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A non-contact measurement technique for the constant pressure
specific heat (c,)and thctotal hemispherical emissivity (eq)of
undercooled refractory materials is presenied. In purely radiative cooling, a

simple formula which relates the post-recalescence isotherm duration and

the undercooling level to ¢, is derived. This technique also allows us to

measure &) once c,is known. The experiments were performed using the

High Temperature High Vacuum Electrostatic lLevitator at JPL in which 2 to
3 mm diameter mectallic samples can belevitated, melted and radiatively
cooled in vacuum. The averaged specific heats and total hemispherical

cmissivities of Zr and Ni over the undercooled regions agree well with the
results obtained by drop calorimetry: ¢, ,,(Zr)=40.8¢ 0.9 J/mol K,

EppaZ1)= 0.2810.0 1, ¢, (ND) = 42.62.0.8 J/mol K, and g, (Ni):

0.1640.01.
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1. Introduction

The measurements of specific heat of a liquid(c) allow us to

determine other thermodynamic parameters such as the cnthalpy, entropy,
and the Gibbs free cnergy. These quantitics measured in the undercooled
regions of various materials carry spccial implications for the studies of
solidification processesand for the selection of useful metastable phases.!+?
I lowever, data on ¢,y in theundercooled state is relatively scarce becausc
deep undercooling is prohibited by heterogencous nucleation which is

primarily caused bycontact with the container walls. in particular. duc to

their strong chemical reactivity with crucibles, cp]mcasurcmcnts of

unde rcooled states of refractory materials had to wait until adequatce
containcrless processing technologies became available.

‘I’here arc several approaches onc can take to measurcc, of
Hndcl-cooled melts: In drop calorimetry3:-4 a melt undercooled to a known
temperature is processed in a levitator, dropped into a calorimeter, and the
heat relcased from the sample is quantified to determine the centhalpy,
11(’1’), as a function of undercooling emperature. cpl('l‘) is obtained by taking
the gradient of 11 (’1’) with respect o the temperature and dividing by the
sample mass. Although this method is accurate, only onc measurement can
be made pcr sample.

In emulsion techniques, undercooling can be achiceved by isolating the
melts from container walls using appropriateoil which donot catalyze
nucleation.”® Differential scanning calorimetry techniques arc normally

used to mcasure the heat transfer between the sample (the oil and melt

combination) andthe calorimeter. Emulsion techniques, however, are only

available for relatively low-temperature materials such as tHg, In, Sn, and I3i.

Barth et al.” have recently applied a flux technique to measure ol of nickel
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and iron, ‘J’heir usc of the post-recalescence isotherm duration to measure
the average specific heats of Undcl-cooled liquids is similar to the technigue
described in this paper cxceptthat our approach is purely contain crless,
i.c., no fluxes are required, and it. also allows us to measure the total
hemispherical cmissivity. Further discussions on these Hoints will be given
in a later section.

In contain ecrless processing techniques, an undercooled liquid sample
is 1 wvitated using clcctromagnetic, acoustic, or electrostatic forces in order
t osolate the sample from the container walls. The heat balance of a

levitated liquid sample can beexpressedby the following equation:

Ina[(("pl'l‘) = - 8'J'IGA (’1‘4 'Ts[l) B hA(T'Ts) + Qi n (1)

where m is the sample mass, “1’ is the sample temperature, “I's is the
temperature of the surroundings, €4y is the total hemispherical emissivity, ©
is the Stefan-Boltzmann constant, A is tic sample’s surface area, h is the
heat transfer coefficient which accoun s for conductive and convective
cooling in a gas, and Qy, rcpresents the heat input from external sources.
All techniques for measuring c, of a levitated sample ‘must bcbased on
Egn (]).

Klecctromagnetic levitation intrinsically heats the sample at all times
unless carried out in low gravity conditions, so, in I~;arth-based expcriments,
Qy, is non-negligible and must be calculated ormecasured. ICarth-based
cxperiments also require cooling gases to lower the sample temperature.
Thus the magnitude of the conductive and convective hecattransfer

expressed through the coefficient h mustbe known. ‘Thesce effects combine
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o make measurement of €1 using clectromagnetic levitators in Karth-based

aboratories difficult.

Fechtand Johnson® have proposed atcchnique which uses modulation
of the heating power in clectromagneticlevitation. Thenecessity, however,
of measuring thetotal hemispherical emissivity €41 makes the power-
modulation approach difficult,

In electrostatic levitation combined with radiant heating, Q;,= O can
be achieved in ¥gn. (1) simply by blocking the heating source. Since the
processing environment can be high vacuum, the term including h in
Ixqn. (1) can beneglected. Thus the heat »alance is purely radiative, and

Xgn. (1) can bereducedto

(1 T By 4 h)
m—(H(Cpl m = - £410A(1 11 34 ) 2)

This equation is the basis for the mecasurementsof ¢, and g1y described in

this paper.

11. Experimental Apparatus

The experiments were performed using the ligh-temperature 1igh-
Vacuum Electrostatic lLevitator (IITHVESL) at the Jet I'repulsion
| Laboratory.® TheIITIIVESL uses feedback control to position samples
between parallel plate clectrodes. The sample and clectrodes are contained
in a stainless steel vacuum chamber which is typically evacuated to 10- /
Torr. Samples 2 .5 mm in diameter can bchecatedto about 2300 K using a

focussed 1 -kW xenon arclamp. Becausce electrostatic levitation dots not




intrinsically transfer heat to the sample, samples can be cooled to room
temperature by extinguishing the arc lamp.

Sample radiancc is recorded using a single color optical pyrometer
operating at 658 nm (filter width:10 nm fwhm)and set to 2 kllz bandwidth.
The pyrometer views a spot onthe sample about 1 mm in diameter. The
radiance is converted to temperature using the method described by
1lofmeister et al. *°, wherein the spectral emissivity of the sample is assumed
to be independent of temperature and cqual to the value realized
immediately. after recalescence. The known melting temperature of the
material is uscd to scale the data according to Planck's equation for the
spectral radiance. The data acquisition and analysis arc clone automatically

using a Macintosh-l1l computer.

111. Mcasurement Technique for Specific Heat

The present tcchnique is based on the purely radiative cooling of an
isolated spherical sample. Figure 1 shows a typical temperature vs, time
trace for a 40.0 mg sample of zirconium. The section of the curve before
point 1 is unusable because light from the arc lamp reflected from the
sample surface into the pyrometer. Th e proper measurcment of sample
temperature begins at point 1. The section after point 6 was obtained by
blocking the pyrometer and is used for calibration purposes. Att=0, the
sample had already rcached a steady state temperature of 2195 K (67 K
above T,)). The sample was spherical and did not show any oscillation. At
point 1, a shutter positioned in front of the arc lamp was closed toblockthe
beam Completely. In the absence of inputcencergy, the sample cooled

radiatively. At point 2, the sample had cooled to 17, The sample remained
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liquidand continued to cool below T, t01800K at point 3, at which time
solidification started. Thusthesample was in the undercooled state during

the time between points 2 and 3. Solidification progressed rapidly and

raised the samplc's temperature to 1, at point 4 due to recalescence. The
samplec approximately maintained T, until point 5. after Which its

t cmperature fell again.

An energy balance canbe written for the cooling process which
occurrcd between any two points in the temperature vs.time trace,
assuming that the sample did not support large temperature gradients in its
interior, i, c., the Biot number was small. Consider the balance of energy

between points 2 and 5 in Fig. 1. Since the sample was completely molten

at point 2, its specific enthalpy there, h,, can bcexpressed by

112 = jhr + 1]5 (3)
where ¢ is the specific enthalpy of fusion, ant] hg is the spccific enhalpy at

point 5 which is given by

\

N
hy = [ e, (DA, (4)
T ref

where Typ is an arbitrary reference temperature below T, andc,q is the

specific hecat capacity of the solid. If the temperature gradients in the
sample arc negligible, then the sample can be assumed to be completely

solid at point 5. Therefore, the difference in enthalpy between points 2 and




5 is the heat of fusion, hp, and in the purcly radiative cooling, it canbe

expressed by

T, s
mh, = - j mcp](l’l‘ +- JaTch('l‘m"»’J‘S’l)dt (5)
T, (

Where! &, is the total hemispherical emissivity in the isothermal region
following rccalescence. The heat emitted between points3 and 4 is

negligible because the time spent there is short compared to the timespent

between points 2 ant] 5. Placing constant terms outside the integrals, Kqgn.

(5) can be rewritten as

T iy
mhf=m {c,@7 +o(T,,1-T 1) Js,mlAdt (6)
'I‘ll t/l

where T, and Ty have been replaced by T, and T, which arc the melting

temperature and the undercooled temperature just before the onset of

solidification, respectively. The relationship between T, 14, and tg can be

measured cxperimentally using temperature vs. time traces such as Fig. 1.
These quantities can then be related to Cpp and eq, using Egn. (6). It is
important to note that thctotal hemispherical emissivity of the undercooled
liquid, ey, dots not appears in Egqn. (6), so it nced not. be measured.
Rather, c;; depends on the total hemispherical cmissivity atthe melting
temperature, &y,,. lThatis, accurate determination of Cpl IS in general

hinged upon detailed knowledge on g,,, which may or may not be available.

1 Jowever, some information about(tp] can beobtained without any knowledge



of ¢4, We consider four cases where the behaviorof ey is progressively

morce complicated.

Casc 1: g, IS unknown .

The average spcecific heat and the average total hemispherical
emissivity of the undercooled liquid can bedetermined without any

know] edge of ep,,. Consider the case where {yandtg arc cqual, ie.. the

post- rccalescence isotherm duration is zeio. Then the Eqn. (6) becomes

rI‘

m

h(= J cpld’l‘ . (7)

u

In this case T, is the temperature which marks the onset of hypercooling,
Thyp- The intersection of a plot of At (= t5-1,) vs. T, with the abscissa

determines Ty, (see Fig. 2). Then , from Eqn. (7), the’ average c, of the

undercooled liquid ¢ ,, is given by
hf

Cpl, av - T (8)

1 "'Thyp

Thus Cplr av CAN be found without having any knowledge of the total

hemispherical emissivity of the liquid or the solid. Equation (8) shows that
the accuracy of Cpl.av depends directly on the accuracy of hpwhich must be
measurcd by other means.

Now wc consider the case where T, =T, . ie, the liquid did not

undcercool. Eqn. (6) becomes



m hp= o, -1 j/\ Oyt (9)

Assuming A is constant, Ifqn. (9) may bec used to find an average: total

hemispherical cmissivity, &1y, 5y fOr the isotherm region, i .c.

mh [

Crm.av = §pp 4o 4 ‘ (10)
AV T o1 T A AL,

where At is determined from the intersection of a plot of At (=tx - t4) vs.

T, with the ordinate (see FFig. 2). The sample density in the isotherm region

must be known in order to calculate A.

Casc 2::_Agqy, Is independent of time and 1.

Wc may write from Eel. (6):

T

u
m hf = J m C])ldT - cA (Tm4 "1‘34) et (11)

m
with At =t5-t,. Differentiating Eqn. (1 1 ) with respect to T, wc obtain

(_YA('J‘nl(l "l‘s(l)g'l'ln dAt (]At
cp(Ty) = m wr, = const. X, (12)

in this case the slope of the At vs. ', curve is proportionalto cm(’l‘u). Since

Ay, is constant, it may bedeterminedfromIgn. (1 O). Thus both ¢, (T,




and Ag,, can be measured when Aegqy,, is neither a function of time nor of T,.

€y, Tollows if A is known. The sample density in the isotherm region must

be kinown in order to calculate A.

Casc 3: _ j_\&lm

depends on T, only,

Differentiating IEgqn. (1 1 ) with respect to T, we obtain
o1, 1-T") dAt dAep,
epT) =" Ao g, * A gp e (19)

{1'1‘)- :

in thiscasec contain crless or other methods must beused to measure

erm (T,,) before cp](’l"u)can be determined. The sample density in the

isotherm region must be known in order to calculate A.

Casc 4:  Aegypis a function of time.

In this case e, must bemeasurcdduring the contain crless

cxperiment, anti the full form of KEqn.(6) must be used to determine c,(1%,).

The calculation requires the value of the densilyin both the undercooled

and isotherm regions so that the arca A can bedetermined.

In any of the above four cascs, if ¢ y{T )can be determined thenthe

total hemispherical emissivity of the undercooled liquid, e&4(T, ]), canbe

found by applying the Eqn. (2) to the tempecrature vs. time trace in the
undcercooled region, Although in general the calculation mustbe made

numerically, a simple analytical resultcan bederived if a plot of timevs. 3
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results in a straight line, in which case xt,].lA/(‘,p] is Constant Then
integrationof Ign. (2) gives
me,)

I ( ~-3 _ T '3)

te -ty = : g 14
f=°0 3ot f o (14)

where ‘O’ and ‘f’ referto any two points in the undercooled region. <« Cplav

and A arc known, a straight line fitted to the data plotted as tyvs. T3 can be

used to determine an average total hemispherical emissivity of the
undercooled liquid, &y 4.

Since c,,y(T,) is determined by the distribution of points on thcAt vs.

1, plot, the accuracy of Cpl(Tu) will improve as the data points arc

distributed more widely over the temperature range between T and Ty .

1V. Experimental Procedures ant] Results

A. Zirconium

Zirconium samples of 99.950/0 nominal purity wereobtained from
Teledyne Wah-Chang, Albany, Oregon, and prepared at Vanclm-hilt University
by arc-melting in an argon atmosphere on a water-cooled copper plate to
form them into approximate spheres. Experiments were performed on two

zirconium samples, Zr# 1 and Zr#2, whosc masses were 40.7 and 40.0 mg,

respectively. Plots of At vs. T, for both samples arc shown in Fig. 2. ‘1’here

was some natural variation of T, from oneundercooling experiment to the

next, but the range was quite narrow. Therefore, in orderto extend the

range of T',, a preliminary mecthod of triggering nucleation wasuscd. This

consisted of bleeding in oxygento form patches of an oxidelaver onthe
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sample's Sill-face, Althoughsuccessful in triggering nucleation over a wider
range of undercooling temperatures than occurred natu rally, thi s method is
likely to have altered the total hemispherical emissivity of the sample, and
is, thercfore, far from ideal. But, the video records show that the surface
area covered liy the oxide layer patches waslimited to a fcw percent of the
sample’s total area, so the results presented below arc not affccted greatly,
although spikes in the radiance measurcment were observed when oxide
patches moved into the area on the pyrometer viewing area. Other methods
for triggering nucleation areunder development.

The temperature reading in the post-rccalescence isotherm region
did not remain exactly constant. For example, in onc run it fell 7 K over
0,85 second isotherm duration, which is 0.330/0 of T,,. This may be duc in
part to the changing spectral emissivity and in part duc to an actual surface
temperature variation. If the total hemispherical emissivity changed while
the actual surface temperature remained constant, then a 0.330/0 error
would appear in the measured At. If the variation in the tempcrature reading
was duec to an actual surface temperature change then it must result in
slower cooling than assumed. This effect could be reconciled by applying a
correction factor which would result in a 1.3% decrcasc in the measured At.
Any systematic error in At cannot affect Cpl, av appreciably since it would not
affect Ty,,,, in Eqn. [8), while it can affect e, ,, proportionately through At,,

in I¥gn.( 10). In this study, however, r o such corrections have been applicd

since the errors in At arc smallerhan the cxperimental uncertainties
associated with h,and pill,

At versus T, plots arc shown in Fig. 2.The data points arc well

represented by straight lines over the range of undercooling temperatures

tested. Since At , and 1 hyp Were not realized cxperimentally, it scems
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reasonable (o determine them by extrapolating Stl-sight linc fits to the data.
The hypercooling temperatures for Zr# 1 and Zr#2 were determined to be
1768:15 K and 177012 K, respectively. Using  Eqn . (8) the values of the
average specifi ¢ heat capacitics of the undercooled liquid, Cpl,av, Of Zrit 1,
Zri#t2 arc determined to be 40.7 £ 0.9 and 40.9 4 0.9 J/mol K, assuming
h=14.6524 0.32 kJ/mol.! ! Thec value of cp(1,) determined by Bonnel
(1972) using drop calorimetry is 40.7 + 0.7 J/mol K, which agreces well with

the present resultfor the undercooled liquid. We emphasize that the
accuracy of ¢y 5, depends directly on the accuracy of hf. Thus the
measurement of c,;,, may be refined if amorc accurate value of hybeccomes
available.

Using Egn. (1 O) and the At intercepts in Fig. 2, the values of the

average total hemispherical cmissivitics at T, &1y, 4y » fOr Zr# 1 and Zr#2 arc

determined to be 0.30 * 0.01 and 0.29 *+ 0.01, respectively. We have used
Py = 5920 kg/m’to compute the sample’s surface area, A. (The density in

the isotherm region was approximated by taking the average between the
liquid and solid densitics at- Till. Theliquid and solid densities at T, were

obtained from handbooks (liquid: ref. 12; solid: ref. 13). Note that the
accuracy of ®Tm.av depends on the accuracy of hpand pill, and may be refined
as more accurate values become available.

Iigure 3 shows the data of Fig. 1 plotted as t vs. “ 1°. Using a best fit

straight line to the plot and Egn. (14), the value of the averaged total

hemispherical emissivity of the undcrcooled liquid, € ,,. for Zri# 1 is
determined to be 0.27 #0.01, assuming py= 5600 kg/m3 to compute A.] 2
The second sample, Zr#2, resulted in 0.2840.01. Theaccuracy Of &11av

depends on the accuracy of available values of hpandp;. Thercappeart O be

no published data for the total hemispherical cmissivity of zirconium in any
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form, The spectral emissivitiecs at eso0 nm for liquid and solid zirconium arc

reported to be 0.32 and 0.30, respectively.’? The m casured value of wpyy .

may have beenaffected by a roughening ofthe surface observed during

solidification.

13. Nickel

A typical temperature vs. time trace for a 19.4mg sample of nickel of
99.99% nominal purity (Electronic Space Products,Int'l) is shown in Fig. 4.
The pattern of superheating, undercooling, and recalescence is similar to
that of zirconium as shown in Fig. 1,cxcept that the time required to cool
the sample is greater because the lower operating temperature led to lower
radiative heat fluxes.

As was the case for zirconium, the temperature reading in the post-
recalescence isotherm region dicl not remain exactly constant. For example,
in one run it fell 8 K over 3.65 sccond isotherm duration, which is 0.46% of
1T'm. For the similar reasons givenfor zirconium, no corrections have been
applied.

’r

Fig. 5 shows the At vs. T data. Although the choice of a straight line

to fit the data is not as obvious in this case as it was for zirconium, a best fit

straight line has been usedtofind At andT . The hypercooling
m hyp Yl £

temperature was determined to be132544 K. Using Iégn. (8) the value of the
average specific heat capacity, Cplav: of the nickel sample is dectermined to
be 42.610.4 J/mol K, assuming hg= 17.15 kJ/mol. ¢ (T

) is reported to

plt'm

be 38.49 J/mol K14 which is close tothe present result. for the undercooled

liquid. Barth et al.” found c])]('l‘m) =414 2 and 4342 J/mol K using drop

calorimetry and flux techniques, respectively, which are also close to the
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present result.. Weemphasize once again that the accuracy of ¢ depends

plav

directly on the accuracy of hy. “1'111ls the mcasurement of Cpl,av May bc

refined if a more accurate value of hybecomes available.

Using Eqn. (1 O) andthe At intercepts, the value of the average total
hemispherical emissivity at “1’,,, €y, a4 for the nickel sample is determined
to be0.2140.01, assuming p,,=8100kg/m3. The density during the
isotherm region, pill, is obtained by averaging the liquid and solid densities
at T,,, (liquid: ref. 12; solid: ref. 1 5). Thc accuracy Of €1 av depends on the

accuracy of h,andp,, and may bc refined in the future.

Figure 6 shows the data of Fig. 4 plotted as t vs. ‘1°. Using a best fit

straight line to the t vs. I"3 plot and Eqn. (14), the value of the averaged

total hemispherical emissivity of the undercooled liquid, &y ,,. for the
nickel sample is determined to be O. 164£0.0 1, assuming p;=7900 kg/m3 to
compute A.12 The value of ®1lav js sjgnificantly less than €1m. av- This may be
due in part to a roughening of the surface that was observed during

solidification. Again, the accuracy of g o, depends on the accuracy of hand

p; available in the litcrature.

The total hemispherical emissivity of solid nickel is reported tobe
0.12 at 773 K and 0.19 at 1273 K.!2 Extrapolating to Till, a value of 0.25 is
obtained, which is in rough agreement with the present value of €1, av
=0.21.

The therm ophysical properties of zirconium and nickel arc

summarized in “I’able 1.
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V. Discussion

The present measurcement technique is similar to the flux technique
of Barth et al.?, in that both use the post-recalescence isotherm duration to
find the Thyp which, in turn, determinecs the average specific heat of
undercooled melts. The present technique, however, is truly containcrless,
which brings about two main advantages. First, refractory ancl rcactive
materials for which no fluxes arc available can beprocessed. Second, the
cooling process is purely radiative. i.e., it is unaffected by fluxes and gases.
Thercfore, the total hemispherical cmissivities of the undercooled liquid
ancl the solid after recalescence can also bedetermined.

Metallic and ceramic alloys can besupcrheated and undercooled as
well as pure metals. Phase transformation processes in alloys arc more
complicated than in pure materials and they dcpends on the details of their
phase diagrams, For example, the post-rccalescence temperature of a Ag-Cu
cutectic alloy is a function not only of the alloy’s composition but of thc
undercooling temperature. 16 Obtaining the averaged specific heat of the
Unclel-cooled liquid alloys should still be straightforward utilizing thc
interception of the A t-T, plot with the T, axis to determine the
hypercooling temperature, Obtaining the temperature dependence of the
specific heat, however, will require more analysis because of the
complexities involved in alloy solidification processcs.

We have introduced in this paper a noncontact tcchnique of measuring
the spccific heat and the total hemispherical emissivity of undercooled
states of pure metals. The noncontact approach allowed us toachicve
undercooled states of zirconium ant] nickel which arc known to behighly
recactive with most crucibles. IFurthermore, the noncontact approach allowed

us to mcasurce both specific heat and total hemispherical emissivitv, The
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technigue introduced in this paper has importantimplications for the study
of solidification processes; in particular, for the selection of various
metastable states which have importantengincering applications. Studics on
morce complex materials such as metallic alloys, semiconductors,anc glasses

arc in progress and will be published elscwhere.
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‘I's >le 1. 11 ermophys ca Propertics of Zrand Ni.

Lprop erty\material 2y Ni l
¢,y (G/mol K) 40.840.93, 40.7Y 492.610.43, 39.3, 38.5¢, 39.37 |
©I'm, av 0.3040. 01N 0.2140.01h |
%1, av 0.2810.01" 0.16%0. ol ~|
Th oo (K) 1769f5} | 1325440, 1318420t
Ps(Tm) (kg/m3) 6240¢ 84005
pi(Ty) Gsg/m®) 56004 ||7900C
h¢ (kJ/mol) 14.65240.32P 17.15¢
Ty (K) 21284 17284

a) Present results, averaged over Ty, toTy,. b)l~onncll1l at Ty, c) Shaffer’
d)Weast and Astle!? ¢) lida and Guthric!4 at T,,,. iBarth et al.?, averaged

over Ty, to Ty, gBrandes!® h)]'resent resultsi)Barth et al.”
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VI, lihgure Captions

Iigure 1. A typical temperature, ‘1’, vs. time, t,curve for a40.7mg

zirconium sphere (7ritl1 ) undergoing radiative cooling.

Iigure_ 2. Post-recalescence isotherm duratiotn(=1s-t4), vs. undercooling
t emperature, T, for Zr#l (40.7 mg)and Zr#2 (40.0 mg). At, and Thyp are

given in the legend.

Iigure 3. A typical t vs. T3 plot for Zr#1 (40.7 mg). A best-fit straight line

is superimposed on the experimental data.

D

Figure 4, Atypical Temp. vs. time curve for a 19.4 mgnickel sphere

undergoing radiative cooling.

Figure 5. At (=t5-14) VS. T, for thenickel sample (19.4 mg). Thyp and A till

arc given in the legend.

Figure 6. A typical time vs. 1-3 plot for the nickel sample (19.4 mg). A

best-fit straight line is superimposed ontheexperimental data.
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