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Coupled region and area fraction of primary
phases in Sb-InSb eutectic alloys

M. J. SUK, . H. MOON

Department of Materials Engineering, Han Yang University, Seoul 133-791, Korea

Unidirectional solidification of Sb—InSb alloys, 26-34 wt % In, was carried out in the range of
growth rate 1.2x107*t0 1.2x10 ' ems™"' and with a temperature gradient 57°Ccm™". An
explanation is given which relates the coupled region with quantitative data concerning the
primary phases, e.g. the area fraction and the protrusion length ahead of the eutectic interface.
The coupled region can be constructed with reasonable accuracy from those quantities
measured. The estimated coupled region is in qualitative agreement with the experimental

result.

1. Introduction

In off-eutectic alloys it is well known that an abrupt
microstructural change occurs across the boundary of
the coupled region, i.e. the appearance or disappear-
ance of the primary phase [1-4]. The appearance/
disappearance of primary phase across the boundary
implies that its amount should vary with the growth
rate, once it starts to appear: in the case of the eutectic
system with a symmetrical coupled region, when the
temperature gradient is positive, the amount of pri-
mary phase will increase up to a maximum with an
increase of growth rate and then decrease finally to
zero with further increasing growth rate. Also the
length of the primary phase protruding ahead of the
eutectic interface will exhibit the same trend with
growth rate as the amount of primary phase, because
its appearance essentially accompanies the protrusion
ahead of the eutectic interface.

Sharp and Flemings [5] have made a suggestion
that the composition of the matrix eutectic should be
exactly equivalent to that on the boundary of the
coupled region. Since the amount of primary phase
can be determined simply by the material balance rule
from the composition of the matrix eutectic, it may be
possible to estimate the coupled region from the
amount of the primary phase. In this sense the vari-
ation in the amount of primary phase with the growth
rate is of importance for the analysis of the coupled
region.

However, little attention was given to the amount of
primary phase growing outside the boundary of the
coupled region except in a few investigations [6, 7],
and furthermore, no attempt was made to relate this
amount with the coupled region. In the present work,
therefore, the area fraction of the primary phase and
its protrusion length in Sb-InSb eutectic alloys were
measured in order to provide a definite relationship
between those quantities measured and the coupled
region, and to compare the estimated coupled region
with the experimentally determined one. Sb-InSb eu-
tectic alloys were chosen for the present study because
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of the negligible intersolubility in each constituent
phase, permitting a rather simplified constitutional
analysis, and because of their potential importance in
electrical application [8].

2. Experimental procedure
Alloys in the range 26-34 wt % In were prepared using
99.999% pure In and Sb which were induction-melted
together in evacuated (1072 torr) and a sealed quartz
tube (6 mm internal diameter). The alloys were then
once again encapsulated in another evacuated quartz
tube, and subsequently subjected to unidirectional
solidification in a Bridgman-type vertical furnace de-
scribed elsewhere [9]. The solidified specimens were
finally 100 mm long and 6 mm in diameter. The
growth rate (actual interface velocity) was varied in
the range 1.2x 10" % to 1.2x 10 cms™! by control-
ling the traction rate of the specimen into the cooling
zone. As described elsewhere [10], the growth rates
are approximately equal to the traction rates for lower
traction rates ( < 3x 1073 cm s~ 1), but this is not the
case for higher traction rates; in particular, the growth
rate was half the traction rate for 2.4 x 18 ' cms™!,
The temperature gradient was measured within the
specimen by a Chromel-Alumel sheathed thermo-
couple of 1.6 mm (elemental wire: 0.2 mm) and re-
mained constant at 57 + 7°Cem ™! for the range of
growth rates employed in the present experiments.
Such a measurement of temperature gradient was
carried out only in some selected specimens (about a
quarter of the total), but the gradient in the other
specimens was taken to be the same as in specimens
under identical thermal conditions. Longitudinal and
transverse sections taken from the middle of the speci-
men were examined either unetched or etched with a
solution of 70 ml distilled water + 30 ml HCI + 5 ml
H,0,. The area fraction of the primary phase, which
could be assumed to approximate to the volume
fraction, was measured on the transverse sections by
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means of an image-analysing computer (Leco model
2001).

3. Results
A symmetrical coupled region was obtained in the
Sb-InSb eutectic system, as indicated in Fig. 1. The
boundary line indicated by the broken line for the
range of higher growth rates was based on data for the
area fraction of primary dendrites, although a tran-
sition from eutectic to primary dendrite was never
detected in this limited number of specimens. This will
be discussed in detail in the next section.

Fig. 2 shows the typical microstructure of alloys
grown within the coupled region. The triangular Sb
rod embedded in the InSb matrix was shown to
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Figure 1 Coupled region in the Sb—InSb eutectic system: (@) eutec-
tic, (A) Sb primary, ((J) InSb primary. Q-means water-quenched.

Figure 2 Typical microstructure within the coupled region, showing
the regular arrays of Sb rods in the InSb matrix 30wt % In, R = 1.2
*x10"*cms™ 1)
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Figure 3 (a, b) Sb and (c, d) InSb primary phases formed in alloys
with compositions 26 and 33 wt % In, respectively. Values of R
(cms™ 1) (a) 1.1 x1073,(b) 9.4 x 1073, (¢) 5.6 x 1074, (d) 1.2x 10~ L,



protrude upward with the matrix deeply etched away.
A gradual increase of the primary phase with increas-
ing growth rate is illustrated in Fig. 3 for hypo- and
hyper-eutectic compositions. These photographs were
taken on square transverse sections cut from the 6 mm
diameter rod, but the quantitative measurement of the
area fraction was made on the entire transverse sec-
tion (6 mm circle) of the rod (in most cases three
sections taken at 10 mm interval).

The dependence of the area fraction of primary
phase on growth rate is plotted in Figs 4 and 5 for
hypo- and hyper-eutectic compositions, respectively.
A consistent relationship between the area fraction
and the growth rate was obtained for all alloy com-
positions investigated.

A series of specimens containing 26 and 34wt % In
were quenched during the unidirectional solidification
process, thereby preserving the shape of primary den-
drites at the instant of quenching. Fig. 6 shows the
shape of Sb primary dendrites protruding ahead of the
eutectic interface at different growth rates. The de-
pendence of protrusion length on the growth rate is
shown in Fig. 7 for both primary Sb and InSb phases.
As shown in this figure, the protrusion length of the
primary phase increased with the growth rate. The
measurement of the length was only possible up to
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Figure 4 Dependence of Sb primary area fraction on growth rate.
28 wt % In: (O) experimental, (—-—) Equation 5. 26 wt % In: (A)
experimental, (—--—) Equation 5. (-—-) Equilibrium values.

T

0.3+

0
N

802
5
& SO e T T
4 / - A ~
| -
< 0.1 /,/ a
0 S I
1074 1073 1072 1071 aQ

Growth rate (cms™)

Figure 5 Dependence of InSb primary area fraction on growth rate.
33wt % In: (O) experimental, (——-—) Equation 5. 31 wt % In: (A)
experimental, (—--—) Equation 5. (——-) Equilibrium values.
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Figure 6 Sb primary dendrite protruding ahead of the eutectic

interface (26wt %1In): (a) R=28x10"*cms™! (b) R=27

x10" 3 cms ™.
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Figure 7 Dependence of primary dendrite protrusion length on the
growth rate for Sb and InSb primary phases. (O) 26 wt % In (Sb
primary); (A) 33wt % In (InSb primary);, (A) 34wt % In (InSb
primary); (—-—) Equation 7, 26 wt % In; (—--—) Equation 7,
34wt % In.

9.4x 1073 cms ™! in the present experiments, because
for growth rates greater than the above value it is
difficult to obtain a sufficiently well-defined interface
to allow an accurate measurement, due to the disturb-
ances in unidirectional heat transfer.

4. Discussion
Formation of primary phase in an alloy causes a
change in the composition of the matrix eutectic, Cy,,
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to maintain material balance. The equilibrium volume
fraction of the primary phase can thus be taken as the
volume fraction at a matrix composition of 30.5 wt %
In (the eutectic composition, Cg) for the Sb-InSb
system where the intersolubility of constituent phases
is negligible [11]. This value is indicated by a broken
line in Figs 4 and 5.

The weight fraction of primary phase, f,, can be
expressed, using a simple lever rule, as follows:

Cy — Cy
R )

where Cg is the composition of primary phase at the
actual eutectic temperature, 7. The actual eutectic
teniperature for nf-nf (nf = non-faceted) eutectics de-
pends on the growth rate according to the following
equation [12]:

Tg = Tge — AR

where T, is the equilibrium eutectic temperature and
R is the growth rate. Since Cg lies on the solidus
metastable extension at Ty, Cg is given as
_ 0 — 12
c, = 2 - ART 2)
Mg
where Q is the difference between Ty, and melting
temperature of the constituent component, and mg is
the solidus slope. With the assumption that the trace
of the matrix eutectic composition constitutes a
boundary line of the coupled region [5, 10], one may
write Cy, for nf-nf eutectics directly from Burden and
Hunt’s equation (Equation 6 in [13]) as follows:
1
Cy = Cg— AC = CE+m—

L

x [C;TD + (B — A)RW} 3)

where G is temperature gradient, D diffusivity, mg
liquidus slope and B a constant in Burden and Hunt
[14]. Using Equations 1 to 3, one can obtain a
relationship between the growth rate and the weight
fraction:

fP=

where C, is the alloy composition and k the distribu-
tion coefficient. A difficulty in solving the above equa-
tion is the lack of data concerning the constants 4 and
B. However, since k = 0 for the Sb-InSb system [11],
combining Equations 3 and 4 and rearranging gives

_omC G
m. AC + 0 Co— AC

While Equations 2 to 4 are for the nf-nf eutectics,
Equation 5 can be applied to any type of eutectic if
k = 0 is satisfied, since it gives only the constitutional
relationship which can also be derived directly from
Equation 1. Sb-InSb eutectics are known as {-f type
(f = faceted).

fp can be plotted as a function of growth rate
from the experimentally determined AC of Fig. 1, as

=1+ ©)

4934

given in broken lines in Figs 4 and 5. It is to be noted
that in these figures, the values calculated from Equa-
tion 5 represent the volume fraction, @, instead of
the weight fraction (in the Sb-InSb system, ®g, =
38.94 f,/(11.7C, + 38.94), @5, = 38.94 f1,6,/(10.2C,
+ 33.99), where C, is the alloy composition given in
weight fraction of In). AC, therefore, the boundary of
the coupled region, can also be calculated by Equation
5 from f, values evaluated from the measured area
fraction. This result is plotted in Figs 8 and 9, together
with curves redrawn from Fig. 1 for comparison. The
plots calculated at different alloy compositions are
seen to give a reasonable match with each other.
However, some discrepancy exists between the calcu-
lated curves and those experimentally obtained. Such
a discrepancy seems to be derived from the difference
between the area fraction and the volume fraction.
Usually the area fraction of a phase determined on
any arbitrary section through the volume can repre-
sent its volume fraction for a system with randomly
distributed phases [15]. However, this is not the case
for the present investigation where the primary phases
grown unidirectionally exhibit an oriented arrange-
ment, though not complete, to a certain extent. If the
phases under investigation are well aligned with com-
plete order, which is only possible in unidirectional
solidification with lower growth rates, the area frac-
tion on the transverse section is essentially equal to
the volume fraction. The fact that the calculated cur-
ves give a reasonably good fit with the experimental
data in the range of lower growth rates supports this
assumption.

As shown in Figs 4 and 5, f, decreased remarkably
in the quenched specimens. This result permits a
prediction that AC will increase in the range of growth
rates corresponding to quenching. Therefore it could
be justified that the boundary line of the coupled
region is drawn such that A C widens outward at those
range of growth rate, although there is no transition in
microstructural feature corresponding to the presence
of primary phases.

The meaning of Equation 5 is that the shape of the

[(B — AR 4 GTD -9 - mLCO}/{[(B — A)R'2 % ~ Q] + k(ARY? 4+ Q)} )

coupled region may be approximately estimated from
a quantitative measurement of the area fractions of the
primary phases, if negligible intersolubility in the con-
stituent phases can be assumed. This estimation is also
possible through a measurement of protrusion length,
as described below. The length of primary dendrite (x)
protruding ahead of the eutectic interface can be
given by

= LT 1

G G

x[mLCO +0 - C%D + (A - B)R”Z:l (6)

where T7 is the dendrite tip temperature of nf primary,
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Figure 8 Comparison of the estimated boundary with that experi-
mentally determined for the hypoeutectic side of the coupled region.
From Equation 5: (A) 26 wt % In, (O) 28 wt % In. From Equation
7: (A) 26 wt % In. (——) Redrawn from Fig. 1.
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Figure 9 Comparison of the estimated boundary with that experi-
mentally determined for the hypereutectic side of the coupled
region. From Equation 5: (O) 33wt % In, (A) 31wt % In. From
Equation 7: (@) 33wt % In, (W) 34wt % In. (——) Redrawn from
Fig. 1.

as expressed in Burden and Hunt [14]. Combining
Equation 6 and Equation 3 one can express x as a
function of AC as follows:

1

1
- - A
Gmy, (Co — Cg + AC) (7

As described previously in relation with Equation 5,

Equation 7 can be applied to any type of phase, either
nf or f.

From. the above equation it can easily be deter-
mined that x is only dependent on the degree to which
the alloy composition deviates from the boundary of
the coupled region if G is assumed constant. This is in
agreement with the results: the length is longer for
34 wt % In than for 33 wt % In. The protrusion length
can be calculated from Equation 7 using a value of
5.7°Cmm™ ! for G and values of m; obtained from
the phase diagram, my g, = — 6.56 °C(wt %)~ and
Mpqasyy = — 1.51°C(wt %)~ 1. The calculated values
are compared with the experimental results in Fig. 7.
A relatively larger x value at 9.8 x 10 3cms™! is
attributed to the lower G at this high growth rate than
at any other lower growth rates within the scatter of
measured G. AC (that is, the boundary of the coupled
region) can also be calculated from Equation 7. This
value is indicated in Figs 8 and 9 as a dotted line. A
somewhat larger misfit is shown between the calcu-
lated and the experimental boundaries, similar to the
case of the area fraction. However, a relatively good
match is maintained between the two kinds of plot,
even though the calculated plots are obtained from
two independent equations.

The protrusion of a primary dendrite arises from
competitive growth between the cutectic and the pri-
mary dendrite: a phase with a higher interface temper-
ature essentially protrudes ahead of another phase
with a lower one, under conditions where a positive
temperature gradient is established. Assuming that G
is constant, the protrusion length is an estimate of the
difference between the two interface temperatures.
Thus in a symmetric coupled region with a waist zone
the length should increase with increasing growth rate
up to a2 maximum length, but decrease with a further
increase of growth rate, finally to zero. At this zero
point, the primary phase begins to disappear and a
fully eutectic structure again appears. The same
quantitative change as in the protrusion length occurs
in the volume fraction with an increase of growth rate.
The boundary of the coupled region estimated from
the area fraction and protrusion length by Equations 5
and 7, respectively, gives moderate qualitative agree-
ment with the experimentally obtained results, even
though accurate matching was difficult in the present
experiments.

5. Conclusions

A coupled region can be constructed with reasonable
accuracy merely by systematic quantitative measure-
ment of the area fraction or the protrusion length for
the primary phases. Only specimens of two different
compositions, one of hypo- and one of hyper-eutectic
composition, will be required. The assumption was
qualitatively demonstrated on the Sb-InSb system,
known as an ideal eutectic system.
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