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Abstract 

The ultrasound Doppler velocimetry (UDV) was applied to measure the bulk flow in a Sn-15wt%Pb alloy solidified directionally from a water cooled copper chill. The flow is driven by a rotating magnetic field. Our results show that the velocity profiles undergo distinct modifications during solidification indicating the occurrence of more sophisticated flow patterns as known from the isothermal case. Furthermore, the UDV data allow an assessment of the current position of the dendritic solidification front.
The fluid flow in the liquid phase of a solidifying ingot influences the nucleation process and the growth of the grain structure significantly. Therefore, the knowledge of the flow field in the melt during solidification is an important issue. Transparent model alloys such as aqueous NH4Cl solutions have extensively been used to study the impact of convection on the dendritic solidification [1-3]. However, a generalization of these findings to metallic alloys is obviously not straightforward. Velocity measurements in liquid metals are hampered by the nature of the considered fluids. Almost all conventional measuring techniques applied for ordinary flows totally fail in opaque melts at high temperatures, or their applicability is strongly limited. During the last years the development of ultrasonic techniques has shown distinct progress. The capability of the ultrasound Doppler velocimetry (UDV) to determine velocity profiles in low temperature liquid metals was demonstrated by Takeda [4] in mercury and Brito et al.[5] in gallium. Recently, the range of application for UDV was successfully extended to metallic melts at temperatures up to 800°C [6,7]. The measuring principle of UDV, which is described in detail by Takeda [8], uses ultrasonic pulses to be transmitted into the fluid. The method requires the occurrence of small particles in the fluid reflecting the ultrasound. By sampling the incoming echoes at the same time relative to the pulse emission the position shift of the moving particles can be measured. The calculation of the particle position uses the information about the time delay between the emitted pulse and the corresponding echo. In this way the UDV technique delivers an instantaneous profile of the velocity measured along the ultrasonic beam. 

Specific problems arise for UDV applications in liquid metal flows at high temperatures. The thermal restriction of the available ultrasonic transducers has to be considered as a crucial point. We use an acoustic wave guide made from stainless steel with a length of 200 mm to keep the ultrasonic transducer separate from the hot metallic melt (see Figure 1). The technical details of the integrated ultrasonic sensor with acoustic wave guide are given in [7]. Other important issues such as the grade of the acoustic coupling, resonance effects at the transmission through material interfaces or the allocation of suitable tracer particles are discussed in [6,9]. Note that UDV also works through the container wall [6,9], though any additional interface diminishes the energy of the ultrasonic beam and may require a special adaptation of the acoustic impedances [6].

The UDV technique was applied to measure the bulk flow inside a metallic melt solidified directionally upwards in a cylindrical mold as shown in Figure 2. The Sn-15wt%Pb alloy used in our experiments was prepared from 99.9 pct Sn and Pb. The mold was made from stainless steel with an internal diameter of 50 mm and a height of 100 mm. A height of 60 mm was chosen for the SnPb ingots. Using an electrical furnace the alloy was melted and heated up until a temperature of 300°C corresponding to a superheat of 90 K. Approaching the terminal temperature the mold was taken from the heater and set immediately on a copper chill. Water was circulated through this cooling jacket keeping the copper plate during the solidification at a constant temperature of about 20°C. As a result a vertical temperature gradient was established inside the alloy and an axial heat transfer was induced towards the bottom. Inside the liquid phase a flow was driven using an electromagnetic force. For this reason the entire configuration was placed concentrically inside a magnetic inductor. The magnetic system consists of six induction coils generating a rotating magnetic field (RMF) with a field strength up to 25 mT. For a more detailed description of the experimental set-up we refer to [10]. The acoustic contact between the ultrasonic sensor and the fluid was realized by dipping the wave guide into the melt through the free surface. If the sensor is vertically aligned the z-component of the velocity can be measured. An acquisition of the azimuthal velocity of the primary flow requires to incline the sensor. In our experiments this so-called Doppler angle was chosen to be 70°. A thermocouple was used to measure the temperature at the position of the ultrasonic transducer.   

Considering the isothermal case the flow structure generated by an RMF inside a cylinder filled with an electrically conducting liquid is known to be a superposition of a primary swirling flow in azimuthal direction and a secondary flow occurring as a double vortex in the r-z plane [11]. In the low-frequency and low-induction approximation the magnitude of the flow is governed by the aspect ratio of the cylinder H/2R (H, R –height and radius of the cylinder) and the non-dimensional, magnetic Taylor number Ta = ((BR4/2((2 where ( and B stand for the frequency and strength of the RMF. The fluid properties density, viscosity and electrical conductivity are denoted by (, ( and (. Note that the Joule heating caused by the RMF is negligible, the effect of the RMF on the solidified structure is solely due to the stirring action on the melt. Figure 3 shows streamlines representing the steady-state structure of the secondary flow obtained from UDV measurements of the vertical velocity in an eutectic GaInSn flow driven by an RMF [9]. Corresponding measurements at almost the same Taylor number were carried out in the solidifying Sn-Pb alloy. It turned out that the flow does not reach a steady state during solidification. Profiles of the vertical velocity obtained at a radial position of r = 22 mm at different times are drawn in Figure 4. The double vortex structure has only been observed during the initial phase of solidification. In the course of the process the length of the measured profiles becomes shorter indicating the reduction of the liquid fraction due to the progressing solidification front. Herewith the aspect ratio of the fluid volume is continuously modified resulting in a permanent change of the flow pattern. As a result the double-vortex structure becomes disturbed and finally disappears. 

Figure 5 shows the azimuthal velocity component as a function of the temperature at the position r = 22 mm and z = 50 mm for Taylor numbers of 5∙106 and 2∙107, respectively. The experiments were performed with a mean cooling rate of 1 K/s. The cooling rates arising for miscellaneous Taylor numbers are slightly different because the heat transfer coefficient at the solidification front is affected by the convection. The exposition of the liquid to the RMF was initiated at the same time as the cooling process was started. It is obvious that the flow needs a distinct time to be accelerated by the electromagnetic force before the velocity reaches a maximum value. The progressive solidification process reduces continuously the liquid volume resulting in an increase of the viscous dissipation of the RMF driven flow. Consequently, a slow decrease of the velocity can be observed after the acceleration period. The damping of the flow appears more significantly if the temperature falls below the Liquidus isotherm. In the mushy zone the development of the flow is dominated by the drastic increase of the viscosity as a result of the expansion of the dendritic front and the appearance of free grains in the region ahead of the front. Nevertheless, the measurements gave evidence for the occurrence of a bulk flow in the mushy zone down to temperatures of about 10 K below the Liquidus isotherm. The spatial resolution of the UDV method, being in the order of some millimeter, does not allow the determination of interdendritic flows on the scale of typically some micrometer.

The bulk flow being registered by UDV probably stops at the tips of the columnar dendritic zone. In this sense, the z-coordinate z0 where the measured velocity vanishes in the profile (as shown in Figure 4) should coincide with the actual position of the dendritic solidification front. Figure 6 shows zo as a function of time for various Taylor numbers. After an almost linear behavior in the lower part of the sample a distinct acceleration of the process can be observed for increasing Ta. The moment where this acceleration starts has been identified to approximately coincide with the transition from a columnar to an equiaxed dendritic growth (CET). Figure 7 shows the particular macrostructure appearing on the angular surface of the samples. Without electromagnetic stirring columnar grains expand over the entire height of the ingot. The occurrence of a CET can be observed if an RMF is applied. With increasing Taylor number the vertical CET position is shifted towards the bottom of the mold corresponding to an increase of the equiaxed zone. A distinct grain refinement can be noted as well.

This communication contains first results demonstrating the capability of the UDV method to measure the fluid flow in the bulk during solidification of metallic alloys. In the case of an RMF driven convection the flow field during solidification was shown to be more sophisticated than the known steady flow structures would imply. This fact underlines the importance of in-situ velocity measurements during the solidification process. UDV in combination with ultrasonic wave-guides provides for the first time an attractive approach for such velocity measurements. 
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Figure 1: 
Schematic view of  the ultrasonic sensor consisting of the piezoelectric transducer and the acoustic wave guide made from stainless steel
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Figure 2: 
Sketch of the set-up for the solidification experiments
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Figure 3: 
Streamfunction calculated from UDV measurements [9] in an isothermal cylindrical flow (GaInSn) driven by an RMF at Ta = 9.5∙106
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Figure 4: 
Profiles of the vertical velocity in an RMF driven flow in a cylinder with Sn15wt%Pb solidified directionally from the bottom (z = 0), Ta = 5.2∙106


[image: image5.wmf]300

290

280

270

260

250

240

230

220

210

200

0

25

50

75

100

125

150

175

200

225

250

T

L

 Ta = 2.1*10

7

 Ta = 5.2*10

6

angular velocity [mm/s]

temperature [°C]


Figure 5: 
Azimuthal velocity component at position r = 22 mm, z = 50 mm as function of the temperature at the same position (mean cooling rate 1 K/s)
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Figure 6: 
Vertical position z0 where the measured velocity vanishes in the course of the solidification process 
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Figure 7:
Macrostructure on the angular surface of the solidified samples for (a) Ta = 0, without CET, (b) Ta = 8.4(105, CET position at z ( 36 mm, (c) Ta = 5.2(106, CET position at z ( 27 mm
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