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DIRECTIONAL SOLIDIFICATION OF EUTECTIC ALLOYS ACCORDING TO A CONTROLLED FLOATING ZONE TECHNIQUE

I -INTRODUCTION

The floating zone melting technique has many essential advantages on the other elaboration processes of "in situ" composites (Table 1). However, the application of this method has been limited to the field of rcfractory and reactive materials and often without much success. The reasons for these poor results are due to several kinds of difficul ties, sumrnarized in Table 2, many of them remaining up to now unsolved.

It has heen found interes ting to improve the floating zo ne melting method, in order to study the directional solidifi cation of transition metal based alloys (colurnn IV) containing ad ditional elements of high vapor pressure. With this in mind, a vertical zone melting apparatus with controlled atrnosphere and R.F. heating, was built accor� ding to entirely new principles and technology. Sorne of the so lutions retained here are partly against ideas generally accepted in direction�l solidification.

Two examples of eutectic al loys (Fe-Fe2B and Ti-Ti5Si 3 )have been studied in order to illustra te the possibilities of the ap paratus and to show the influen ce of the choices inherent to the control principle on the floating zone melting.

-no contamination other than frorn ambient atmosphere -no interaction between a cruèible and the growing material -steep temperature gradient � good composition control ,th,� f1.:eq,_ 11.�nt fluctuations at. the solidification interface can be reduced 5 .

(d)-A cod with ::t aire;,, •inU.icri'. narrow end regions of non-•uniform cornpo,• , <-Jitions (growth rate, mi::.L19) jG!. tic� c2n be obtained between two tion ,whatever thr� solidification con-On the other hand, it i� difficult to obtain in practice a liquid zo ne of reduced height without a central core and with a [lat interface of solidification. Indeed, the low heat capacity of the liquid zone is unfa vorable for thermal stability. This disadvantage is all the more critical as the material is a good heat conductor.

For the second cond.i tion ,when it is possible to apply a controlled lami nar convection i.n the liguid zone, one ;nay think that it acts in the following way:

(a)-Fluctuat or.s due t:o nat1. n•ê:\l convective. sources are eliminated l 71 . (c)--'.l'he flow parallel to the :soJi.di fi cation interface may prevent growth from becoming cellnlar ,qnd criv::. ' d S8 to morphological stabili ty l 9 I.

On the other hand, in spito of many studies in this field, little is known on these kinds of flows built up by the relative rotation of the two parts of the rod jl0-121. Finally, it is not sure that such flows could be without any signifi cant effect on the microstructure of multicornponent alloys� contrary to what could Le thought ftom the �stagnant film" model.

-TECHNIQUE OF CONTFIOL Gr' 'l'HE M1:' :L'I'ED ZONE•

A device for measuring the melted zone dimensions (e.g. its thick ness) by utilizing a shear field introduced within the liquid is described below.

A laminar flow builds up within the floating zone due to the relative rotation of the two solid p0rts of the �od, and results in a viscous fric tional torque whose expression is simple in the case of thin zone: , N D The efficiency of the control rne thod was tested on the Fe-Fe 2 B eutectic alloy, with respect to the liquid-zone geometria stability. This alloy is parti cularly interesting since baron strongly decreases the surface tension of iron. Moreover, its srnall distribution coeffi cient (0.05) rnakes easier the observa tion of the growth bands. Fig. 2 shows a sample obtained with a manual control of the solidification (from i to j) and then with-the automatic control (beyond j).

The efficiency of the regulation be cornes obviously bet ter as the me! ted zone height decreases.Too large a height e or a bad adjustment of the time constants of the regulator, results in fluctuations of the regulator and, •as a •consequence, to regular banding,as shown in fig. 2b.Thus, the regulator could not eliminate the per turbations of high frequency,although the geometric stability was not distur bed.Nevertheless,the Fe-Fe2B eutectic could be obtained free of banding, as shown in Fig. 3,although the R.F.gene rator used was not particularly well a dapted in frequency ( 500 kc) to mel t this alloy.The rotation speeds were in the 300-600 rpm range.Three millimeters was the minimum height of the rnelted zone which could be achieved for this alloy, because of the convex shape of the solid liquid interfaces.Lower values (less than 2mm) were obtained with titanium.

Interaction betw�en natural con vection and forced convection

The elimination of growth rate fluc tuations, a source of banding, as illus trated above in thé case of the Fe-Fe2B eutectic, might have two causes:

-elimination of natural convection when the rotation speed is increased -better efficiency of the regulation with higher rotation speeds. where µ is the dynamic viscosity of the liquid, N the relative rotation speed, D the rod diameter, e the thickness of the rnelted zone, and ka coefficient depending on the system of units.

Actually, this expression is more approximate as the distance between the two liquid-solid interfaces increases. According to Cochran's calcula tions, it should become inexact for a critical height of the melted zone 1101. However one must remark that the liquid-gas interface of the liquid zone is a free surface where there is no shearing. Bence, this case dif fers significantly from those considered by Cochran and Batchelor 110,111. The expression given above is accepted as a first approximation, which amounts in assuming a rotation linear velooity,gradient between the two liquid-solid interfaces.

Therefore, the torque needed to shear the liquid zone is a function of four parameters (µ ,N,D and e), three of which can be considered as constant � ,N,D). Indeed, for any variation in the thickness of thd liquid zone, e: (1) µ remains constant or may deviate only in the opposite direc tion of e, (2) N is controlled, (3) when the height of the liquid zone is small and varies from e to (e+ôe), the geometric stability of the liquid gas interface insures that the diameter variations, 6D, are such as remains lower than 10-1 .

Under the above conditions, one can consider controlling the height of the liquid zone by monitoring the power from a signal representative of the viscous frictional torque C. The small diameter of the rod increases the difficulty in detecting the viscous frictional torque which is, under this con di tion,of very small amplitude(! dyne.cm). Therefore, it was necessary to use a gas bearing in the upper head, in order to mi nimize any interfering parasite torque liable to disturb the regulation. The mo nitoring of the heating power, depending on the liquid zone height, is achieved with a d.c. motor. The driving current of the motor is converted into a potential used as imput for a PID regulator.This mo tor allows the rotation of the upper part of the rod at a speed which can reach 800 r• pm. l.d.c. motor 2.Gas bearing 3.Sample 4.Silica tube S.R.F.coil 6.Cu rod 7.Water cooling 8.Slowly rotating motor (1)-For liquid metals and under our experimental conditions,Grashof nurnbers for heat transfer,Gr,are in the 500-5000 range.Thus,for rather low rotation speeds (of the order of 50 rpm) corresponding to Reynolds nurnbers R e of about 100,the ratio Gr/R e 2<<1,which indicates that forced convection is already prominent. During directional solidifications of Ti-Ti 5 Si 3 eutectic alloys,temperature gradients of the order of 3 5O °C/cm were measured,with an optical pyrometer,in the solid near the solidification interfa ce. This value c0rresponds to a temperatu re gradient in the liquid of about 41 � 0 Qf::m.

The first manifestation of a ce'llu 'lar groL,th, for both Fe-Fe2B and Ti-Ti 5 Si3 eutectic alloys,appears for quite high solidification rates (respectively 9. 45cm/ hour and 31. 7cm/hour),as illustrated in Fig. 5.This morphological interfacial stabilizing effect is more significant for materials of decreasing purity(99,5l) .It may be due to a decrease of the constitutio nal supercooling zone. This effect resul ts frorn a decrease of the concentration diffe rence between the solidification interface and the bulk liquid, i.e. an increase of the solute content in the melted zone,as shown in fig. 6.It could be -:l:.10. �lso,tothe effect of the larninar fla.,, parallel to the solidi fication interface, as previously suggested by Delves 191.

Longitudinal segregation of solutes

In zone melting, the liquid bath from which the composite is solidified is continuously fed with the starting material,whose composition is well defined,C Î .This "open system" is very similar to the one described by Ver hoeven 18 .It allows directional solidification of composites whose compo sition remains homogeneous after an initial transient (Fig. 7). According to Wilcox' s calculations, the stage l (single phase) becomes shorter as the t -� ... ... the upper rod,were done and are re-

In. the case of the Ti-Ti5Si3 eutec�ic,for which small heights of the rnelted zone could be achieved,the interface spacings are larger than tho se previously reported by Crossrnan and Yue as well as by Prud'homme et aL l17,18j.Furthermore,the microstructures exhibit faults in quality,size and spacing of the fibers,as illustrated in fig. 10.All these effects could be eventually attributed to the impurities present in the rather low grade titaniurn used in the experirnents.Moreover,the equation À n .R=C is removed towards higher values of C when the rotation speed is increased. Besides,n increases with increasing solidification rates as to enhance the effect of stirring.

The above results cast some doubt about the validity of the "stagnant film" model for the so lidification of an" in-situ "compo site in an important shearing field, i.e.when a high velocity flow paral lel to the solid-liquid interface leads to an increase in the mass transfer between the liquid re gions in front of the different phases.To solve this difficulty, it should be necessary to consider a boundary layer model taking into account the flow parallel to the so lid liquid interface. 

Table 1 :

 1 Advahtages of the floating zone melting technique -thermal instability -natural convections and fluctuations -difficulties in controlling the shape of the solidification interface, the direction of the thermal flux -no control of the s• hape of the soli dified composite Table 2: Disadvantages of the floating zone melting technique 2 -PRINCIPLE OF THE FLOATING ZONE CONTROL The principle of the floating zone melting control, which has been retained here, is based on the two following conditions: (1) achieve a melted zone of rednced !1e_ight tion in the liquid. (2) introdu�� a forced laminar convec-If the first of ths''.' ;t" two conditirn-,�--. is achi.evf,d one may expect the following effccts: (a)-The tric of the liquid•gns interface is enhanced jl,2,31. condition s th•' licat tt'anster ,tnd particularly the coupling bet.,een the R.F. co1l and the melted zone. (b)-The Z stabi tJ ls improved with r2spect to a progressive drift wit:h time 41 , (c)-'fbe : •1rr1-1:icJ ,,,• ,n,)c,:>t-i1 1 ,,• f"lo,Jr; due to var±ous sources, decrease accordinq to the• \:e,. •istic numbers (Reynolds nurnbrff ,Grashof number for heat 0ncl n1<: :ss trap�;ier , , r, 1a9netic Reynolds number ,dirnensionless i=;urfa.ce tension paramc':ter).

  (b)-Temperature gradient in f�ont of the solidification interface may be increased !Bi.
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 4 " k _IL....f ___ ~ 5 -RESULTS AND DISCUSSION 5.1. Efficiency of the control of the floati�g zone melting

Fig. 3 :

 3 Fig.2:Directional solidifica tion of a Fe-Fe2B rod a)Manual and automatic control b)Photomacrograph of ban ding b

Fig

  Fig.l:Controlled floating zone melting apparatus

( 2 )Fig. 5 :

 25 Fig. 5 :Appearance of cellular mi-. crostructure forTi-Ti 5 Si 3 eutectic directionally so lidified at a rate of 31, 7 cm/hour. be done with the temperature gradient corresponding to very low rotation speeds or te no rotation at all.

Fig. 6 :

 6 Fig.6:a) a schematicplot of con centration profiles ahead of the solid-liguid in terface b) a schematic plot of the real temperature in the liguid Tr and the free zing temperature as given by the liquidus line Tf.

Fig. 7 : 1 _&

 71 Fig.7:Concentration profile along a zone melted off-eutectic rod,

Fig. 9 :

 9 Fig.9:Plot of the interphase spacinq A versus growth rate R for Ti-TJ. 5 si3.

Fig.

  Fig.lO:Ti-Ti 5 Si 3 directionally solidi fied eutectic a-b)Photomicrographs of longitudinal and transverse sections c)Scanning electron micrograph of a transverse sections 6 -REFERENCES