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1. INTRODUCTION

Undercooling is achieved when a materiai is cooled below its equilibrium melting
temperature and is maintained in the liquid state. If the material is cooled further, it will
undercool further until at some point nucleation will occur and solidification begins, After
nucleation, the undercooled liquid will solidify very quickly, giving up the latent heat of
fusion associated with this phase change. This sudden -elease of heat will increase the
temperature ol the solid matenial back to or near its melting point. The sudden increase
in temperature duc to the release of the heat of tusion is defined as recalescence.

An undercooled liquid solidifies when the Hquid nucleates and crystal growth begins
from some point which first adds crystalline structure to the liquid. This point, or nuclea-
tion site, could be such things as crucible walls, impurities, shock waves propagating through
the liquid, or pieces of unmolten sample material. A question remains as to what is the
maximum amount a material can be undercooled. One theory is that, in the absence of all
heterogeneous nucleation sites, an undercooled liquid will reach a maximum undercooling
at which point homogeneous nucleation will occur. Tumbull has experimentally determined
a proposed homogeneous nucleation limii tor various pure metals to be approximately
18 percent of the melting point [ 1}, Therefore, a material with a melting temperature,

T,,,. of 1000 K would not be expected to undercool more than 0,18 Tm or 180 K, which

m
corresponds to a temperature of 820 K for the undercooled liquid. Another theory is

that there is no intrinsic property ot materials which will not allow them to undercool
past a certain point but that all nucleation is heterogeneously determined. Perepezko and
Rasmussen 2] have recently reported undercoolings of up to 0.5 Ty, for certain low

melting temperature metals and alloys such as Ga.

Undercooling has been shown to significantly affect the solidificaiion process,

resulting in changes in solidilication speeds {3}, microstructures (4, 5, 6], alloy solid

solubility {7]. and homogeneity [8]. Undercooling also has enhanced the formation of
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metastable phases not present on the equilibrium phase diagram [2, 7). It should, therefore,
be possible to form, through undcercooling, technologically important metastable phases
with unique material properties.

Undercooling has been achieved by many different techniques. One technique
involves breaking the sample material into small (5 to 200 um) particles. Since there is con-
sidered to be a limited namber of heterogencous nucleation sites within the starting sample,
only a fraction of the smaller droplets will be expected to contain these nucleation sites.
Therefore, most of the particles will be expected to undercool. The particles can either be
placed on a heated microscope slide with melting and undercooling being optically ¢* served
[ 1] or emulsificd in a carricr fluid which does not act as a nucleating agent. Emulsified
droplets have been observed to undercool by dilatometry [9) or more recently by differ-
ential thermal analysis, DTA {2]. Also, Walker {4] and others [5, 6] have undercooled
bulk samples, instead of small drops, by cooling in amorphous crucibles.

Techniques have also been developed to undercool molten drops of metals and
alloys in a containerless environment, One technigue involves the usc of cleciromagnetic
levitators [ 10], which provides a containerless but not quiescent environment due to the
large convective currents induced in the molten sample. Meyer and Rinderer [11] have
produced containerless undercooled droplets by discharging capacitors into sample wires
of diameters of 0.1 and 0.5 mm which melt and break into droplets due to the capillary
and pinch instabilitics of the molten wire, The droplets were cooled in a helium atmosphere
with recalescence being photographed to show undercooling. Cech and Turnbull [12]
have used short drop tubes to uidercool small imctal droplets, Nelson [13] used pulsed
laser heating and short drop tubes to study undercooling in small drops of refractory metals.

A low-gravity cnvironment has been postulated as conducive to containerless under-
cooling because it provides a quicscent environment. A containcrless low-gravity environ-
ment can be achieved for short periods ot time by the use of long drop tubes [14]. A long
drop tube offers several advantages for the undercooling of samples over previous container-
less techniques. High-temperature metals and alloys can be melted and undercooled. Also,

samples need not be limited to small (< 200 um) sizes but instead can be studied in the bulk



(1 to 5 mm diameter). Thus, it should be possible to undercool technologically important
high-temperature bulk samples to the maximum extent possible. Niotium drops of 3 to §
mm diameter have been undercooled to 19 percent of the melting temperature of 2741 K
in a 32 m drop tube [14]. Another advantage of long drop tubes is that, due to ti:»
increased tree-tall time, it is possible to study the low gravity effect on solidification to a
much better degree than previous undercooling techniques. Also, long drop tubes have been
used to form amorphous drops of l’d77.58i16.5(‘u6 of up to 1.5 mm diameter [15].

While underccoling in a long drop tube offers many advantages, it is also difficult to
provide accurate undercooling data tor molten drops free-falling over long distances. The
purpose of this study was to develop and discuss a technique for measurement of under-
cooling of molten droplets cooling in a long drop tube. The described technique should
also be applicable to measuring undercooling in any low-gravity containerless processing
technique. This study is part of a larger group activity to study the undercooling of peritec-
tic superconducting alloys. The group consists of Lewis Lacy: Tom Rathz; and the author;
all of Marshall Space Flight Center, Alabama.

The material used for this study was pure (99,99%) niobium and niobium-germanium
alloys of 13, 18, and 22 atomic percent (a/o) germanium. The Nb-Ge alloys are technically
important since such alloys possess a high superconducting transition termperature (T )
1iztastable phase of Nb3Ge of the A-15 structure. This metastable phase, called §, has
previously been tormed only in small samples. One formation technique involves the pro-
duction of the § phase in the torm of a thin film {16, 17]. Thin film samples have re-
sulted in sumples with a T, as high as 22 K. Another method involves formation of the
metastable 8 phase by rapid solidification and cooling during splat cooling [ 18, 19], which
has resulted in samples with broad Tc's ranging from 6 to 17 K. Solidification rates equal
to or exceeding those achieved in splat cooling [ 20} have been reported [ 14] for heavily
undercooled Nb drops with typical dentrite tip velocities exceeding 300 m/s. Also, ;t has
been shown [ 2) that metastable phases can be formed by rapid solidification after large

amounts of undercooling. Therefore, it could be expected that the high T, B phase of



Nb3Ge could be formed in bulk samples by rapid solidification of heavily undercooled
samples. As will be shown in this study, the metastable 8 phase has been formed after under-
cooling samples by 300 K.

I, EXPERIMENTAL TECHNIQUE

The drop tube used for this is a 32 m tacility at the Marshall Space Flight Center ir
Huntsville, Alabama [21]. A schematic of the drop tube is shown in Figure 1. The dr. |
tube consists of a 32 m long, 11 cm diameter, stainless steel tube with a vacuum bell jar
located directly atop the tube. The bell jar and tube are evacuated by the two turbomolec-
ular high vacuum pumps. Various instrumentation ports (I - 16) and view ports (VP] -
VPg) are located on each floor so that the falling drop may be monitored both optically
and electrically. Electropneumatic (EVy and EV,) and hand-operated vacuum valves
(V| - V3) maintain the vacuum conditions during sample retrieval or insertion of a new
sample, Also, an incert gas, such as helium, can be backfilled into the tube to provide for
enhanced cooling of low-temper-*ure metals and alloys. When the drop reaches the catcher,
it is caught by either a thin foil or a layer of quenching oil, such as a low vapor pressure
diffusion pump oil.

The bell jar houses a high-temperature clectron bombardment furnace which has
also been used as a high-temperature containerless calorimeter (22, 23], The drop tube can
accommodate any tumace which can be adapted to the bell jar. A schematic of the melting
apparatus is shown in Figure 2. This tfumace employs a heated tungsten filament which
emits electrons by thermionic emission, Since the filament is held at negative 5 kV poten-
tial, the emitted ¢! ctrons will bombard and theretore heat the groundeu sample. The
sample is grounded through the support wire which is, in tumn, grounded through a 10 ohm
standard resistor. The current striking the sample can then be monitored by ineasuring
the voltage drop across the 10 ohm resistor. The equipotential and focusing grid help to
contain and focus the electrons onto the sample.

The sainple can be in the form of either a disk, rod, or wire. If the sample is in the
form of a wire, it is supported from the support arm, which can be raised or lowered

through the gear box which is controlled manually with a rotatable vacuum feedthrough.



PYROMETER BELL JAR

HELIUM i O

DROP HEIGHT (32.0m)

\\1?1 I Vi
TURBOMOLECULAR
|| 'g- 3 ~~ PUMP
vP, =
2cp EV 6th FLOOR (30.5m)
RP4
12
Cr. EV2
5th FLOOR (24.4m)
o)
I
vP3 ﬂf . 3
4th FLOOR (18.3m)
(o |
vPe [« '

3rd FLOOR (12.2m)

.

VPg Iq..‘ Is

2nd FLOOR (6.1m)

|
VPelh:__Tﬁv

3

Va e
/-

TURBOMOLECULAR PUMP
—

GROUND FLOOR

RP
DETACHABLE CATCHER / 2

Figure 1. Drop tube diagram.

[72]



-weiderp snjeredde Junap "z aIndig

SNOY 12373 ONIGHVENOS

JAOHLYI ONILVIH

TVILNILOd D3IN AN S —

X084 ¥v3i9

T~

Q149 TVILNILOHIND3 /

ITINVYS

JHIM LHOI4NS

G



PR gy~ s

[ e T

The wire is lowered into the melting apparatus awnd the filament current increased until
melting begins. The wire is then lowered and melted continuously, with the molten material
formmg a drop clinging to the end of the wire by surface tension, The melting continues
until the molten drop beconres too large for the surface tension to hold the drop on the
wire, At this point, the molten drop will fall and cool during free fall in the tube.

It the sample is in the form of a disc o: half disc, it is suspended from a wire of
similar material. For the Nb-Ge alloys a support wire of pure Nb was used. The mass of the
disc is selected so that the resulting molten drop will be just slightly less than the mass
needed to overcome surface tension and fall, Further heating will overheat the drop above
the melting temperature, which decreases the surface tension enough to allow the drop to
fall. This method insures the drop is compietely molten before falling into the tube.

Since the Nb-Ge alloys were supplied in the form of rods, it was necessary to slice
the alioy samples into discs and melt as described previously. To attach the Nb-Ge samples
to the support wire, a smaH hole was dnlled through the sample by an electric discharge
machine (EDM). A Nb clectrode veas used to help prevent contamination. The sample was
thea supported trom a hook bent i the end of the suppost wire. A Nb-Ge alloy sample is
sliown mounted by this method v Figure 3, The pure Nb samples were both in the form
of wires and discs betore melting, Betore mielting, all samples were cleaned for 1 min in
hydrotluoric acid and then rinsed with distilled water followed by another rinse with
cthyl alcohol.

The mstrumentation tor the drop tube is shown in block diagram form in Figure 4.
The heart of the system s o Hewlett-Packard 9835A desktop computer. The computer
controls the plotter, printer, high-resolution digital voltmeter, fast digital volmeter, and the
19-chanpel scanner. The scanner connects one of the 19 input channels to cither of the

digital voltimeters which take voltage readings that are stored in the memory of the com-

piter. Alter o tost, all information is stored on a magnetic tape cassette for future reference.

Immediately prior to and directly after a drop is made, the vacuum level is measured in
the beil jar and in the lower section of the tube. The vacuum gauges use Bayert-Alpert

gouge tubes as Fhe neasuring sensors.



(A) UNMOUNTED SAMPLE WITH HOLE DRILLED FOR MOUNTING

i

i

(B) MOUNTED Nb—Ge SAMPLE

Figure 3. Mounting o1 Nb-Ge samples for melting.
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During hcating and melting, the sample temperature is measured by an automatic
optical pyrometer. The pyrometer measures the actual brightness temperatuure, T, of the

sample; this measurement can be converted to true temperature, Tt' by

1 1 A
— T o —
T, “Tg 'C; "% )

where C5 is a constant cqual to 1.43 em-K, A is the effective wavelength of the pyrometer
cqual to 0.65 um, and ¢ is the specural emissivity of the sample material. The spectral
cmissivity of the Nb-Ge was assumed to be the same as the value of 0.317 for pure niobium.
This assumption should be valid since the loss ol any Ge during the melting will result in
a thin laycer of mostly Nb on the surfuce on the drop. The alloy drops would thus be
cxpected to have a spectral emissivity very smiilar to pure Nb, The pyrometer has been
calibrated in terms of brightaess temperature by the use of a tungsten filament which has
been calibrated directly by the National Burcan of Standards. Measured brightness tempera-
tures are therefore accurate to within 0.5 percent. Also, corrections are made for the bell
Jar optical window to the measuncd brightness temperatures. The optical pyrometer s ~nlies
a voltage through a recorder output which is calibrated with respect to brightness tempera-
ture. The pyrometer output voltage is measured by the high-resolution voltmeter and con-
verted to the true sample temperature by the computer.

Also, during heating and melting, the power input into the sample is measured and
recorded. The power is the product of the voltage d.op from the filament to the sample
and the current Mowing through the sample to ground. Since the filament potential is held
constant during a test, it is only nccessary to measure the sample current to know the power
input to the sample. A sample current measurement and a sample temperature measurement
together with a time measurement from the computer’s internal clock are made once every
200 ms. In Figure 5. a typical sample power curve and thermal history are shown for a

Nb-Ge alloy disc. Notice that the power and temperature both increase fairly smoothly

10

~ e e

o At et S b AT R RS



rigmmr

L2l

e KM

A TE R g et

o Rey v

A AL R gt A

- S Yoo -

1

2100

PONER (WATTS) - -~~~

41900

1700

TIME(s)

TEMPERATURE (K)

Figurc 5. Typical sample heating power and thermal history curves for Nb-Ge alloy sample.

11

J—



P S - — e - AV ST AL A S P o Y . PN vt e =

until point A, which corresponds to the time at which the sample was completely molten
and formed a spherical drop. The power and temperature then increase very rapidly until
the drop falls at point B.

During free fall, the brightness of the drop is monitored by the upper and lower
infrared detectors. The detectoss used for this study are two silicon photovoltaic detectors
produ.ed by United Detector Technology (Model # UDT-450). These detectors incorporate
an operational amplifier built into the TO-5 case containing the silicon chip and are sensi-
tive to light in the range of 0.3 to 1.1 um. An electrical diagram of the detector and ampli-
fire is shown in Figure 6. Also, the output voltage versus input light intensity is shown in
Figure 7. During this study the fecedback resistor Ry was sct at 10 mega-ohms so that, as can
be seen from Figure 7, the detectors were sensitive to light intensities from lO'5 to lO'll
W/cmz. The detectors were mounted as shown in Figure 8 with the upper dete. ‘or located
just below the bell jar looking down and the lower detector located slightly above the
catcher looking up. The detectors are mounted so as to exploit the large field of view of
the detector so that the crop can be monitored everywhere in the tube with the exception
of the first 20 cm of free fall.

The output voltage from the detectors may cither be recorded on a fast strip chart
recorder or stored by the computer. By referring to Figure S, it can be scen that when the
drop lalls, the sample current decreases very sharply. This sudden decrease is used to trigger
the computer to switch the scanncer to the upper infrared detector and to begin taking read-
ings through the fast digital voltmeter. Readings are normially taken at a rate of 4000/s.
After the drop has fallen for 1.5 s, the scanner can be switched to the lower infrared
detector it desired. This would be necessary in the case of low-temperature drops since the
lower detector is closer to the drop while falling in the second half of the tube. However,
the upper detector proved adequate for monitoring the brightness of the Nb and Nb-Ge
drops cverywhere in the tube. Therctore, the bottom detector was used just to provide

redundant information,

12
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As the drop falls, it will cool due to heat loss by radiation. The rate of heat loss
dR will be given by the Boltzmann radiation law [24] for the sphere in a vacuum:

. dQ
=R _ ot @

In equation (2), e is the total hemispherical emissivity, A the surface area of the drop,
o the Boltzmann’s constant, T the temperature of the sphere, and T, the ambient temper-
ature. Once the undercooled drop nucleates and crystal growth begins, the temperature of
the drop will increase very rapidly. This recalescence appears as a sudden increase in the
brightness of the drop over the radiation QN emitted at the nucleation temperature Ty

Differentiating and normalizing equation (2), yields:

) 4AT
igz—— (3)
on  Tn

where AT is the increase in temperature due to recalescence and Aé the increase in bright-
ness. From equation (3), it can be secn that a | percent increase in sample temperature
would give a 4 percent increase in drop brightness. This increase in brightness can be detec-
ted by the intrared detectors.

In Figure 9, the output of the upper infrared detector during three pure niobium
drops is compared (Curves A, B, and C) as recorded on a strip chart recorder. Curve D of
Figure 9 is a sample current trace for a drop formed from a Nb wire and is included to show
the decrease in sample current, denoted by point 1, corresponding to the time of drop
release. Curve A is a detector output for a Nb drop that did not undercool. Curves Band C
are typical detector signals for 3 and S mm diameter Nb drops, respectively, which both
undercooled 530 K. Notice the sharp recalescence peaks denoted by point 3 which is
absent in curve A. The recalescence peak is different for the two drops due to the fact that
the cooling rate is size dependent, as will be shown in Section I11. Thus, the recalescence
peak can be detected and recorded. Point 2 denotes a common peak in Curves A, B, and C
which corresponds to the time when the drop first comes into the field of view of the

upper detector,
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When the detector output is storcd on the computer, there exists a problem of
calibrating the detector output, anad ii:«re fore the recalescence peak time, with the abso-
lute time of drop release. The problem oiginates from the fact that, although the fast
digital voltmeter takes readings at precisely 4000 readi. s per second, there exists an
uncertainty of as much as 200 ms as to when the scanier swvitched and the fast voltmeter
was triggered to begin taking data. This problem has been solved by the use of the time cali-
bration infrared detector. This detector is the same type as the detectors which monitor
the brightness of the drop but has a very small field of view limited by a narrow tube.
Therefore, the time calibration detector can only ‘‘see” the drop when the drop is directly
in tront of it. Therefore, the peak of the output of the time calibration detector cor-
responds to the time at which the drop was exactly at the detector position in the drop
tube. The distance of free fall to the time calibration detector has been measured to be
30.45 m and thus corresponds to a tree-fall time of 2.493 s since the acceleration due to
gravity is constant and is known to be 979.6362 cm/sz [25]). The signal from the time cali-
bration detector is fed into a pulse generator with an adjustable trigger. When the drop is
detected, the pulse generator is triggered and instantaneously outputs a narrow 500 us
pulse onto the signal of the upper infrared detector which monitors the brightness of the
drop. The sharp pulse that appears on the upper infrared detector trace corresponds to a
precisely known (£ 1 ms) frecfall time. All other points can then be referenced to this time
calibration peak and are, therefore, also known accurately in terms of actual free-fall
time. Thus, the time of free-fall and cooling betore recalescence can be measured to an
accuracy of 1 ms, which corresponds to determining the position of the drop within the
tube during recalescence to within 1 cm,

In figure 10, an upper intrared detector signal, as stored by the computer, is shown
for a Nb-22 a/o Ge alloy drop which undercooled all the way down the tube and recalesced
upon entering the quenching oil in the catcher. Recalescence is denoted by point 1, while
the time calibration peak is shown as point 2. Since the information in Figure 10 is stored

on the magnetic tape cassette, it can be recalled and replotted in many different ways. In
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Figure 11, only a smail portiou of the overall trace is reproduced in an expanded scale.
Notice the recalescence poak is now very casy to detect and much greater than the resid-
ual noisc. This allows detailed analysis of 4. ¢ shape and time of the recalescenc : peak and
illustratcs the value of storing the data with the computer.

Since the time of occurrence for the recalescence peak is known very accurately,
the amount of undercouling can then be measured if i..¢ cooling curve for the drop is
known. The next section is dedicated to the analysis of the ¢cooling curves for the Nb and
Nb-Ge alloy drops.

HI. THEORY

If a drop is falling in . vacuum, it will lose heat only by radiation and at the rate
descrivbed in equation (2). The cffect on the radiation heat loss Ly retlection of energy
back onto the drop by the drop tube walls is discussed ‘n Appendix A and is found to be
negligible. Also, the heat lost by evaporation is found to be small (Appendix B). If the
drop doces not undercool, it will begin to solidify when the temperature decreases to the
melting point. During solidification the temperature of the drop will remaia constant at
the melting temperature. The time of solidification. tg, can then be deduced from equa-

tion (2) to be:
ty=m Hyfleg Ao (TH - Th @)

where m is the mass of the drop and Hy is the hieat of fusion. From equation (4) and the
thermophysical properties of Nb given in Table 1, it can be calculated that the maximum
size Nb drop that can be completely solidified in the drop tube is S mm in diameter. This
drop size hns been successtuliy prepared in the drop tube,

11 the drop does not sclidify upon release, it will undercool. In this event, éR of

cquation (2) will he

Q=mC g )

20
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where C is the specific heat of the material. Equation (2) then reduces to:

dT _ 4 :
a?' - 'Ko(T4 = Ro) y (6)
where
_ GT Ao
Ko = —nC

Equation (5) can then be integrated to yicld

(T+T,) -1

t. + 2 tan (T—T')] + constant @)
o

¢ am I
o'o o
by assuming the drop to be isothcrmal during cooling and a temperature independence in
K. The validity of assuming isothcrmal cooling has been addressed {32], with the result
that the gradient within the liquid sample should be less than 20 K in 2 4 mm drop of Nb
or 0.7 percent of the melting temperature and even less for the Nb-Ge alloys. The tiine,
t., in equation (6) is the time necessary for a drop to cool from some initial temperature,
Ti , to the final temperature, Ty . The constant is evaluated at T = T; and t.= 0. Also in the
derivation of cquation (6), it was assumed that the material parameters are constant while
cooling from T; to Ty. While the surface arca A and drop mass m can be considered con-
stant over a wide range of temperature, the total emissivity e and the specific heat C
vary with temperature. However, if the temperature difference from T to Ty is taken in
small increments, ATJ-. of the total cooling AT, then e and C arc essentially constant over
the small temperatune difference ATJ- , and cquation (6) can be applied. To calculate the
total cooling vime t, over a wide temperature range, the cooling time tcj for each increment

ATj of temperature can be summed:

N
t. = }jtcj . (8)
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where each L is calculated from cquation (6) for the temperature increment ATj, with €T
and C being adjusted for each temperature increment.

Since the optical pyrometer measures the temperature of the drop a\ the time of
release, T; is known and a cooling curve tor each drop can be calculated once the thermo-
physical properties are known. By using the parameters for Nb given in Table 1, the under-

cooling curves for pure Nb have t2en calculated and are presented in Figure 12 for various

drop diameters. Once the cooling curves are calculated and the time of recalescence has been

measured by the infrared detectors, it is a simple matter to determine the amount of cooling

AT . before recalescence. Since the Nb-Ge alloy drops are usually overheated above the
melting point before release, the overheating Ty, must be subtracted from the total amount
of cooling AT, to give the actual amount of undercooling T,,. For Nb, there is little or
no overheating so that the drop is at the melting temperature upon release and begins to
undercool immediately.
V. HIGH-TEMPERATURLE CALORIMETRY

As stated previously, the furnace used for this study is actually a high-temperature,
containerless calorimeter [ 22, 23]. Since the cmissivity and specific heats of the Nb-Ge
alloys were not known, it was necessary to measure these parameters using the calorimeter.
To do this a sample material would be completely melted and allowed to solidify while
still <'inging to the support wire. Due to the high surface tension of these metals, the
resulting droplet was essentially spherical to within 1.5 percent accuracy. Therefore, upon
cooling, a drop attached to the support wire can be treated as a sphere cooling by radia-
tion with a correction for the heat loss due to the support wire: The heat loss due to the
wire, 6w is tound in Appendix C to be:

Q,, = *(e, oTSK R3)” ©)

where €, K, and &v are, respectively, the emissivity, thermal conductivity, and radius
of the support wire, T is again the temperature of the drop. Generally the heat loss because

of the wire was approximately 10 percent or less of the total heat loss of the sphere.
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When the spherical sample is reicated and held at a constant temperature, the heat
input into the sample must cqual the heat loss by the sample. Since the heat input, él*
into the sample is measurcd as described in Section 1, the total hemispherical emissivity
can be calculated by cquating dl to the hcat loss by radiation (‘)R, with the connection

for the heat loss due to the wire d\v:
Q =Qgr +Q, (10)
Plugging in for dw from cquation (8) and dR from ecquation (2) yields:
9 = epAo(T* - T Sk R3)”
Q= -€1Ad(T" - T) - 7(e o T"KRY) . (11)

For the calorimetry studics a support wire of tungsten, which has known properties [28],
was used. Since the propertics of tungsten arc known, the only unknown in equation (10)
is the total hemispherical cmissivity, e, of the sample droplet. Using the computer,
cquation (10) can be solved for e and repeated for many difterent points. Each measured
emissivity is therefore a statistical average of 50 to 100 mzasurements, with the typical
standard deviation being less than 0.5 percent. Emissivity mcasurements were thus made
for Nb and the Nb-Ge alloys over a wide temperature range and are presented in Figure 13.
The solid line in Figure 13 is an experimental literature curve for pure Nb [26]. As can
be scen, the agreement between this study and the published curve for Nb is fairly close.
Also, notice that the Nb-Ge alloys appear to have cmissivities very similar to pure Nb.
Thus, it appears justifiable to use the total hemispherical emissivity values for Nb for
cooling calculations involving the Nb-Ge alloys for compositions, at least up to 22 a/o Ge.
For this study the values of emissivity for both Nb and the Nb-Ge alloys were therefore

assumed to be [26]):

e =-0.144 + 2,88 x 10T - 4.46 x 10872 . (12)
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Although the total emissivities discussed to this point are for solid Nb and Nb-Ge alloys,
it will be assumed in this study that the emissivity curve of equation (11) also describes
the total emissivities of these materials in the undercooled liquid state. This assumption
is necessary because of the total absence of published liquid total emissivity values for
Nb and Nb-Fe alloys and the technical complexity of measuring the total emissivitic. for
such high-temperature maternials in the undercooled state,

The specific heats of Nb and the Nb-Ge alloys were measured by reheating the
spherical drop, still attached to the support wire, to near its melting temperature and then
cutting off the power to the tungsten filament. The temperature of the sample was then
recorded as it cooled. Since during cooling *here is no heat input, the drop will simply cool

by radiation with some heat loss up the wire so that

Q=Qr+Qy (13)
which reduces to

mC ST = - epAo(T4 - T4)- w(e, oK R3)” (14)

by use of equations (2), (5), and (8). The only unknown in equation (13) will be the specific
heat C once the cooling curve for the sample has been measured. Figure 14 shows the
cooling data for a Nb droplet together with a calculated cooling curve from equation (13)
using the constant value of 410 J/kg-K. Since the specific heat changes slowly with tempera-
ture, 2 constant value of C can be used, with the resulting error being less than 2 percent
over the temperature range encountered in this study. The value of 410 J/kg for the specific
heat of Nb compares well with literature values [26]. Since there appears to be an agree-
ment between the specitic heat of solid Nb [26] near the melting point and liquid Nb {31]
just above the melting point, it is believed the specific heat values of solid Nb could be
used in undercocling calculations.

The specific heats for the Nb-Ge alloys were also measured in the solid state; the
constant C for which the calculated curve most closely fit the raw data is presented in

28
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Table 1. A typical measured cooling curve for Nb-18 a/o Ge droplet is shown in Figure 1§
and is compared to the calculated cooling curve using the specific heat value of Table 1.
Several cooling curves were measured for each composition, with the resulting specific
heats being averaged for Table 1. An effort was also made to measure the specific heats of
the alloys in the liquid state. Figure 16 shows a measured cooling curve for a Nb-22 a/o Ge
droplet which was heated to approximately 300 K above the liquidus temperature before
being cooled. In this way the liquid specific heat could be measured near the melting point.
As can be seen in Figure 16, the specific heat value of 398 J/kg, which is the average meas-
ured specific heat for the solid Nb-22 a/o Ge droplets, also fits the measured cooling curve
for the liquid (Curve A) quite well. Curve B of Figure 16 is the measumd cooling curve for
the same droplet after solidification and is ccmpared to the calculated cooling curve with a
C of 390 J/kg. Similar measurements were made for the Nb-18 a/o Ge alloy with the same
result that the measured average specific heat for the solid state also compared well with
the measured liquid specific heats. As previously noted, the specific heat of solid Nb com-
pares closely to the specific heat of liquid Nb near the melting point. Therefcre, it appears
justified to use the specific heats of solid Nb and Nb-Ge alloys in cooling calculations for
undercooled Nb ard Nbh-Ge drops. The values of the specific heats presented in Table |
were thus used for undercooling calculations.

With these measured values the emissivities and specific heats, the cooling curve for
any Nb or Nb-Ge drop could be calculated as described in Section I11. Thus, once the time
of cooling before recalescence was measured by the infrared detectors, the amount of
undercooling in terms of temperature was known.

V. RESULTS

Using the infrared detectors to measure the cooling time before recalescence and
the cooling curves crlculated as previously described, the amount of undercooling was
measured for a number of pure Nb and Nb-Ge alloy drops. The results for some of the Nb
drops are presented in Table 2. From Table 2, it can be seen that the Nb drops consistently
undercooled 525 K, independent of drop size, before nucleation and recalescence occurred.
This amount of undercooling corresponds to 19 percent of the melting tempcrature of
2741 K for Nb and is, therefore, consistent with the empirical horaogeneous nucleation
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TABLE 2
MEASURED UNDERCOOLING FOR Nb DROPLETS

Drop Number Mass (mg) '5!2(_) Mm
DT126 120.0 528 0.193
DT127 125.2 533 0.194
DT128 120.6 532 0.194
DT138 123.0 532 0.194
DT12S 327.1 526 0.192
DT129 3329 531 0.194
DT130 329.1 514 0.188
DT131 327.8 515 0.188
DT132 31255 524 0.191
DT134 321.7 528 0.193
Cr135 316.3 512 0.187
DT136 294.6 520 0.190
DT137 304.4 531 0.194
DT139 3623 535 0.195
DT142 364.8 517 0.189
DT144 3526 528 0.193
Average Small Drops 531 0.194
Average Large Drops 523 0.191

TOTAL AVERAGE - 525+ 8 0.192 £ 0.003



[,

B S o et e

limit of Tumbull. However, the nucleation temperaturc (T = 2216 K) also corresponds
to the reported {33] melting point of NbO at 2218 K. Thus, the results could also be due
to heterogeneous nucleation induced by the formation of cubic NbO on the surface of
the cooling Nb drop. Drops of Nb were also made that were released with a portion of
unmelted Nb wire within the sample, Thest drops experienced little or no undercooling
since the molten Nb would nucieate from the unmolten Nb wire, A comparison between
undercooled and not undercooled Nb samples could then be made.

A photomicrograph of a typical undercooled Nb sample is shown in Figure 17A with
«n X-ray Laue ditTraction pattern of this drop included in Figure 17B. All Laue diffraction
patterns show only single crystal Nb behavior with no evidence of fine grain polycrystalline
behavior as reported by Walker [4] for undercooled Ni. In Fizure 18, the surfaces of under-
cooled and not underconled samples are compared as photographed by a scanning electron
microscope (SEM). Notice that the drop which was not undercooled (Figure 18A) shows a
very smooth surface with no distinguishing characteristics. Conversely, the undercooled
drop (Figure 18B) shows a distinct “wrinkling” which is believed to be due to interden-
dritic shrinkage channels.

Differences can also be seen in the interior microstructure of the Nb samples with
respect to undercooling. The undercooled samples exhibited - 7 » . ~ture of single
crystal behavior, as shown in Figure 19 for a heavily etched Nb sample. A seric: of Laue
diffraction pattei..s taken across the exposed interior surface confirmsd the sample is single
crystalline. Samples with little or no undercooling were zlways multigrained, as shown in
Figure 20. Samples which were not undercooled also contained large shrinkage cavities
connected to the surface. Notice also that most of the grains connect the surface of the
drov to the shrinkage cavity. The tip of the drop shown in Figure 20B is the piece of un-
melted Nb wire l=ft in the sample to cause nucleation and prevent uadercooling.

Using the equilibrivm phase diagram [29] for the Nb-Ge system shown in Figure 21
and the measured temperature at the time of release, the undercooling for the Nb-Ge
could be calculated once the cooling time until recalescence was measured by the infrared
Jetectors. Undercooling data for the Nb-Ge alloys are presented in Table 3; all the drops

were ncar 2.5 mm in diameter. The Nb-13 a/o Ge clioys are not included in Table 3 sitice
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Figure 17. Typical Nb single crystal drop: (A) Photomicrograph
at 8X:; (B) Laue X-ray diffraction pattern for (110) direction.
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Figure 18, Scanning Electron Micrograph (SEM) of Nb drop
suriace (300X) with (A) No undercooling; (B) Undercooiing of 525 K.




Cross-sectional photomicrograph (16X) of etched Nb drop

Figure 19.

Undercooled 525 K.
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Figure 20, Cross-sccehi

} pTeas—————

onal photomicrograph of Nb samples with little

or no undercocling.
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all efforts to detect undercooling for this compaosition have failed. If the 13 a/o Ge drops
recalesced before coming into the field of view of the infrared detectors, the maximum
amount of undercooling for these drops would be < 200 K. Undercoolings greater than
200 K would result in recalescence while in the field of view of the infrared detectors.
Also, it was necessary to preheat the Nb-18 a/o Ge and Nb-22 a/o Ge alloy drops for
approximately 3 min at about 1900 K to induce undercooling after the drop was released.
Drops which were not preheated did not show evidence of undercooling.

From Table 3 it can be seen that the Nb-18 a/o Ge alloy drops consistently under-
cooled to approximately 20 percent of the liquidus temperature of 2337 K. Alloys of this
composition usually were overheated approximatey 200 K above the liquidus temperature
before release. The Nb-22 a/o Ge drops undercooled consistently to approximately 14
percent of the liquidus temperature of 2173 K, with overheatings in the range of 250 to
300 K. The corresponding undercoolings were as high as 500 K for the 18 a/o drops. The
22 a/o drops, although not as heavily undercooled as the 18 a/o Ge drops, were under-
cooled by as much as 300 K, which is certainly a significant amount of undercooling. It
must be noted that the undercooling data presented in Table 3 do not necessarily represent
the maximum amount of undercooling for these drops since all the alloy drops in this
table, with the exception of DT 221, undercooled the full length of the drop tube and
recalesced only upon impact with the quenching oil in the catcher. Consequently, it appears
reasonable to expect significant improvements in undercooling Nb-Ge alloys in longer
drop tubes. DT 221 recalesced slightly above the oil surface. The Nb-22 a/o Ge drops
were overheated more than the 18 a/o drops and, together with the slower cooling rates
due to lower processing temperatures, did not have as much time to undercool.

The amount of undercooling between the two compositions is evidenced by the
shape of the retrieved particles. As shown in Figure 22, the 22 a/o Ge samples usually
formed cup-shaped samples, while the 18 a/o Ge samples formed hemispherical drops. Since
the 18 a/o Ge drops are more heavily undercooled, it would be expected that more of the
sample would solidify upon recalescence, resulting in a less deformed drop. It is also pos-

sible that the 22 a/o Ge drops flowed into the cup shape before recalescence and were
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TABLE 3
Nb-Ge ALLOY UNDERCOOLING

Ty

T; Release Tov Amountof TyAmountof —— %
Drop Number % Ge  Temperature Overheating Undercooling*® Tm
DT217 13 2597 80 <200 < 80
DT218 13 2607 90 <200 < 80
DT221 18 2457 120 495 21.2
DT230 18 15820 183 477 204
DT231 18 2570 233 457 19.6
nT223 22 2473 300 290 13.3
DT224 22 2434 261 299 13.7
DT226 n 2408 235 305 14.0
pT227 22 2431 258 302 13.9
pT232 n 2408 295 295 13.6
DT233 22 2429 256 299 13.7
DT235 22 2405 233 307 14.1

*Note: The values of undercoolings for the 18 and 22 a/o Ge drops are not necessarily
the maximum amount possible since these drops undercooled the complete
length of the drop tube and recalesced only after impacting the quenching oil.

et e i s P+ o
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(B} Nb—18a/o Ge

(A) Nb—22a/o Ga

Figure 22, Nb-Ge alloy samples undercooled in the drop tube
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therefore deformed as a liquid drop entering the quenching oil. The Nb-13 a/o Ge drops,
which undercooled < 200 K, were spherical in shape with no deformation due to the oil.

The superconducting transition temperature of the samples appears to be favorably
affected by undercooling. In Figure 23 the superconducting trans.tions of the undercooled
samples can be compared to the transitions of the as-cast starting material. Notice that for
both compositions the T, is increased significantly. It should also be noted that the transi-
tion of the Nb-22 a/o Ge drop is mostly above the transition temperature of pure Xib at
9.2 K. Since the only phase of the Nb-Ge system that has a T, above that of pure Nb is the
metastable § phase, it can be concluded that the Nb-22 a/o Ge drop samples contain the
metastable § phase. Therefore, the high T, metastable phase has been formed by rapid
solidification after large amounts of undercooling. Additional work is necessary to further
increase the T of the B phase contained in these samples.

It has, therefore, been shown that there exist significant differer ces between the
undercooled and not undercooled samples tor both the Nb and Nb-Ge alloy drops. Although
these ditferences warrant in-depth analysis, it is not within the scope of this study to do so.

V1. ESTIMATE OF ERRORS

By referring to equation (6), it can be concluded that the undercooling curves and
therefore the undercooling temperatures are proportional to e, A, m, C, and the measured
time of cooling before recalescence t,. Also, from equation (5), it can be seen that the
undercooling temperature will be proportional to the fourth power of the measured
release temperature T;. For pure Nb, e is known to 3 percewi and C is known to 2 percent.
The mass is measured for all drops to an accuracy of 1 percent error, while the surface
area is known to approximately 2 percent. The release temperatures are known very
accurately ( <0.5 percent error) due to the extensive calibration of the pyromeier. Also,
the time of cooling before recalescence is measured to an accuracy of < 0.5 percent.
Since the parameters involved in the calculation of the undercooling temperature T, are

independent, the error in T\, will be given by:

a1y der\? (dA\? gdm\? gde\? N2 r4dTy 2
R V&) &) @) &) e
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which, by plugging in the discussed errors, results in an error of less than S percent for the
calculated undercooling temperatures for Nb. Therefore, the undercooling (emperatures
for pure Nb should be accurate to less than 5 percent error or + 25 K out of the reported
525 K undercooling for Nb.

To estimate the error tor the undercoolings reported for the Nb-Ge alloy drops, an
estimate of error for the measured emissivities and specific heats must fir,t be made. From
equation (11), it can be seen that error in the measured total emissivities will be propor-
tioned to él’ éw, A, and T4, Since the drop is still attached to the support wire during
calorimetry studies, a 2.5 percent error in the surface area of the drop is expected. The
value of the standard resistor is accurately known so that the 3 percent error in the heat
input measurement is due to inaccuracies in the voltage measurement. The error due to the
heat loss up the wire, Qw, should be less than 2 percent, while the temperature is again
known to 0.5 percent.

Therefore, the error in the measured total emissivities should be less than S percent

as given by:
B Al R 2
der _ ff9Q)" dQ,\ - . dA)- L [4eT 16
€ —— ———— -
T Qt Quw ) A T

The measured specific heats are dependent on e as well as A, 14, m, and Q,, as shown

in equation (14). The error in the measured values f C will then be:

: 2
._\:.. - —— + — + —— + — ‘
C - €T A m T

w
Equation (17) results in an error of S percent in the measured specific heats given in Table
1. By using the estimated errors of S percent for e and 6 percent for C together with the
errors in A, m, t, and T;, as already discussed, the error in the measured undercooling tem-
peratures for the Nb-Ge alloys will be approximately 8 percent as calculated from equation
(15). This error amounts to +40 K for the 500 K undercoolings reported for Nb-18 a/o Ge
and t24 K for the 300 K undercoolings for Nb-22 a/o Ge. Thus the reperted undercoolings

in terms of percentage of the melting temperature are:
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Nb 0.19 T, £ 0.009T,,

Nb-18 /o Ge 0.20 T, £ 0.016 T,

Nb-22a/0 Ge 0.14 T\, £ 0.012T,,

It should again be noted that these reported amounts of undercooling should not be con-
sidercd as the maximum amounts possible for the Nb-Ge alloy drops since nucleation
and recalescence occurred at the bottom of the drop tube,

VII. CONCLUSION

The amount of undercooling of Nb and Nb-Ge alloy drops, while free falling in a
32 mm drop *ube, has been measured. The technique used to measure the undercooling
of the free-falling drops invulves measuring to a high degree of accuracy ( < 0.5 percent)
the length of time the sample undercooled before nucleation and recalescence occurred.
Once the nucleation time was found, the amount of w' Jercooling could be determined
from the cooling curve calculated for cach drop. The results show the Nb drops of up to
5 mm diameter were undercooled by 525 K, which relates to 19 percent of the melting
temperature. This amount of undercooling is consistent with the empirical homogeneous
nucleation limit suggested by Turnbull. However, the nucleation temperature of 2216 K
also closcly compares to the melting temperature of NbO at 2218 K. Thus, it may be pos-
sible that nucleation of the Nb drops may not have been homogeneous but instead hetero-
geneous, being induced by the formation of Nb0O on the surface of the falling molten Nb
drops. It may, therefore, be possible to undercool Nb drops even more by prohibiting the
formation of NbO on the: rfuce. Further work is needed to confirm or disprove this postu-
late.

The technique was also demonstrated by measuring the amount of undercooling for
Nb-Ge drops, which was 0.20 T, and 0.14 T, for the Nb-18 a/o Ge and Nb-22 a/o Ge
alloy drops, respectively. The Nb-13 afo Ge drops were undercooled by less than 200 K.
Although the amount of undercooling tor the Nb-18 a/o and Nb-22 a/o drops is signifi-
cant, it does not necessarily represent the maximum amount possiblc since almost all of
thesc alloy drops undercooled all the way down the drop tube and recalesced only after

impacting the surface of the quenching oil.
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To calculate the cooling rates for the Nb-Ge alloy drops, and therefore the amount
of undercooling, it was first necessary to measure the total emissivities and specific heats
using a high-temperature, containerless calorimeter. The calorimetry technique was first
verified by measuring the values of e and C for pure Nb. Since the measured and literature
values for Nb agreed quite well, the properties were then measurea for the Nb-Ge alloys.
The results show that the measured values of e for the Nb-Ge alloys were very close to et
for pure Nb. Also, the values of specific heats were found to be 356 J/kg for Nb-13 ajo ( ¢,
368 J/kg for Nb-18 a/o Ge, and 398 J/kg for Nb-22 a/o Ge. The liquid specific heats of the
18 and 22 a/o Ge alloys were also measured near the melting point; the result was 398 J/kg
for both compositions, which matches closely the values of C in the solid state. Using these
measured values, the cooling curves were then calculated for the Nb-Ge alloy drops.

Significant diffcrences can be seen in the undercooled drops. The undercooled Nb
drops cxhibited single crystalline behavior with no visible major shrinkage cavity. The Nb
drops with little or no undercooling consisted of many large grains and contained a large
shrinkage cavity. Also, the undercooled Nb drops had a heavily dendritic surface structure,
while the not undercooled drops were smooth. For the Nb-Ge drops, a signiticant increase
in the superconducting transition temperature for the undercooled Nb-18 a/o Ge and
Nb-22 a/o Ge alloy drops over the T, of the as-cast starting material was found. Since the
T, of the Nb-22 a/o Ge drops was greater than the T, of Nb at 9.2 K, these drops must
contain the metastable  phase of Nb3Ge. Additional work is proposed to further increase
the T, of the 8 phase paesent in the alloy drops.

The original use of this technique in the 32 m drop tube provides important under-
cooling information for processed materials so that a correlation between undercooling
and resulting material propertics may be made. A better understanding of solidification and
material propertics should result which may lead to the production of new and unique
materials. The described techniques could alse be used in any low-gravity, containerless

processing environment.
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APPENDIX A

HEAT LOSS BY EVAPORATION
The amount of heat loss due to evaporation for a drop will be simply the product of the
mass loss of the drop, Am, and the heat of evaporation Hy of the material lost. For the
pure niobium drops, no measured mass loss occurred. For the niobium-germanium drops,
a slight mass loss of less than 1.2 mg occurred. If it is assumed that all of the mass loss
is duc to Ge evaporating from the surface of the drop, then an estimate of this effect on the
calculated cooling curves can be made. Using the heat of evaporation for Ge as 3.9
kJ/g [ 28], the total heat ioss because of evaporation from a Nb-Ge drop will be 0.78 J.
Since the drop time is only 2.6 s, most of the time that the drop is above 1700 K is during
the heating and mclting of the samplec and not during the cooling time. If we, therefore,
assume that not more than 25 percent of the mass loss occurs during sctual cooling, then
the heat loss while cooling 2.6 s will be 0.20 watts. By comparing this heat loss to that
calculated from equation (2) (typical > 10 watts) it can be seen that evapc:ation heat
loss will amount te less than | percent of the total heat loss. Therefore, evaporation heat

loss effects were not included in the cooling curves calculated in the body of the text.
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APPENDIX B

EFFECT OF REFLECTIONS ON HEAT LOSS BY RADIATION
Since a drop falling in the drop tube will have some light reflected back onto its surface,
it was necessary to calculate the cxtent of this cffect on the cooling rates of the drops.
A worst casc approximation of a drop in the drop tube can be made by assuming the drop
is enclosed in a gray body sphere of radius r5 and total emissivity €5. The total heat loss
by radiation from the drop of radius ry and total emissivity e enclosed by this larger

sphere will be given by [35]):

Q=0A L T | (B-1)
£\ 2
(=) &)

where the outer sphere is considered to be at ambicnt temperature T, In equation (B-1),
o is again the Boltzmann constant, T is the temperature of the drop, and A is the surface
arca of the drop, By choosing the radius uf the outer sphere to be the radius of the drop
tube (= 5 cm) and the cmissivity of the stainless steel drop tube to be 0.1, the heat loss
of cquation (B-1) can be calculated and compared to the heat of equation (2) in the text.
This comparison has been made, with the result that the maximum error occurred fora
large (5 mm diameter) sphere; it was less than 0.7 percent for all temperatures as compared
to the heat loss calculated from equation (2). For smaller drops, this error would be less.

Therefore, the reflections back onto the drop surface from the drop tube should have

negligible effect on the cooling curves as calculated in the body of the text.
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APPENDIX C

HEAT LOSS DUE TO THE SUPPORT WIRE
The heat loss from a droplet because of the support wire can be calculated by treating the
wire as a series of small increments. The heat loss by radiation for the nth element of the

wirce will be:
. ~ 4 C
Qrn = €wSnTn , CD

as taxcn from cquation (2), with e, the total cmissivity of the wire, S the surface area

b increment of wire, and T, the temperature of the nth element. The effect of

of the nt
T, is negligible and has been omitted in cquation (C-1). The heat loss due to conduction

through the n'" wire clement will be:
S dT
Q=K An(ﬁ)n . (C-2)

A, is the cross-scctional arca of the wire, K is the thermal conductivity of the wire material,

h wire element. Now consider the amount of

and(%"!‘-) is the thermal gradient across the nt
" th

th

heat being conducted into the n'"' clement from the (n-1)'" element and out of the ath

clement into the (n + l)th clement. The difference will be:

o ; e dT dT
AQ;: = Qn-1)" A+ =K Aﬂ[(:ﬂ)n_l ) (3;) n+l] : (€3

If we assume the licat profile along the wholc length of the support wire is of the form:

T, =T,e®%n | (C4)

53

TR R



e A

1 e erm

sy
e vy A h

tews pges o0

MY T

then

¢

where T is the droplet temperature, X, is the distance from the droplet to the ath wire
clement, and 8 is a constant to be determined. Plugging equation (C-5) into equation (C-3)

gives:
AQp =K AnTsﬁ’:t"ﬁx(“‘” P+ ')] : (C-6)

If we take the incremental clements of the support wire to be equal in length, then the

th

distance to cach n™" clement from the droplet will be:

X, =na |, ((03y))

where ais the length of cach wire clement. Plugging equation (C-7) into equation (C-6)

gives:
AQ., = K AT, nE- Bln-ac_eBln + ‘)“] . (C-8)
which reducss to:

AQ, =+ KA, T,pcnba [cﬁ"‘ . ﬁ“] (C9)

ti

The difference in the heat flowing into the n' clement and the heat flowing out of the

1t clement must be lost by radiation, Theretore, Aan must be equal to the heat lost by

th

the n*" clement from radiation or:

A(jcn=eanoT:=eanngc'4ﬁ°‘" . (C-10)
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where equations (C-1) and (C-4) have been used. Equating equations (C-8) and (C-10)

then gives:
oS, oTd e 4n o g A T penb B oBa] (C-11)

which reduces to:

2ewoaTg ¢~3fam €-12)
ST L
by using
o (C-13
. 13)
A, R,

where Rw is the radius of the wire.

Now let a - 0 so that:

N N R S R T

which goces to 208 for smallag, which is the case for clements of support wire close to the

droplct. Then:

3
g=2wTs -3pem (C-14)
KR, 8 :

or

3 .-3pan
2 oe, TS ¢

If we assume all the heat lost because of the wire leaves the droplet and enters the oth

support wire clement, then:
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Bo= XK, (C-16)

The gradient across the ot clement will then be:

%
dT ewo T3 )

=. == C-17
a--)II)FO Tfo ( w (1D

by use of equations (C-5) and (C-15).

The heat conducted from the droplet into the oth clement will then be, trom equation (C-2),
_ wa [dT . S.u3]%
Q.o = KA —‘K)x=0_ x [eons KRw] (C-18)

by uscof Ay =7 Rsv and cquation (C-16).

Thus equation (C-18) describes the ..cai loss from the droplet entering the wire which is
the heat due to the wire of equation (9) in the text. It should be noted that several other
models were tried and compared to the heat loss of equation (9). The results were that
all the models compared to within 20 percent, which results in an inaccuracy of 2 pereent
in the total heat loss from the sphere sinee the heat loss because of the wire accounts for

only 10 percent of the total heat loss,
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