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Structural parameters as grain size, dendritic and cellular spacings, segregated products, po-
rosity and other phases are strongly influenced by the thermal behavior of the metal/mold system
during solidification, imposing a close correlation between this and the resulting microstructure.
Several unidirectional solidification studies with the objective of characterizing cellular and den-
dritic spacings have been developed in large scale involving solidification in steady-state heat
flow. The main objective of this work is to determine the thermal solidification parameters during
the cellular/dendritic transition as well as to compare theoretical models that predict cellular and
primary dendritic spacings with experimental results for solidification situations in unsteady-state
heat flow. Experiments were carried out in a water cooled unidirectional solidification apparatus
and dilute alloys of the Sn-Pb system were used (Sn 1.5wt%Pb, Sn 2.5wt%Pb and Sn 5wt%Pb).
The upper limit of the Hunt-Lu cellular growth model closely matched the experimental spacings.
The lower limit calculated with the Hunt-Lu dendritic model best generated the experimental
results. The cellular/dendritic transition was observed to occur for the Sn 2.5wt%Pb alloy over a
range of analytical cooling rates from 0.28 K/s to 1.8 K/s.

Keywords: unidirectional solidification, cellular/dendritic spacings, cellular/dendritic tran-
sition, cellular and dendritic growth models

1. Introduction

The cellular and dendritic spacings are important micro-
structural parameters resulting from the solidification proc-
ess, because it is known that these spacings have a signifi-
cant influence on the properties of castings. They affect the
microscopic segregation existing between the cellular or
dendritic ramifications, having an influence on the mechani-
cal behavior1.

Several important theoretical2-7 and experimental8-13 stud-
ies have been developed with the object of selecting cellu-
lar and primary dendritic spacings. Among the theoretical
models existing in the literature only that proposed for Hunt
and Lu4 assumes conditions of solidification in unsteady-
state heat flow. Those proposed by Hunt, and Kurz and

Fisher are based on steady-state. The theoretical models for
determination of cellular and dendritic spacings proposed
by these authors are shown in Eq. 1 to 6, respectively :
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where, λ
1 
is the cellular and primary dendritic spacing,

Γ is the Gibbs-Thomson coefficient, m
L
 is the liquidus line

slope, k
0
 the solute partition coefficient, C

0
 is the alloy com-

position, D is the liquid solute diffusivity, ∆T is the differ-
ence between the liquidus (T

L
) and solidus (T

S
) equilibrium

temperatures, VL is the dendrite tip growth rate e G
L
 is the

temperature gradient in front of the liquidus isotherm. Since
the spacings proposed by Hunt and Lu (Eq. 3-6) refer to the
radius rather than to the more commonly measured diam-
eter and they are minimum spacings, the values need to be
multiplied by 2 to 4 for comparison with measured spacings.
Most of the unidirectional solidification studies existing in
literature have been carried out with a view of characteriz-
ing cellular and primary spacings involving solidification
in steady state heat flow. On the other hand, the analysis of
these structures in the unsteady-state regime are very im-
portant, since it encompasses the majority of industrial so-
lidification processes. The present article focuses on a theo-
retical/experimental investigation of cellular and primary
dendritic spacings during the unsteady-state unidirectional
solidification of Sn-Pb alloys.

2. Experimental Procedure

The casting assembly used in solidification experiments
is shown in Fig. 1. The solidification apparatus was designed
in such way the heat was extracted only through the water
cooled bottom, promoting upward directional solidification.
The use of such experimental configuration permits natural
convection to be minimized, as well as solute convection
due to buoyancy forces if the rejected solute has higher den-
sity than the alloy melt. A stainless steel mold was used
having an internal diameter of 50 mm and height of 110 mm.
The inner vertical surface was covered with a layer of insu-
lating alumina to minimize radial heat losses, and a top cover
made of an insulating material was used to reduce heat losses
from the metal/air interface. The bottom part of the mold
was closed with a thin (3 mm) disc of carbon steel. The
alloys were melted in situ and the lateral electric heaters
had their power controlled in order to permit a desired su-
perheat to be achieved. To begin solidification, the electric
heaters were disconnected and at the same time the water
flow was initiated.

Experiments were carried out with Sn-Pb alloys (1.5;
2.5 and 5.0 wt% Pb) with superheats of 10% above the
liquidus temperature. The thermophysical properties of these
alloys are based on those reported in the literature14. The
experiments were performed under a thermal contact con-
dition at the metal/mold interface, corresponding to the heat
extracting surface being polished.

Temperatures in the casting were monitored during so-
lidification via the output of a bank of fine type K thermo-
couples, sheathed in 1.6 mm O.D. stainless steel protection
tubes, and accurately positioned with regard to the heat-
extracting surface. The thermocouples were calibrated at
the melting temperature of tin exhibiting fluctuations of
about 0.4 °C. Thermocouples readings were collected by a
data acquisition system at a frequency of 0.5 s and stored
on a computer.

Selected transverse sections of the directionally solidi-
fied specimens at 5, 10, 15, 20, 30, 40, 50, 60 and 70 mm
from the metal/mold interface were electropolished and
etched with an acid solution (50 ml glycerin, 35 ml acetic
acid and 15 ml de HNO

3
, 38 to 40 °C) for micrograph ex-

amination. Image processing systems Neophot 32 and Leica
Quantimet 500 MC were used to measure cellular and den-
drite spacings and their distribution range.

3. Results And Discussion

3.1. Solidification Thermal Parameters

The temperature files containing the experimentally
monitored temperatures were used in a finite difference heat

Figure 1. Experimental set-up used in unidirectional solidifica-
tion experiments.
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flow program to determine the transient metal/mold heat
transfer coefficient, h

i
, as described in a previous article14 ,

yield for all the three alloys examined:

h
i
 = 6000 (t)-0.20 [W/m2.K] (7)

The experimental results of thermal analysis in metal
have also been used to determine the displacement of
liquidus isotherm, as well as tip growth rate as a function of
time and position.

The tip growth rate can also be calculated by the ana-
lytical expression developed by Garcia1,15, which was vali-
dated, in previous articles14,16 against experimental values
concerning the solidification of Al-Cu and Zn-Al alloys,
respectively, and is given by:
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where φ1 and φ2 are, respectively, solidification constants
associated with the displacement of the solidus and liquidus
isotherm, TS is the non-equilibrium solidus temperature, T0

is the environment temperature, TL is the liquidus tempera-
ture, M is the ratio of heat diffusivities of solid and mold
material, (KScSρS/ KMcMρM)1/2 and n is the square root of the
ratio of thermal diffusivities of solid metal and mushy zone,
(αS /αSL)1/2, αS is the solid thermal diffusivity (KS/cSρS). The
mushy zone thermal diffusivity, αSL (KSL/cSLρSL), is calcu-
lated by assuming the mushy properties as follows15.
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Equation 7 has been used by the analytical model, equa-
tion (8), in order to provide theoretical predictions for V

L
.

Cosntants φ
1 
and φ

2
 can be determined by the simultane-

ous solution of the following equations:
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where m is the square root of ratio of thermal diffusivities
of mushy zone and liquid, (α

SL
 /α

L
)1/2 , α

S
 is the solid ther-

mal diffusivity (K
L
/c

L
ρ

L
) and T

p
 is the pouring temperature.

Figure 2 shows a comparison between the experimental
results concerning solidification of the Sn-1.5; 2.5 and
5.0 wt% Pb compared to those calculated by the analytical
approach, given by Eq. 8. Relatively good agreement can
be observed.

Figures 3 and 4 show the experimental results of cellu-
lar and primary dendritic spacings as a function of tip growth
rate and coling rate, respectively.

The cooling rate during solidification ( •
T ) was calcu-

lated using the analytical mathematical expression devel-
oped by Garcia1, given by:
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where VL is the experimental tip growth rate. The thermal

gradient GL can be determined by using values of •
T  and VL

( •
T = G

L
. V

L
 ).

In Fig. 2, it can be seen that the use of a water cooled
mold imposes higher values of tip growth rates near the
casting surface and a decreasing profile along the casting

Figure 2. Comparison  between experimental and analytical growth rate.
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due to the increasing thermal resistance of the solidified
shell with distance from the cooled surface. This influence
translates to the observed experimental values of cellular
and dendritic spacings as shown in Figs. 3 and 4, where
average spacings along with the standard variation are pre-
sented. Values of αS, αSL, αL, m, φ1 and φ2 for the alloys and
conditions adopted for experimentation are presented in
Table 1.

Figure 5 presents a comparison between experimental
values of cellular and primary spacings with theoretical pre-
dictions furnished by the Hunt-Lu model. It can be seen
that for cellular growth, the upper limit of the Hunt-Lu model
best matches the experimental observations. For dendritic
growth, an opposite situation is observed with the lower
limit of the Hunt-Lu model best fitting the experimental
results.

Figure 6 shows comparisons between experimental cel-

lular and dendritic spacings and predictions furnished by
Hunt and Kurz-Fisher models, which consider solidifica-
tion in steady-state heat flow conditions. It can be seen that
despite the experimental values were obtained in unsteady-
state solidification, the experimental points appear to agree
reasonably well with the results furnished by Hunt’s model,
in any case experimentally examined. The results calculated
by using Kurz and Fisher model are far from those observed
experimentally. A similar observation has been reported in
a recent article dealing with the steady-sate solidification
of lead alloys12.

3.2 Cellular/Dendritic Transition

Typical microstructures observed along the cross and
longitudinal sections of Sn 1.5wt%Pb, Sn 2.5wt%Pb and
Sn 5wt%Pb castings are shown respectively in Figs. 7, 8
and 9. The microstructures observed from bottom to top

Figure 3. Cellular/Dendritic spacings as a function of tip growth rate.

Figure 4. Cellular/Dendritic spacings as a function of cooling rate.

Table 1. Values used to calculate cooling rate and tip growth rate.

Material m n φ
1

φ
2

α
L
 (m2/s) α

SL
 (m2/s) α

S
 (m2/s)

Sn-1.5%wtPb 0.496 3.0 0.403 1.893 1.82 × 10-5 4.49 × 10-5 4.12 × 10-5

Sn-2.5%wtPb 0.491 3.0 0.405 1.906 1.81 × 10-5 4.37 × 10-5 4.09 × 10-5

Sn-5%wtPb 0.477 3.15 0.409 1.981 1.81 × 10-5 4.07 × 10-5 4.04 × 10-5

.. . .
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Figure 5. Comparison between theoretical and experimental values of cellular/dendritic spacings.

Figure 6. Comparison between theoretical and experimental values of cellular/dendritic spacings

Figure 7. Resulting microstructure for Sn-2.5wt%Pb alloy: a) celullar/dendritic P = 5 mm, λ
1
= 39 mm, V

L 
= 1.04 mm/s, •

T = 1.8 K/s; b)
cellular P = 50 mm, λ

1
=163 mm, V

L
= 0.4 mm/s, •

T = 0.28 K/s.
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along the Sn 1.5wt%Pb ingot were always cellular, while a
dendritic pattern was observed along the Sn 5wt%Pb cast-
ing which included well defined side perturbations condu-
cive to secondary arms. The cellular/dendritic transition
occurred during the unidirectional growth of the Sn
2.5wt%Pb ingot, with lateral perturbations beginning to
appear under a cooling rate of about 0.28 K/s and being
clearly defined when a cooling rate of about 1.86 K/s was
reached.

4. Conclusions

Under unsteady-state solidification conditions the cel-
lular/primary dendritic spacings were observed to decrease
when tip growth rate and cooling rate are increased.

The upper limit of the Hunt-Lu cellular growth model
closely matched the experimental spacings. The lower limit
calculated with the Hunt-Lu dendritic model best gener-

ated the experimental results. On the other hand, the ex-
perimental points appear to agree reasonably well with the
results furnished by Hunt’s model, in any case experimen-
tally examined, in spite of the assumption of steady state
heat flow conditions considered in the development of this
model. The results calculated by using Kurz and Fisher
model (steady-state) are far from those observed experi-
mentally.

The cellular/dendritic transition was observed to occur
for the Sn 2.5wt%Pb alloy over a range of cooling rates
from 0.28 K/s to 1.8 K/s. For the Sn 1.5wt%Pb and the Sn
5wt%Pb castings, the observed microstructures were totally
cellular and dendritic, respectively.
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