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A theory is derived for the behavior of alloys of eutectic composition during quenching from
the liquid phase. Several structures may form, depending on the quenching rate: a lamellar
structure, a crystalline alloy of homogeneous composition which is unstable with respect to
spinodal decomposition, and an amorphous alloy. Several experiments which could provide
information on the mechanism by which alloys of eutectic composition convert to an

amorphous structure are proposed.

1. The crystallization of eutectic alloys has been studied
theoretically and experimentally for many years now.!®
When a liquid is cooled sufficiently slowly, the crystalliza-
tion front retains a fixed shape as it moves, at velocities
v~1072-1 cm/s. A “lamellar structure” forms, in which
layers of the 4 and B phases making up the eutectic alloy
alternate periodically in the direction perpendicular to the
growth direction. These layers may be plates or rods. In the
simplest case of a binary alloy, the phases 4 and B may con-
sist of pure elements, either metals or nonmetals. Some typi-
cal alloys are Al-Zn, Al1-Cu, Pb—Cd, and Sn-Zn in the first
case and Al-Si, Pb-Bi, and Sn-Bi in the second.

It has been found that the period A of the lamellar struc-
ture depends on the front velocity v: A v = const. The first
arguments in favor of such a dependence appeared in Refs.
1-3. It has recently been shown that this relation keeps the
steady-state growth of a lamellar structure stable.”"!

As the quenching rate is increased, the period A of the
steady-state structure decreases. For the alloy Al-Al,Cu, for
example, the period changes from a few microns to some-
thing on the order of 100 A (Refs. 6 and 7) as this rate is
increased to ~ 1 cm/s. In order to produce structures of this
sort in the case of a stable, steady-state crystallization front,
it is necessary to produce a high temperature gradient ahead
of the front. This was done in Refs. 6 and 7 by scanning a CO,
laser beam over a thin layer of the alloy of eutectic composi-
tion.

With a further increase in the quenching rate, a single-
phase alloy forms.'?"'* The single-phase Ag—Cu alloy which
is produced in quenching as the molten material is sprayed
onto a cold substrate was studied in more detail in Ref. 15,
where it was found that as a homogenous alloy of this type
ages its composition acquires a periodic modulation. This
behavior was interpreted as a spinodal decomposition in the
two-phase system.

On the other hand, there is a wide range of research on
eutectic alloys at even higher cooling rates, at which an
amorphous structure forms (e.g., Refs. 16 and 27). A char-
acteristic difference between eutectic alloys and alloys of
other compositions is the relatively low cooling rate at which
an amorphous structure occurs.

In the present paper we attempt to describe from a uni-
fied standpoint the entire set of events which are observed
during a systematic increase in the rate at which a eutectic
melt is cooled.
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In particular, we explain the existence of a limit on the
interval of cooling rates in which a lamellar structure can
form. We show that at rates higher than this interval a solid
alloy forms; its composition is homogeneous, and it decom-
poses behind the front by a mechanism of spinodal decompo-
sition, in accordance with observations. Even this solidifica-
tion, however, occurs only at rates up to a certain limit,
above which the eutectic alloy begins to acquire an amor-
phous structure. We offer a possible explanation for the cir-
cumstance that this limiting rate is significantly lower than
the cooling rate required for the conversion of alloys of other
compositions to an amorphous structure.

We also propose some experiments which could permit
a more detailed study of the mechanism for the decomposi-
tion and glass transition of alloys of eutectic composition.

2. The steady-state growth of a lamellar structure as a
eutectic alloy is cooled slowly was studied in detail by Jack-
son and Hunt?? (see also Ref. 18). It was suggested that a
two-phase system of this sort grows due to diffusive redis-
tribution of the melt components in the liquid phase near the
crystallization front. The diffusion equation is written as fol-
lows in a coordinate system which moves at the front veloc-

1ty:

Dy V2c,+Roc.[02=0, (1)
where D, is the diffusion coefficient of the liquid phase, ¢, is
the concentration of one of the components in the liquid
phase, and R is the velocity of the crystallization front,

which is moving in the z direction.
Imposing the boundary conditions

cL=CrtCa=C, (2)

at z— o0, far from the front, and the boundary conditions

BCL:_M, OS:I:SSA,
0z D, (3)
oo Rle=c) ¢ s 48,
aZ DL

atz = 0, at the crystallization front (cy is the concentration
of the eutectic composition; ¢, and cp are the concentrations
of the 4 and B phases at the melting point of the eutectic, Tg;
and S, and Sy are the dimensions of the plates of the lamel-
lar structure), we find a solution for the distribution of the
concentrations of the components in the liquid phase ahead
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of the crystallization front:
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n=1

A

218
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For growth to occur with a concentrtion distribution of this
sort, at a given velocity R and with a steady-state shape of the
front, we would need the following supercooling at the front:

AT=Tg~T,;=ATA+AT+ATk, (5)

where AT, depends on the local deviation of the concentra-
tion of the liquid at the front from the eutectic composition
(AT, AR /D, ), AT, is related to the finite curvature of
the front (AT, « 1/4), and ATy is the kinetic supercooling
of the liquid, whose meaning will become clear below.

3. Todetermine how relations (1)-(4) transform as the
front velocity increases, we examine the phase diagram in
Fig. 1, which is typical of eutectic alloys. A diagram of this
sort can be constructed in, for example, the simple model of a
lattice gas.’® Assuming N =N, + N, atoms of the solid
phase occupy sites of the regular lattice and that the atoms of
the two components 4 and B interact only with their nearest
neighbors, we can find the following expression for the free
energy of the system:

F(c)=Gc(1—c)+kT[clnc
+(1—¢c) In (1—¢) ], (6)

where G is the energy of the mixing of the alloy components.
For G > 2kT, the plot of F(c) is a two-trough curve like
curve 1in Fig. 2. Curve 2 in Fig. 2 shows F(c) for the liquid
phase. As the temperature changes, there are changes in the
relative positions of curves 1 and 2 and, accordingly, in the
equilibrium concentrations of the liquid and solid phases. By
analyzing the behavior of the free-energy curves in Fig. 2, we
can determine the range of applicability of the Hunt-Jackson
theory for the solidification of eutectic alloys. Specifically,
there is always a range of concentrations of the liquid phase
in which this phase loses its stability with respect to the solid
phase. In our simple model, this region is the exterior of the
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interval [c,,c, ], whose magnitude decreases with decreas-
ing temperature. In Fig. 1, this concentration region is
bounded by the curve T, defined as the equilibrium curve of
the liquid and solid phases with identical concentrations.
This curve is usually regarded as a thermodynamic limit,*°
which determines the maximum solubility of an impurity in
the solid phase®' (various types of behavior of this curve are
discussed below). For high front velocities [and, according-
ly, when the supercooling at the front, AT'in (5), is large], so
that the concentration of the components of the liquid phase,
described by the estimate

* (ca—ca)» )]

L

CL—Cg @

derived from Eq. (4), goes outside the stability interval
[c,, ¢, ], the Hunt-Jackson theory no longer describes the
crystallization of a eutectic alloy.

It is not difficult to estimate the velocity of the crystalli-
zation front at which this event occurs. Under the assump-
tion that there exists a minimum dimension 4, bounded by
the width of the interfacial region between the 4 and B
phases,d ~ 10-100 A (Ref. 22), and taking D; 10~* — 10~3
cm?/s to be a typical value of the diffusion coefficient, we
find (¢, —cg)/cg —cy ) > (0.1 —1) from (7) for veloc-
ities R > 10 cm/s; i.e., the value of ¢, is clearly beginning to
go outside the stability interval of the liquid phase. This esti-
mate agrees with the limiting velocity given in Ref. 7 for the
eutectic Ag-Ag,Cu, i.e., the velocity above which one no
longer observes a lamellar structure, whose minimum period
Ais ~100 A.
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This discussion has been based on a model; it ignores
the more complex behavior of the alloy of a given concentra-
tion at the transition from the liquid state to the solid state.
In particular, account should have been taken of the exis-
tence of energy barriers of a kinetic nature at this transition.
These barriers could enlarge the stability interval of the lig-
uid phase, [c,,c, ], and ultimately increase the limiting ve-
locity. However, in order to derive an estimate we will as-
sume that these arguments are completely justified.

In view of the importance of this conclusion that there
exists a limiting velocity, we will show how to reach a similar
result on the basis of other considerations, which were used
in Ref. 23 in a study of the glass transition of a eutectic alloy
(below we offer some criticism of that approach for explain-
ing the glass transition). As we have already seen, one of the
results of the Hunt-Jackson theory is a relation between the
period A of the lamellar structure and the front velocity R:
AR =D, (T;)A4,/A,, where R =D, (T;)(AT)*/44,4,,
A2=124,/T, and 4, and 4, are constants. Allowing for the
temperature dependence of the diffusion coefficient of the
liquid phase, D, = D, exp ( — Ay/kT), we canderive a non-
monotonic dependence of the velocity of the crystallization
front of the lamellar structure on the supercooling at the
front (Fig. 3). For the Pb—Sn eutectic system, the calculated
value of the maximum attainable front velocity is R, ~12
cm/s, which reached when the front is supercooled by an
amount AT = T, — T =100°.

We thus reach the conclusion that as the crystallization
front propagates faster the diffusion of the components in
the liquid phase is not fast enough to support the growth of
the plates of the 4 and B components in the solid phase. We
note, however, that the solid phase which forms behind the
front may retain a concentration composition which is mod-
ulated in the direction perpendicular to the motion of the
front, at a modulation amplitude smaller that c; —c4. In
this case, the continuity equation (3) becomes

dc.(x)

D —— = R(c,(z)—cL(z)). (8)
dz 2=0

Assuming

cy=Cg + 2 | Cx'erem )z cL=cE+§ | Ciletema Mz,
R Rk

we find the following results for the amplitudes of the modu-
lations of the liquid and solid phases at the front:

9

LS8 _
v = ()

Here ¢, is determined from the diffusion equation in the
liquid phase, (1):
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(10)
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=D, 2D,

For a complete description of the crystallization process in
this case, the system of equations should be supplemented
with an equation for the distribution of the concentrations of
the components in the solid phase (in a coordinate system
which is moving with the front):

dcs dcs

—R
at 0z

= stzcs*‘%V‘cs,

(11)

where D, is the diffusion coefficient in the solid phase, and
the last term in this equation reflects the energy of the non-
uniform composition distribution.

4. A study of equations (8)—(10) shows that as the
front velocity increases after the end of the growth of the
lamellar structure the temperature at the front changes ab-
ruptly to T, < T, (T, is defined in Fig. 4), when the super-
cooling which is reached becomes capable of maintaining the
given front velocity.

Actually, as we see from (8) and (9), as R increases the
amplitude of the modulation of the solid phase, c;, ap-
proaches twice the value of c§, which vanishes along with the
stability interval [c, ,c, ] in the limit T'— T, At T, however,
the liquid and homogeneous solid phases (to simplify the
discussions, we assume cg ~¢, in Fig. 4) are found to be in
equilibrium at the front; this result means that the front is
not moving (R —0). A further kinetic supercooling to a tem-
perature T * < T, causes motion of the front at a given veloc-
ity; the compositions of the liquid and solid phases at the
front are nearly homogeneous.

This state of the solid phase is unstable, however, and a
decomposition of the spinodal type begins in the system be-
hind the front, by virtue of the relation d °F /dc* < 0. Corre-
spondingly, we have a diffusion coefficient D; <0, and Eq.
(11) describes an ““ascending” diffusion (cf. Ref. 24). Asin
Cahn’s theory,?* it can be shown for a spinodal decomposi-
tion that the growth rate of the instability in a system of this
sort peaks at k,=0.7(Ds/2x)"/?, so that we easily find the

following expression for g}, from (11) in the steady state:
ko +uky
qMSz&_"fI_{"_“«ko‘ (12)

Consequently, a solid alloy which is nearly homogeneous in
composition at the front (it should be assumed that thereis a
small but nonzero modulation of the composition at the
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front because of the energy barriers of a kinetic nature) be-
comes progressively more inhomogeneous with distance
from the crystallization front into the interior of the sample.
As usual, a description of this sort is suitable only for the
initial (linear) stage of the decomposition. It is interesting to
note that since the spinodal decomposition is greatly retard-
ed by the small value of Dg, no significant modulation of the
concentration appears until several hours have passed.'® In
the early stage, in contrast, the solid phase in an experiment
should be observed to be homogeneous.

We would like to also stress the following circumstance:
In examining spinodal decomposition in an ordinary binary
alloy one cannot eliminate the competing growth of nucleat-
ing regions of new phases which form as the system passes
through a metastable region as it cools.>* For eutectic sys-
tems, our arguments show that it is possible to eliminate a
competition of this sort and to deal with “pure’ spinodal
decomposition.

5. With a further increase in the cooling rate, this analy-
sis remains valid until the kinetic supercooling of the front
reaches the level at which the alloy begins to become amor-
phous. Since the solid phase at the front forms with a nearly
homogeneous composition, so that the transition to the solid
phase is diffusionless, the picture of the phase transition at
high front velocities is no different from the ordinary (diffu-
sionless) picture for alloys of arbitrary composition. Ac-
cordingly, the standard arguments for single-component
substances are valid for determining the limiting velocity at
which the substance becomes amorphous.?>~*’ These argu-
ments can be summarized by saying that in the case of a
diffusionless phase transition to the solid state the front ve-
locity is described approximately as a function of the super-
cooling by*>?8

E As
Rew exp (— " )exp( - 7)

{1-ea 572 )1}

where the notation is explained in Fig. 5 (see also Ref. 29).

In equilibrium at T'=17, with R=0, we have
Ae =¢; — &, = TyAs = AH. The front velocity begins to
decrease at some front temperature T'< T, and at T =T,
the material becomes amorphous.

There is, however, an important distinction for eutectic
alloys: The temperature T, for a eutectic alloy may be far
lower than its melting point. For the eutectic alloy Ag-Cu,
for example, the difference T, — T, is on the order of 100°
(Ref. 30), while that for the alloy Zn—-Cd is about 200° (Ref.
31). This result means that in order to achieve approximate-
ly the same temperature T, for the glass transition for alloys

(13)

638 Sov. Phys. JETP 64 (3), September 1986

o~
T
|

—_———
pa—
—
St e

FIG. 6.

of eutectic and noneutectic compositions,” the eutectic al-
loy must be cooled at a rate significantly lower, since for
equal velocities of the crystallization front the supercooling
at the front of the eutectic alloy may be far greater (by an
amount of order 7, — T}).

In a recent effort”>3? to explain the relatively small
cooling rates required for the glass transition of a eutectic
Pd-Cu-Si alloy, a state diagram of the alloy with a curve of
T, as in Fig. 6 was examined. Using the results of the Hunt-

Jackson theory for the growth rate of a lamellar structure,

R(Z)DL(AT)Z, }szmDL7

and estimating the behavior of this quantity as the tempera-
ture is lowered, Boettinger?>3? concluded that there is a de-
crease in R with decreasing temperature beginning at a cer-
tain T'<Ty (Fig. 3). Boettinger concluded that this
circumstance should ultimately give rise to the transition to
an amorphous alloy. In fact, the front velocity above which
the Pd—Cu-Si eutectic alloy becomes amorphous has also
turned out to be very low, R=~2.5 mm/s (!). As Boet-
tinger®>>? mentioned, however, the temperature at which
this transition to an amorphous state occurs, T, is very
high for this alloy (apparently because of its high viscosity).
Webelieve that the latter circumstance is the primary reason
for the rapid glass transition of the Pd—Cu-Si alloy. For
many alloys of eutectic composition for which T, is sub-
stantially lower than for this alloy, the existence of a limiting
velocity R .., above which a lamellar structure cannot form
does not imply the onset of a glass transition. As we showed
above, this behavior of R as a function of the front supercool-
ing leads to only the formation of a solid alloy of homogen-
eous composition (not necessarily amorphous!). In contrast
with alloys with a state diagram of the type in Fig. 1, a homo-
geneous crystalline structure of this sort could not be in equi-
librium with the liquid phase at 7 < T (in the limit R —0).
Accordingly, such alloys do not appear to us to represent
any special case among alloys of various compositions from
the standpoint of a rapid glass transition. We believe that the
alloys of primary interest from this standpoint are the eutec-
tic alloys for which the T, curve shows the behavior in Fig.
1—the alloys which we have been discussing here.

6. We turn now to a discussion of some possible experi-
ments which might yield a more detailed understanding of
the mechanism for the decomposition and glass transition of
eutectic alloys. Such experiments might also serve as tests of
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some assertions which follow from the arguments above.

It would obviously be very worthwhile to pursue Cline’s
experiments®’ involving the scanning of a laser beam over
thin layers of eutectic alloys. By raising the power of the
laser beam and the scanning velocity, i.e., by increasing the
temperature gradient along the crystallization front of the
eutectic alloy, it might be possible to reach high front veloc-
ities at which the solid-liquid interface would remain stable.
In this situation it might become possible to move continu-
ously through the entire range of cooling rates at which la-
mellar, single-phase, and amorphous structures of the eutec-
tic alloy form in succession.

Furthermore, we believe it would be interesting to carry
out an experiment to observe the structure of a eutectic alloy,
e.g., Ag—Cu, as it is heated out of the amorphous state. Some
experiments of this sort which have already been carried out
(e.g., Refs. 33 and 34) have revealed some new crystalline
structures in the alloys. However, that is not what we are
interested in. If our arguments regarding the mechanism for
the glass transition of a eutectic alloy are correct, then as the
alloy is heated slightly above T, it may go into a homogen-
eous phase which is unstable with respect to spinodal decom-
position. Accordingly, after such an alloy has aged for a few
hours it should exhibit a periodic structure of the type ob-
served in Ref. 15.

The initial alloy might be produced by a method other
than quenching of a melt. Another possibility is to deposit
atoms of the alloy with the concentrations of components
corresponding to the eutectic composition on a cold sub-
strate. The resulting amorphous film might exhibit a similar
behavior when heated above T, . This method would also be
interesting in that it would become possible to study the
spinodal decomposition in other binary alloys, whose melt-
ing points lie above the two-phase region in the state dia-
gram.

We wish to thank V. G. Vaks for a useful discussion of
these results.
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