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Introduction

Directional solidification is one of the most widely used methods for production of high quality
components, as it permits a precise control of the resultant microstructure. The formation of cellular or
dendritic interfaces is influenced by microsegregation and thermal profiles ahead of the interface (1).
These structures influence the mechanical properties of the final product. Hence, the instabilities of a
planar interface and its development into a periodic array of cells or dendrites have received particular
attention from the metallurgist (2-5).

Directional solidification is a non-local, time dependent problem, in which the thermal and
microsegregation fields depend on the non-linear form of the interface shape. The first analysis of this
problem is the commonly known Constitutional Supercooling Criterion (6), which ignores the
stabilizing effects of the interfacial energy and, therefore, is valid only at very low velocities (7).
Mullins and Sekerka developed a more detailed model for the planar interface instability, under the
hypothesis of an infinitesimally small amplitude of interface deformation. With this analysis it is
possible to examine the linear stability with respect to a perturbation of a given wavelength A. In the
low velocity regime, Mullins and Sekerka's result can be expressed as a modified Constitutional
Supercooling Criterion, due to the consideration of interfacial energy, latent heat and conductivities of
the solid and liquid (8). For this analysis, the critical wavelength of the first neutrally stable mode
encountered when the control parameter changed is given by (7):
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where £ is the partition coefficient of the binary alloy, D; is the diffusion coefficient of the solute in the
liquid, m is the liquidus slope in the equilibrium diagram, Co is the nominal concentration of solute and
T =T /L is a capillary coefficient with y the interfacial energy, Ty the melting temperature of pure
material and L the latent heat. In equation (1), V¢ is given by
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where kg and &;. are the thermal conductivities of solid and liquid and G, is the temperature gradient in
the liquid. Since the expressions (1) and (2) are calculated using a linear approximation, they are only
valid in case of a normal bifurcation.

Wollkind and Segel (9) performed a non-linear analysis for the case of one-dimensional
deformation, which is valid close to the threshold, while the deformation remains sufficiently small.
With this analysis, they predicted the nature of the bifurcation from a planar to a cellular interface.
Taking V as a control variable, under a certain limit ¥, the bifurcation should be subcritical and above
V¢ should be normal. Caroli (10) confirmed the Wollkind and Segel’s result, adding a condition for the
non-linear coefficient of the Landau equation. If the coefficient is positive, the bifurcation is normal,
and if it is negative, the bifurcation is subcritical. Using Caroli’s analysis, Billia and Trivedi (11)
predicted a subcritical transition for £ < 0.45 when ks= k,;, which is satisfied by most of the
transparent alloy systems currently used in experimental investigations.

Many experimental investigations have been developed with thin samples of transparent organic
systems (12,13) such as tetrabromomethane (CBr,) or succinonitrile (CH;CN),, because they allow
direct observation of the interface dynamics under the microscope. For this reason, we have performed
a systematic study on the metallic system Al-0.5 wt.% Cu to determine the interface behaviour during
the planar to cellular transition and to compare the results with theoretical predictions suggested by
Cheveigné et al. (14) for metallic systems.

Experimental Procedure

Directional solidification studies of the Al-0.5 wt.% Cu system were carried out in a Bridgman-like
apparatus as described in (15). The device consists of a mobile oven with two heating coils which had
independent electronic temperature controls. This allowed the thermal gradient in the chamber where
the directional solidification took place, to be controlled.

To study the instability of the microstructure, a very precise linear motion is required (13). In our
device, the tractor system consists of a stepper motor and a gear box, which permitted a translation
motion in the range of 0-10 um s™'. The velocity was controlled by monitoring the actual position of
the furnace system with a linear variable differential transformer (LVDT) and sending the conditioning
signals to a PC based driver for the motor. This system resulted in a + 0.1 um s™' precision of the
velocity.

The temperature of the specimen were measured using two K type (CrNi-AINi) thermocouples. The
temperature data was collected by using a data acquisition system, consisting of a 12 bits accuracy
system with a multiplexor-low noise differential programmable preamplifier. By setting the range of
temperature between 400-1000°C, the experimental error was estimated at + 0.5°C. In our work we
decided to fix the thermal gradient at a value of G, =2.5+0.5°C mm™. This allowed us to take the
interface velocity as the control variable of the problem. We found that the interface follows the
furnace movement due to the fact that the thermal field displaces with the chamber (15). However, the
actual interface velocity was calculated from the temperature values, using heat balance equations.

The alloy was prepared from 99.99% purity Al and eutectic Al-33.2wt.% Cu, melting was
performed under Ar atmosphere. The pre-ingots were cast in a 8 mm diameter quartz tube of 250 mm
long, coated internally with a graphite base paint. These samples were directionally grown, choosing
the velocity evolution of the system displacement, and the thermal gradient in the chamber. Two types
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of growth were developed: the first, at constant interface velocity below and above the critical
threshold and the second by increasing and decreasing the interface velocity across the threshold,
starting from a stable growth. In all cases we tried to obtain a steady growth at quenching time. For this
purpose, once we established the solidification conditions for a given test, we had to wait for a time to
reach a steady state growth. The system response time for lower interface speed can be estimated as
(6, 12):

T= kDVL2 3

From equation (3), it can be deduced that longer stabilizing times are needed for lower interface
velocity test.

The interface was quenched by a coaxial flux of water when the required solidification conditions
were obtained. The samples were then longitudinally sectioned to observe the solid-liquid interface
morphology and then transversally to study the microstructure evolution. The specimens were prepared
by mechanical and electrolytical polishing and chemical etching with a solution of 90% H,O + 5%
HNO; + 3% HCI + 2% HF. Micrographs showing the interfaces obtained using different growth rates
are shown in Figures I to 3.

Results and Discussion

At first, we performed a set of successive runs at different constant velocities, in order to find the
velocity at which the transition from a planar to a cellular interface occurred under steady growth
conditions. We quenched the growth and examined metallographically the resultant microstructure.
We determined a value of V¢ ¢, =0.5+0.05 um s~ , below which, the interface was planar and stable.

Above this velocity, the instabilities at the interface tended to grow, and other microstructures
appeared (15).

By using expression (2) and the values in Table 1, we found a theoretical value of V¢ = 0.58;1ms", S0
that the experimentally determined value is in accordance with the theoretical one. In Figure 1a) we

show a quenched interface for V' < V- and in Figure 1b) a growth interface developed at Vc,exp can be

seen. In both figures, the crystals were growing from bottom to top, the lower part of the picture is the
resultant homogeneous solid and the upper part is the quenched liquid.

To determine the behavior of the interface under dynamic conditions, we carried out experiments
starting from a stable planar interface, using velocities below V¢, typically 0.1 um s, and then
establishing a velocity of V=3 ums™, i.e. approximately 5 Vc. The rate of velocity change was
estimated at 2 + 0.1 10™ um s for this accelerated case. The microstructure evolved from planar to

TABLE 1
Values of Physical Properties of Al-Cu Alloy Used in the Numerical Calculations (16)
mn 2.6 K (wt%)!
k 0.14 -
Dy 3.0 107 m’ s
r 0.9 107 Km
ks 210 W (mK)"

ky 95 W(mK)"
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Figure 1. a) Micrography of planar growth for V' < V. b) Perturbation which tends to grow for V =~ V.

cellular and then to dendrites at quenching time, as can be seen in Figure 2, where the first transition is
clearly noted. When a planar interface becomes unstable, the tips of the perturbated interface rejects
solute while the depressed parts accumulate solute and advance more slowly (16). As the initial
wavelength is smaller than the resultant cellular spacing, a higher concentration band appears during
the transition. Using the calculated interface velocity, it is possible to determine the interface velocity
for which the transition occurs. This value was been determined to be Ve, = 0.574 0.05 tims™ and is

greater than the value previously obtained under stable growth conditions.

To examine the decreasing interface velocity behaviour, we set the experiments to start from a
velocity of 5 ¥, and then decreased the velocity to a value less than V. We chose a value of 0.1um s
for velocity, so that a comparison with the previous results could be made. We determined that the
interface velocity diminished after a transient time at a constant value and decreased at a rate of
3+0.1 10" um 5. We let the experiment continue to an interface velocity of approximately 0.1 um 5!
and then we quenched the growth and analyzed it metallographically. For this solidification condition,
we observed that the initial microstructure consisted of two phases, as could be expected from cellular
(or dendritic) growth. The presence of segregation proves that the interface was not planar. This

Figure 2. Transition from planar to cellular interface at Ve exp e
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Figure 3. Transition cellular to planar interface at V¢ exp- @) from V=5 Ve b) from V=2 V.

microstructure was kept up to a certain critical velocity, which was determined to be

Veew =0.31£0.05 um s™'. At this velocity, the microstructure exhibits a change as can be seen in
Figure 3a). The segregation, which is present during cellular growth, tends to disappear as a result of
decreasing interface velocity, until the interface becomes stable. However, we observe some
segregation traces appearing in the picture, which could mean that there are local instabilities along the
interface. The cellular-planar transition was more notable in a test which started from an interface
velocity of 2 um s™ and a deceleration that was estimated at 1.8 + 0.1 10™ um s, as shown in Figure
3b). The critical velocity for this case was estimated to be of the same order as before.

We measured the wavelength perturbations present in each case and found a hysteresis behaviour for
the transition threshold, i.e.:

V(:.‘exp < VC.e)p 2 V(?.‘E’W (4)

This effect can be separated into two parts: an increasing and a decreasing interface velocity. At
first, we start from a planar interface, then it is valid to use the hypothesis of (arbitrary) small
perturbations of the solidification front. Close to the threshold, there exists a set of wavenumbers
which can grow and then define a characteristic spacing. The transition is subcritical (9-10,17)
Secondly, we start from an existing spacing, then the hypothesis of small perturbation no longer holds
because a cellular state is predicted (9,17-18).

In Figure 4 we plot the perturbation wavelength vs. the interface velocity. In the figure, the arrows
show the path of the bifurcation when the growth starts from a planar interface and is broken into a
cellular one, at V., as the velocity is increased. Also shown is the case of a cellular interface which

becomes planar at V¢ e, when the velocity is decreased. It can be seen in this figure that the critical
wavelength of perturbations is approximately of the order of A =125 wm. The theoretical value for

critical wavelength for neutral stability, that is, after equation (1) (for Al-0.5 wt.% Cu system and
2.5°C mm™), is in the A¢ = 520 um, which is a factor 4.2 of the experimental value previously found.
This fact is in accordance with the observations made by Cheveigné et al. in a compilation of
experimental data for many physical systems. For the Al-Cu system they found a 4.5 to 6 factor
difference between theoretical and experimental values (14). This difference might be due to the
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Figure 4. Wavelength of perturbations vs. interface velocity. Squares: increasing speed. Triangles, open and closed: decreasing
speed. Full line: interpretation as a subcritical bifurcation. The arrows represent the path to follow in case of increasing and then
decreasing the velocity.

experimental observation technique used, but also to the fact that the observed spacing often is not the
critical spacing but the one at the time the microstructure becomes visible (11).

Conclusions

We have performed an experimental study on the alloy Al-0.5 wt.% Cu to establish the behaviour of
the transition from a planar to cellular to planar during Directional Solidification.

At first, we verified that the critical velocity, Vc, for growth runs at constant stable velocity agreed
with the predictions of Mullins and Sekerka’s model (7,11-15).

At a variable increasing velocity, we found a threshold, that we called V.

exp? which was

approximately the same order as Vc. At a decreasing interface velocity, the threshold found, V¢ ex,
was smaller than V7, so that a hysteresis behaviour for the transition threshold was verified. This

fact reveals that there is a characteristic subcritical behaviour of the transition (9-11), such as was
predicted by Cheveigné et al. in their theoretical analysis for dilute Al-Cu systems (14).

The total behaviour can be understood in the following way: when a planar interface is perturbed,
the small perturbations hypothesis is valid, and the value found for this threshold is close to the
predicted one using linear analysis. On the other hand, when a cellular state is present, the last
assumption is not valid, and a non-linear expression is needed to predict the interface morphology
(9-10,17).

We conclude that the dilute Al-Cu system behaviour is a hysteretic one during the planar to cellular
interface transition. The threshold variation range was greater than 0.1 V, as suggested in theoretical
predictions made by Cheveigné et al. (14).
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