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Ti-Ce immiscible alloys of compositions across the miscibility gap were containerlessly
processed in both a low-gravity and a unit-gravity environment. Although undercooling of
the single-phase liquid into the miscibility gap could not be observed, undercooling did
occur across the miscibility gap for the separated liquid Ti-rich phase. The low gravity,
quiescent environment favored higher undercooling over the unit-gravity samples. Every
undercooled sample had massive separation of the liquid phases. Metallurgical analysis of
samples undercooled in unit-gravity showed signs of vigorous convective stirring and
shearing of the L, Ti-liquid by the applied levitation electromagnetic field. In low-gravity
processed samples, the L, liquid formed a near-concentric sphere within a Ce shell with
some residual smaller spherical particles dispersed throughout the Ce. This configuration is
predicted from wetting theory and from Marangoni separation. Plots of both the melting
and solidification temperatures indicate that the monotectic temperature is 1831 £ 12°K
rather than the 1723°K as reported in the literature. From chemical and diffraction analysis,
the solubility of Ce in the Ti-rich phase was found to be extended; also, some cerium oxide
precipitates formed but no perceptible dissolved oxygen within the Ce or Ti phases was
found which indicates that the higher monotectic temperature reported here is probably
not an oxygen effect. © 2001 Kluwer Academic Publishers

1. Introduction arated [1, 2]. To model this initial separation process,
Solidification of hypermonotectic systems is of in- free-energy gradient [3] and density gradient [4] theo-
dustrial importance for the formation of in-situ com- ries have been put forth. If there is a large enough inter-
posite microstructures. However, because of the variaction between the critical liquid and the crucible, both
ous liquid-liquid separation mechanisms that can leadnodels predict a wetting temperatufig ) above which
to gross segregation, many solidification studies havéhe minority liquid perfectly wets and formayersat
been performed to understand the relative importanc#éhe crucible interface, but only on one side of the immis-
and, hopefully, to the control of these mechanismscibility dome. Materials with compositions on the other
When cooling through the immiscibility domes of sta- side of the dome will have simple surface adsorption
ble monotectic systems containing liquigd &nd L, of by the minority liquid before bulk separation occurs
the higher and lower melting temperature elements, rewhen the coexistence line is reached. If the interaction
spectively, the initial separation mechanism that occurdetween the critical liquid and the crucible were to de-
on the surface of the sample can be of critical impor-crease],, would increase, eventually approaching the
tance in the subsequent bulk separation and solidifieritical consolute temperaturé&g). At this point, large
cation morphology. This liquid surface separation cancomposition ranges would exist in which non-perfect
be a barrier-less nucleation process as opposed to theetting conditions prevail, resulting in undercooling of
liquid-to-solid nucleation process. the liquid-phase separation event across the miscibil-
Previous tests of classical nucleation theory appliedty gap. The contra-positive of this argument has re-
to liquid-liquid gap miscibility systems found a dis- cently been demonstrated in a metastable immiscible
crepancy between experiment and theory in the abilitysystem [5] using different oxide layers as crucibles.
to undercool either of thiquids before the l,-L, sep-  The bulk fluid flows and resulting microstructure will
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then depend on what has happened at the surface af@dBLE | Chemical composition of the Ce component
the subsequent processing conditions.

In the past several decades, many experiments in
space [6—8] have been performed on liquid metal binary Purity
immiscible systems for the purpose of reducing gravityrFe Ca Mg Cu Ta Si N O (%) Ref
driven separation mechanisms and to highlight the ef:
fects that crucibles of different materials may have orf oo 005 002 - 005 003 <« 021 o8 1o

: _ > .02 003 002 -- 005 003 « 02) 99.8 17,19

the wetting/separation process of the liquids. Severalgos ™+ T 0005 0001 0001 0.01 002 99.95
other studies have been performed on immiscibles in 0.02 0.06 sk
a semi-container environment using an emulsion tec'n-Th.S 4 before o . o

i : s Thi i m n is).
nique [9, 10]. Only one previous siudy on stable im. 7 St Seorepeeesong (e e
miscible systems was performed using a completely
containerless processing technique [11] and the results
of that investigation are similar to the emulsion studies.used which ranged between 46.8 and 92.0 w/o Ce with
In all cases, surface wetting was blamed as the caugeurity levels averaging 99.9 w/o. The average stan-
for the similar microstructures or the asymmetry in thedard deviation of each composition wa<.2 w/o.
ability to undercool the liquid below the binoidal on The masses of the samples ranged between 0.34 to
one side of the immiscibility dome. 0.43 grams. The uncertainty of the alloy density gave

Containerless processing eliminates external nuclesalculated, ideally spherical sample diameters ot5.3
ants that prevent undercooling and the removal of .2 mm. Raw samples were opened and stored under
large source of contamination that a container providegnert gas and remained in the evacuated or gas-filled
for these reactive materials. By removing the containeprocessing chamber at all times. Oxygen and nitrogen
completely, the loss of the crucible/liquid interaction levels within the samples before and after processing
should produce a shiftifiy and thus change the wetting are given in Table I.
characteristics atthe surface. Achange inthe liquidwet- For measurements of the amount of undercooling
ting potential at the surface of a containerless dropleassociated with the liquid-to-solid transformation, the
should change the nucleation and separation behavi@guilibrium monotectic transition temperatufig,j had
of the droplet. By varying the amounts of undercool-to be known from which the amount of undercooling
ing and subsequent solidification speeds allow assortegnderwent by thg-Ti liquid phase could be measured.
amounts of separation of the two liquid phases to ocDepending on the amount of undercooling that a lig-
cur before complete solidification occurs. In this study,uid undergoes, a nucleation event will trigger a fraction
we attempt to determine the amount of undercoolingof the liquid to rapidly and nearly adiabatically solid-
that either the surface liquid-liquid (imperfect wetting) ify [12]. This rapid release of the latent heat (recales-
or bulk liquid-solid undergo across the miscibility gap cence) will cause the remaining liquid to quickly at-
composition range by monitoring the temperature oftain the equilibrium melting temperature for that phase
the sample with optical pyrometry. Another purpose ofwhereupon the remaining liquid will solidify at a rate
this study is to examine the effects of weightlessnessletermined by the heat extraction capability of the pro-
on the separation process of the immiscible liquids. Mi-cess. In this study, we use both the melting tempera-
crostructural analysis will correlate the degree of underture upon heating and the recalescence peak temper-
cooling and the separation mechanisms involved. ature (Tp) upon cooling to determine the monotectic

temperature.

Most Important Impurities (%)

2. Experimental details )
The Ti-Ce alloys were prepared at the Materials Prepa2-1. Low-gravity process
ration Center of Ames Laboratory, USDOE. The phasel he 105-meter Drop Tube Facility at NASA/Marshall

diagram is given in Fig. 1. Seven compositions wereSpace Flight Center [13] was used to provide low-
gravity (hereafter labeled 0-g), containerless condi-

tions. This facility is 105 m in length and 26.6 cm in
2100 diameter. Initial vacuum levels in the Drop Tube were
1043 ~6 x 107° Pa and the leak rate over a typical 7-hour
work period was~3 x 10~/ Pa/hr. The Tube was back-
filled with Ti-gettered and 1@ m filtered, 5-nines pure
He-6%H gasto apressure of 89.5kPa. The 0-g samples
were processed by electromagnetic (EM) levitation and
heating ata frequency of 450 kHz. The coil arrangement
1300 consisted of a single, 7-turn lower and 2-turn serially
: ~1183 opposed upper coil operating at 190 amps. Once the
7‘“‘“ ~1063 sample was molten and heated into the single solution
f 583 region at a temperature of 2023 the power to the coil
900 % w0 60 20 700 was automatically turned off and the material allowed
Ti Weight Percent Cerium Ce to free-fall. At 89.5 kPa pressure, total solidification of
the L, Ce-rich liquid could occur during free-fall; how-
Figure 1 Binary phase diagram of the monotectic Ti-Ce system [14]. ever, this pressure generated a calculated drag force of

1700 ~1723
B-Ti

Temperature (K)
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trapped, non-gettered, non-filtered He-6%dfhs was
used. Since the samples could not be totally solidified in
the EM coil due to the heating produced by the EM lev-
itation field, the samples were cooled below the range
of the pyrometer £1573K) and then released down
the Tube to cool and solidify the remaining L2 Ce-rich
liquid. The samples at the bottom of the Drop Tube
were retrieved in the same manner as described for the
0-g samples. For both the 0-g and 1-g studies, an Ircon
Modline two-color pyrometer was used to measure the
sample temperature in the EM coil at a rate of 100
readings per second and an accuracy of 1%. The melt-

ing temperatures of 3-nines pure Zr and Ti were used
05 3 2 oy a 5 as pyrometer calibration standards.

Time (s) The processed samples were always keptin an evacu-
ated dessicator between hot mounting, grinding, polish-
Figure 2 Atypical silicon detector voltage curve of a 0-g sample falling m.g’ or electron mlcr_qprobnjg._The flna.l polishing tech-
down the Drop Tube. The recalescence event (circled) is followed bquue U,SEd 0.04m SIIIC(_)n dioxide solution on a porous
reflections from the Drop Tube wall or other optics. The inset curve isSyNthetic cloth for 2 minutes at 15 Newton force. Op-

a magnification of the recalescence from which the recalescence timdjcal photographs were taken immediately after polish-
trec, and the solidification timeAt, can be determined. ing at 16, 100, and 200 magnifications. A JEOL model
JXA8900 electron microprobe having a beam diameter
25 milli-g’s on the sample. At the bottom of the Drop of ~1 um and employing wavelength dispersive analy-
Tube, the samples were funneled onto a/R2-ihch  sis (WDS) was used for the quantitative microstructural
diameter butterfly vacuum valve where they cooled beanalysis. A 4-nines pure Ti and a 3-nines pure Ce spec-
fore opening the valve and allowing the sample to rollimen mounted and polished in the same manner as the
directly into a thick-walled Pyrex tube where they werealloys were used as WDS calibration standards.
then flame sealed.
An eight channel, 1.25 MHz per channel, 12-bit res-
olution data acquisition unit was used to monitor sili- 3. Results and discussion
con detector voltages generated by the brightness of thd 1. Temperature measurements
falling sample. Fig. 2 is a typical detector trace show-Measurements were performed first for the 1-g sam-
ing a recalescence at timg.= 1.49 seconds followed ples in the EM coil. A typical heating/cooling curve is
by reflection peaks. The signal saturates as the sanpresented in Fig. 3. For the 36 1-g samples measured,
ples passes by the detector and then quickly falls téhe monotectic temperatur&;,, was determined from
background levels. The inset curve shows a magnifiethe melting isotherm and from the recalescence peak
view of the recalescence from which a more precisgemperatureTp) as 1833t 19°K. The melttemperature
trec and an apparent time to solidift, can be ob- during heating of the 0-g Drop Tube processed samples
tained. Time resolution was fos over the 5.2 seconds was also used to determifig. For the 34 0-g samples
of total time it took for a sample to drop through the that were droppedl, was measured only during heat-
gaseous environment of the Drop Tube. The temperaing at the melt plateau as 183017°K. The consistent
ture at which recalescence occurred (i.e., the amount aghelt plateau for 0- and 1-g samples implied that the as-
undercooling) was calculated by knowiiig and from  cast materials from Ames Laboratories had separated
the difference between the final timig.§) at which re-  and solidified with a monotectic structure that was also
calescence began and the amount of time it took to get
to Tm. The cooling model assumed the sample to consist
entirely of only the composition of the outer separated 540
liquid phase (k); the Rule of Mixtures was used to
obtain a 90 w/o Ce solution value of the heat capacity, 2000
density, and emissivity. Release temperatures for alc
compositions were kept to 2028-100 degrees above
the published critical consolute temperatufg). This
temperature would place the alloy in the single-solutiong  1so0
region from which any surface wetting effects could be~ AT = 90°
observed. 1700 Coaling rate ~ 46 °/s TN/

Voltage (V)

TiCe(77wio)

1900
/To

erature

1600

2.2. Unit-gravity process

Unit-gravity studies were performed atop the Drop
Tube Facility in the same EM coil that was used to Time (¢)

process the 0—g Samples' The samples were leVItatq‘ggure 3 Typical heating/cooling curve in the EM coily, is the mono-
and heated to 2028 at which temperature a cool- tectic, Ty is the recalescence pedl is the nucleation temperature, and
ing gas was applied. Six-nines pure, liquid-nitrogenTaxis the maximum temperature.

0 5 10 15 20 25
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determined metallographically. The averdgeof this  phase diagram before tifeTi and L, transformation.
study differs significantly from the reported literature The monotectic line and the binoidal curve have been
value of 1723K [14]. Over the period of time to per- shifted to account for the measurgg. From Fig. 4,
form this entire study, 61 3-nines pure Zr and 23 3-ninest can be seen that the samples containerlessly pro-
Ti drops (6 mm diameter) were used as melting pointcessed in the 0-g environment of the Drop Tube typ-
calibrations for the optical pyrometer. The pyrometerically undercooled more than those in 1-g. The dis-
had a systematic error of #1116 above and £5 de-  crepancy between the 1-g undercoolings and the 0-g
grees below the Zr and and Ti melting temperaturesyndercoolings may be attributable to several factors.
respectively. Because of the narrow separation of th&he stirring by the EM field of the 1-g samples will
wavelength ranges of the detectors of the pyrometer, theoalescence the nucleated droplets much fast2o{
pyrometer’s linearity, and the close proximity of the Ti, 50 mm/s [20]) into larger spheres than the Marangoni
Zr, and Ce spectral emissivity values [15], the Zr andconvection 2 mm/s [21]) that is prominent in the 0-g
Ti melting temperatures were used with confidence asamples. Without forced convection in 0-g to hasten the
calibrations for the measured alloy temperatures. Anycoagulation of the droplets, the liquid-liquid dispersion
changes in the emissivity due to slight oxidation of theis essentially a high temperature emulsion. As seen in
surface should have negligible temperature measurgreviously studied emulsions [9, 10], the small size of
ment effects due to the 2-color signal ratio of the py-the droplets provides isolation of the most active nucle-
rometer. No patches of oxide were observed floatingants and thus allows the bulk of the remaining Ti-rich
on the surface during the entire process. There wadiquid to undercool much more. Thus, the longer the ac-
however, about 400 ppmJ absorbed during the pro- tive nucleant can stay away from the coalescing Ti-rich
cessing of the Ti-Ce in this study, most of which might liquid, the more undercooling attainable. Also, any ad-
be accountable in the slight cerium oxide precipitate. ditional length of time that the small Ti-rich droplets
Previous Ti-Ce phase diagram studies [16—19] hadan remain uncoalesced within the Ce-rich liquid, the
different results. Taylor [18] foundy, to be around betterthe Tiwill be gettered of oxygen since Ce is about
1603K and Ce solubility ing-Ti to be about 0.8 w/o 5 orders of magnitude lower than Ti in its equilibrium
while Savitskii and Burkhanov [17] found solubility oxygen value [22]. This should reduce the formation of
about 5 times greater andTg, around 1723K; how-  Ti oxide nucleants.
ever, Murray reports a solubility of5 w/o [16]. The Another factor for the undercooling differences may
major impurities found in the Ce used in each study arde the 0-g temperatures being a calculated number that
given in Table I. Taylor gives no amount for the oxygendepends on the thermophysical properties of an alloy
or nitrogen contents of his study whereas Saviskii [19]that are not well-known. Instead, the Rule of Mixtures
gives a combined total of less than 0.2%; this study alsevas used to determine alloy properties from the con-
found these gases as the major source of contaminatigstituents. Also, the elemental properties are known at
but at a lower level than the previous studies. The oxythe melting point but not in the undercooled state. A
gen content of materials used in previous studies [19vorse case analysis of the calculated undercoolings
were an order of magnitude greater than this study sugsased on the combined uncertainties of these thermo-
gesting that some inaccuracies in the published phagghysical properties (i.e., density, heat capacity, emissiv-
diagrams may be due to the effects of oxygen as sugty, and recalescence time) result in a 10% error. Even
gested by Murray. with this error, the trend in larger undercoolings in the
Fig. 4 shows the amount of undercooling under-0-g samples is still significant.
taken by Ly across the miscibility gap of the Ti-Ce

3.2. Microstructural results
2100 All the samples were ground in half before polishing.
Fig. 5a/5b and 5c/5d are representative of all the 0-g
and 1-g specimens, respectively. Fig. 5a shows the Ti-
rich liquid-phase that had separated and became spheres

c 1900 of various sizes. As expected, the size of the central,
° larger Ti sphere got smaller as the volume percent of
£ ' P the Ce-rich liquid increases. At all compositions, there
o ] X b .
e g 8 8 g A was a C(_e-nch layer as the outer shell of t'he sample
2 q7001 § H 8 . ° whose thickness again depended on the initial volume
° ¥ % : % fraction of Ce. Within the Ti spheres can be seen sec-
¢ x4 % ondary separation of a Ce-rich phase into a random
L droplet morphology (Fig. 5b). X-ray diffraction analy-
1500 sis indicated that the only phases present were tiig
50 60 70 80 90 Ce, and a very small amount of a form of cerium oxide.
Weight Percent Cerium No correlation of undercooling to the amount of dis-

solved Ce contained in the-Ti could be made among
Figure 4 Immiscibility dome section of Fig. 1 showing a composite of the samples. However, the 1-g samples do have some
all the undercooling measurements taken in this study. The Drop Tube,. . .
data (X) shows significant undercooling over the EM coil data (O) despitedlf_ferenceS tothe 0-g Sam_ples' Usmg_ mlcroprobe anal-
large errors in the absolute calculated values. The monotectic line an¥SIS, the average composition of €Ti phase for the

the binoidal curve have been adjusted for the measTireehlues §). 0-g samples was # 2 and that for the 1-g samples
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Figure 5 Figures a, b are photomicrographs of a Drop Tube processed (low-gravity) sample of 81 w/o Ce and 359 degrees of calculated undercooling.
Figs c, d are a EM coil processed (1-gravity) sample of 47 w/o Ce and 125 degrees of measured undercooling. The dark phase is Ce-rich and the
lighter isa-Ti. Blackish spots are a Ce oxide.

was 11+ 3 w/o Ce; the Ce matrix was always close to and thus possibly explain the random droplet morphol-
100 w/o Ce for both sets of samples. The 1-g samplesgy [24]. In both the 0-g and 1-g samples, blackish
generally show the effects of EM field stirring/shearing particles were found sparsely dispersed in both the ma-
of the Ti-rich liquid into 1-3 large, irregularly shaped jority and minority phases. These particles were a form
globs within the Ce-rich matrix (Fig. 5c¢). This stir- of Ce oxide as determined from WDS analysis.

ring would produce a higher concentration of Ce inthe The reported maximura-Ti equilibrium composi-
Ti-rich liquid. The Ti remaining in the Ce-rich phase tion is ~5 w/o Ce [16]. Because the 0-g samples had
eventually grew in a dendritic fashion, not as sphericakenough time to assume an equilibrium condition (con-
droplets foundinthe 0-g samples. And, the Ce inside theentric spheres), this study reports an equilibrium com-
a-Ti globs is found interdendritically (Fig. 5d) and not position as being % 2 w/o Ce. Murray [16] gives the
randomly dispersed as inthe 0-g samples. The high thetattice constants of the-Ti phase for the composition
mal diffusivity in these samples tends to promote smalkange 0-3.4 w/o Ce as being the same as that for pure
gradients (G) while the higher undercooling and result-Ti (ag = 0.2950 ancty = 0.4684 nm). Using the Cohen
ing solidification velocity (v) seen by the 0-g samplesmethod, our diffraction measurements gave values of
would promote a lower G/v ratio than the 1-g samples0.297 and 34714 0.002 nm forag andcy, respectively,
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for the average 0-g sample microprobe composition ofise, and M. Myszka (The University of Alabama in
7 w/o Ce. Taking the value of the slope from the linearHuntsville) for his Drop Tube services. NASAs Mi-
Vegard’s Law [25], and the value for the line’s inter- crogravity Program funded this work and UAH, as a

cept from the pure Ti powder diffraction file (PDF), a subcontract through USRA on NCC8-66.

calculation of the lattice constants versus concentration
could be made. The addition of 7 w/o Ce to Tiincreases

the pure Ti lattice constants to 0.2970 and 0.4718 nmReferences

in good agreement with the experimental numbers. 1
2.
4. Conclusions 3.

As compared to previous Ti-Ce phase diagram stud-4.

ies, a much-higher value for the monotectic temper-

ature and for the solid phase composition has beer?:

measured. The liquid-to-solid undercoolings that were

observed relative to the monotectic temperature were;.

larger in a low gravity, quiescent environment than in a

1-g, convectively stirred condition. The tendency of the 8.

convection in the 1-g samples to coalesce the droplets
may have contributed to the lack of undercooling com-
pared to the relatively slower Marangoni flows experi-

enced in the 0-g samples. Wetting of one liquid phase

by the other was not observed due to the lack of instrul0.
ment sensitivity. The Ce-rich liquid was found to be the'*:

outer shell for all compositions across the miscibility
gap.

The containerless, 0-g environment promotes the es-
tablishment of equilibrium conditions for monotectic

systems which can be beneficial for constructing phasé®

diagrams for high temperature, reactive monotectic sys;,
tems. Because of this, the 0-g equilibrium composition
of the rapidly solidified Ti-rich liquid of 7 w/o is higher

than that reported in other studies. The microstructural

morphology of the phases observed within the low-6:

gravity samples was always spherically shaped droplets
that had secondary precipitation of Ce within thdi
that was also spherical. In contrast, the 1-g samples had

a-Ti that was non-symmetrically shaped caused by thélg-

stirring of the EM field of the levitation coil. Any sec-
ondary Ce precipitation was trapped interdendritically.,,
A quiescent, 0-g environment such as in space with

accurate temperature measurements could help elima1.

nate some of the questions regarding phase composition
and microstructural effects due to stirring, undercool-22
ing, and quench rate.
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