borneolsuccinonitrile eutectic observed during growth. The faceted borneol phase leads
the growth of succinonitrile in between. (After Kurz and Fisher [11].)
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Key Concept 9.3: Regular and irregular eutectics
When both solid phases are non-faceted, which is typical when both
are metallic, triple junctions can be maintained in almost any growth
direction. The ↵
solid-liquid front is nearly isothermal, growing
at a temperature T ⇤ slightly lower than Teut . The pattern of ↵ and ,
either fibers or lamellae, is called regular.
When one of the two phases, e.g., ↵, grows with a non-faceted
morphology while the -phase is faceted, triple junctions can be maintained: the non-faceted phase follows the needles or plates of the
faceted phase. Since this phase grows along well-defined directions,
the resulting eutectic structure is very complex and irregular, and the
solidification front is not isothermal. Such a eutectic morphology is
called irregular.
Examples of both fibrous and lamellar irregular eutectic morphologies, are shown schematically on the right-hand side of Fig. 9.5. They are
found typically in systems consisting of a metal and a non-metal, such
as Fe-C (gray cast iron) or Al-Si (Fig. 9.6b), and in various organics such
as the borneol-succinonitrile alloy shown in (Fig. 9.6d). As we discussed
in more detail in Sect. 2.4.2, the faceted phase grows along well-defined
crystallographic directions with the help of defects such as twins or screw
dislocations.
Regular eutectic morphologies (fibrous and lamellar) are sketched
schematically in Fig. 9.5, left. Some sort of crystallographic relationship
usually exists between the ↵- and -lamellae or fibers as a result of the
nucleation sequence described above. However, during growth, the ↵
interface becomes incoherent and can accommodate any growth direction.
Such regular eutectics are found for example in Pb-Sn, Al-Zn, Fe-Fe3 C or
Al-Au (Fig. 9.6a). Figure 9.6(c) shows the regular eutectic structure that
forms during the growth of a C2 Cl6 -CBr4 eutectic.
Let us consider further the crystallographic relationship between the
↵- and -phases established at the nucleation stage. Figure 9.7 shows a
transverse section of two grains from a DS sample of Al-Zn eutectic. The
orientation of the lamellae in this regular eutectic clearly reveals the grain
boundary. The figure also shows Al h100i and Zn h1120i pole figures for
the lamellae of each grain. One can clearly see that, in each grain, the
(111) plane of fcc Al (line drawn through the h110i directions in the pole
figure) coincides with the (0001) plane of hcp Zn (line drawn through the
h1120i directions in the pole figure). Furthermore, a h110i direction of Al
coincides with a h1120i direction of Zn at the center of the pole figure, which
corresponds to the direction of the thermal gradient. However, one can see
by comparing the pole figures and the micrographs that the ↵
interfaces
of the lamellae are not exactly parallel to the planes of coherency.

