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A non-contact  measurement technique for  the constant  pressure

s p e c i f i c  h e a t  (cpll ancl the total h e m i s p h e r i c a l  cmissivity (e..,.]) of

undcrcoolcd refractory materials is prcscnkd. In purely radiative cooling, a

simp]c formula which relates the post-rccalesccncc  isotherm duration and

the llndm-cooling l e v e l  to cl)] is dcrivcc]. “1’his tcchniquc  a l s o  al]ows ~Is t o

m e a s u r e  C.I.] once cl)l is known. The  expcrimmts were ])crformcd  using,  the

1 li.gh ‘1’cm]]craturc  IJigh Vacuum Elec t ros ta t i c  Ixwitaior at ~J1’I. in w}]ic}l  2 to

3 IIIIn d iameter  mciallic samples  can  bc lcwitatcd, melted and radiativcly

cooled in vacuum. ‘1’hc  averaged specif ic  heats  and total IIcmis])hcrica]

cmissivitics  of Zr and Ni over  the undcrcoolcd  regions agree well with the

results  obtained by drop calorimetry: Cl,l,,,y,(zr) = 40.8:+ 0.9 <J/mol K,

E.,.,  ~,,(zr)  = o,28fo.o 1, C,,l ,,1, (Ni) =  4 2 . 6 2 . 0 . 8  ~J/mol  K ,  a n d  c-l., ~,, (Ni) =. . . . . . ,. .,... .,, .,.
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1. l]lt]-c)citl(’ti[)~-l

‘1’hc nlcasurcnlcnts  of s]>cc.ific heat of  a  liqllid (cl)]) a l l o w  u s  t o

d e t e r m i n e  Qthcr ll~cl-lllo(lylla]llic  parameters sl]ch as the cnthal]~y.  mtro])y,

a n d  tllc Clibbs free cncr&y. ‘1’hesc qllantitics measured in the I]n(lcrcoolcd

regions of various mater ia l s  carry special implications for the studies of

sol idif icat ion proccsscs and for the selection of uscflll mctastablc  ])hascs.  1‘2

I 1 Owcvcl-, data  on cl)] in the undcrcooled  state is relatively scarce bccausc

d e e p  Llndcrcooling  i s  prohib i ted  by  llctcrogcncoLIs nLlclcation w h i c h  i s

primarily caused by contad with the container Ivalls. in particular. dLlc to

their  strong chemical  react ivity with crllcib]cs, Cl)l mcas Lll”cmcnts of

undr.  rcoolcd s ta tes  o f  re f rac tory  mater ia l s  had  to  wai t  Llntil aclcqLlatc

containcrlcss  processing technologies bccamc available.

‘1 ’here arc  several  approaches onc can t a k e  t o  mcasLlrc cl.ll o f

Hndcl-cooled melts: ]n drop calorimctry3’4 a mc]t Llndcrcoolcd  to a known

tcmpcratLlre is proccsscd  in a levitator, clroppcd  into a calorimeter, and the

l~cat rclcasccl  f rom the s a m p l e  i s

11(’1’), as a function of Llndcrcooling

the Sradicnt  of 11 (’1’) with respect

qLlantificd  t o  dctcrminc  t h e  cnthalpy.

cmpcraturc. cl)l(’l’) is obtained by taking

o the tcmpcraturc and dividing by the

samp]c  mass. Although this method is accurate, only onc measurement can

bc made pcr sample.

In emulsion tcchniqucs, Llndcrcooling  can bc achicvcd  by isolating the

mel t s  f rom conta iner  wal l s  Llsing  a])propriatc c)il which (10 not c a t a l y z e

n u c l e a t i o n . 5’G IJiffcrcntial scanning calorimetry tcchniqLlcs arc normally

used to mcasLlrc the heat transfer between the samp]c (the oil and melt

combination)  and tl~c ca]orimctcr. l~;mulsion tcchniqL~cs, hmvcvcl-, al-c o n l y

avail a])lc for relatively lo~v-tc]ll])c]-:lt[]]-c  materials sLlcl] as 1 lg. In, .Sn, an(] 13i.

])artll et al.7  h a v e  rcccntly ap])lie(l  a flLIx tccllni(]uc  to )llr:isllrc cl)] of  rli(l;el
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aII(l iron, ‘J’heir I]sc of tllc ]Jost-l-cc:llcsccllcc isotherm (Iuration  to measure

tllc avcra~c s])ccific  heats of Undcl-cooled liquids is similar to the tcchniquc

clcscribcd in this  papm cxccpt that our approach is purely contain cr]css,

i.e., no fluxes are required, and it.  also allows us to

hemispherical cmissivity. Further discussic)ns on these

in a later section.

is 1

t o

measure  the total

)oinis will be given

]n contain crlcss processing tcchniqucs, an undcrmolcd liquid sample

witatecl using clcetromagnctic, acoustic, or electrostatic forces in order

solatc the sample from the container walls . T h e  h e a t  balance of a

lcvitatccl liquicl sample can bc cxprcsscxl  by the following equation:

I+t(cl)il’) = - C..J.ICJA  (’1’4 -rl’~o) - hA(’1’-TS)  +- Qi *1 ( 1 )

WIICYC m i s  the  sample  mass , “1’ is the sample tcm])crature,  “l’s is the

tcmpcraturc  of the surroundings, c.l.l is the total  hcmisphmical  cmissivity, a

is the Stcfiall-I~oltzl~~al~l~  constant, A is t

heat  transfer  coeff ic ient  which accoun

cooling in a gas, and QiIl rcprcsmts  thc

~c sample’s surface area, h is the

s for conductive and convect ive

h e a t  inp~lt from cxtcr-na]  sot]rccs.

All techniques for measuring Cljl of a levitated sample ‘must bc basml 011

Eqn. (]).

l{;lcctl-o~llag~lctic  levitation intrinsically heats ihc sample at all times

unless carried out in low gravity conditions, so, in I~;arth-based mpcrimcnts,

Qi]l is  non-negligible ancl must bc calculated or mcasurd. ICarth-based

cxpcrimcnts  also require cooling gases to lower the sample tcmpcrattlrc.

‘1’1117s  the  magni tude  o f  the  conduct ive a n d  c o n v e c t i v e  heat transfer

cxl)rcssed throl]gh the coefficient h nl~lst be k n o w n . ‘Jl]csc effects conlbinr

3



almr; ltorics difficult.

l“ccht and Johnson8 have proposed a tcchniquc  which uses modulation

of the heating power in clcctromagnctic  ]cvitation, “1’hc ncccssity, however,

o f  m e a s u r i n g  the total }le~l~is])hcrical  cmissivity G1.l maI~cs  the IXWCr-

modu]  ation  approach difficult,

In electrostatic levitation combined with radiant heating, Qill = O can

I-w achicvcd  in Eqn. (1) simply by blocking the heating source. Since the

processing environment can bc high vacuum, the  te rm inc luding  ]1 in

l{;qn. ( 1 ) can bc ncglcctccl. Thus the heat

Eqn. ( 1 ) can bc Ycduccd  to

I+(c1,I  T) == - C,T.ICJA(T4  -TS4 ) .

)alancc is purely radiative, and

(2 )

‘1’llis equation is the basis for the mcasurcmcnts  of cl)] and Cll dcscribcd ill

this paper.

11 .  l’;xperimcnta] ll]?~?al”atus

‘1’hc cxpcrimcnts  w e r e  pcrformccl using t h e  I]ig13-tclll]>cl-atllrc  ] li@l-

Vacuum  E l e c t r o s t a t i c  I.cvitator (I ITIIVESI.) a t t h e  ~Jct l ’ r e p u l s i o n

I Laboratory. 9 ‘1’hc ll”l’I IVESI< uses  f eedback  contro l  to  pos i t ion  samp]cs

l)ctwccn  paralld plate clcctrodcsi ‘1’hc sample and clcctrodcs  arc contained

in a stainless steel vacuum chamber which is ty])ical]y cvacuatcd  to 10- t

‘1’orr. Samples 2 ..5 mm in diameter can be hcatml to about 2300 K using a

foc~lsscd  1 -kW xenon  arc lam]). l~cca~lsc  electrostatic levitation dots not
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intrinsically  transfcl”  h e a t  to tllc salnplc, Sam])lcs call bc Coolc(l to 1“00111

Icmpcraturc by cxtingllisllillg the am lamp.

S a m p l e  racliancc  is rccordcd u s i n g  a single color optical pyrometer

opera t ing  at- 658 nm (filtm- Width:  10 Ilm f\vllm) and set to 2 kIIz b a n d w i d t h .

‘1’hc,  pyronlctcr  vimvs a spot  on the s a m p l e  a b o u t  1  m m  i n  diamctcr$  “J’hc

r a d i a n c e  i s  convcrtcd to tcmpcratul-c  u s i n g  t h e  m e t h o d  dcscribcd b y

IJofmcistcr ct al, 1 0, wherein the spectral cmissivity of the sample is assumed

to bc indcpcndcnt of  tcmpcraturc  a n d  cclual t o  t h e  v a l u e  r e a l i z e d

immediately. after recalcsccncc. ‘1’hc k n o w n  m e l t i n g  tcmpcraturc  o f  the

material is usccl  to scale the data according to l’lanck’s  equation for the

spectral radiance. The clata  acquisition and analysis arc clone automatically

using a Macintosh-II computer.

111, Mcasurcmcnt Tcchniquc  f o r  St>ccific  Ilcat

‘1’hc  present tcchniquc  is based on the purely radiative cooling of an

isolatccl  spherical sample. Figure 1 shows a typical temperature vs, time

trace for a 40.0 mg sample of zirconium. “l%c section of the curve 13cforc

point 1 is unusab]c  bccausc  l i g h t  f r o m  t h e  a r c

sample surface into the pyrometer. “1’h c ]>1.O]>CI.

tcmpcraturc  begins at point 1. The section after

lamp rcflcctcd from the

mcasurcmcnt  of  samp~c

point 6 was obtained by

blocking the pyrometer and is used for calibration purposes. At t=O, the

sample  had  a l ready  rcachcd a steady state tcmpcraturc  of 2195  K [67 K

Callovc ‘1’1,1 ). The sample was spherical and clid not show any oscillation. At

point 1, a shllttcr positioned in front of the arc lamp was closed to block tllc

bcanl Completely. I n  t h e  abscncc o f  in])llt cncr~y, t h e  sample Coolc(]

radiativc]y.  At ])oint 2, the sam])]c  lla(l  cooled  to ‘ l ’l l l. ‘1’hc  sanl])lc rclnainc(l
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licjllicl all(l c o n t i n u e d  to cool I)clow ‘1’11) to 1800” K at point 3, at which time

soli(lificatio]l startcxl. ‘J’h[]s tllc sam])le was in the IIndcrcoolcd  state d~lrinf:

the  t ime  bctwcm points  2 and 3. Solidification progressed rapidly and

raised the samp]c’s  tcmpcraturc to ‘1’111 a t  ])oint 4 duc t o  rccalcsccncc. ‘1’llc

samp]c a p p r o x i m a t e l y  maintained ‘1’111 Illltil poi~lt 5. a f t e r  whi Ch i t s

t cmpcraturc  fell again.

An energy  ba lance  can bc wr i t ten for the cooling process which

occurrccl b e t w e e n  a n y  t w o  p o i n t s  in the tcmpcrat(]rc vs. til~lc t r a c e ,

assuming that the sample did not support large tcmpcraturc gradients in its

interior, i, c., the Biot number was small. ~onsidcr the balance of energy

bctwccn  points 2 and 5 in Fig. 1. Since the

at point 2, its specific cmthalpy  there, hz, can

sample was coml)lctcly  molten

bc cxpl-csscd  b y

Whcl-c

h~ = hf + h~, (3)

~f is the specific cnt’ ~alpy of fusion, ant]  125 is the spceific cn halpy at

point 5 which is given by

.\I m

hs = J CJ1’)m’,
r,.

1 ref

(4)

WhCYC  “l’I.cf i s  an arbitrary

specif ic  heat capacity of

rcfcrcncc  tcmpcraturc  b e l o w  ‘1’131,  an(] cl)s is  the

the solid. If the temperature gradients in the

samp]c arc negligib]c, then the samp]c can bc assumed to  bc c o m p l e t e l y

solid at point 5. Therefore,  the diffcrcncc in cnthalpy hctwccn  points 2 and
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[> i s  tllr llcat o f  fllsion, l]f, and in the ])urcly radiative cooling,  i t  can bc

(XJ)l-(’SSC(l by

“1’2
J .

(5)

Where! c.,.,,, is the total hemispherical  cmissivity in the isothermal region

following rccalcscencc. ~’hc h e a t  e m i t t e d  bctwccn  poinis :3 a n d  fl i s

negligible bccausc the time spent there is short compared to the Iimc s])cnt

bctwccn points 2 ant] 5. l’lacing constani terms outside the intcgrds,  l{kjn.

(5) can bc rewritten as

. .1 t~
m

m hf = m
J

cl)] (1”1’ -t dT*,l~ -T~4 )
J %111 Aclt

r.1 11 t4
(6)

w h e r e  ‘1’2 and ‘l’s have been rcplaccd by “J’lll ancl ‘J’ll, which arc t13c melting

tcmpcraturc a n d  t h e  undcrcoolcd  tcmpcratLlrc .jLlst bcfcn-c  t h e  o n s e t  o f

solidification, rcspcctivcly. ‘1’hc relat ionship bctwccn  “1’11,  tfl, and t5 can bc

measured cxpcrimcntally  using tcmpmaturc vs. t ime tmccs such as Fig. 1.

“1’hcsc  qLlantitics  can t h e n  bc r e l a t e d  to CIJI a n d  CT].]] L~sing  ICqn. (6) .  I t  is

important to note that the total hemispherical cmissivity of the unclcrcoolcd

liquid,  C,.rl, d o t s  n o t  appcam in l’;qn. ( 6 ) ,  s o  it ncccl  n o t .  bc lllCaSLllCd.

I<athel”, cl)] depends  on  the  to ta l  hemispher ica l  cmissivity al Ille meltill{g

t e m p e r a t u r e ,  C.-lll). “l%at is, accurat.c d e t e r m i n a t i o n  o f  cl)] is in g e n e r a l

hinged upon clctailcd  kno~vlcdgc  on c..].,]) whicl~  may or may not bc available.

1 lowcvcr,  some information abollt cl)] can lJC oljfainccl  Ivitllollt :Iny kno~vlc(l[[e
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of c.,.,)) . lllc consider foLIr cases Ivhcrc tllc l~cllavior  of C.llll is  progressively

]llorc conlplicatcd.

~asl 1.: .Ig,,lm;mkmw :

‘1’hc  a v e r a g e  s~)ccific heat and  the  average  total h e m i s p h e r i c a l

cmissivit.y of  the undcrcoolcd  l i q u i d  c a n bc dctcrmincd w i t h o u t  a n y

know] Cdgc of ~.~,ll . Cons ider  the  case  where  t4 md t5 arc cq~lal, i.e.. tllC

post- rccalcsccncc isotherm duration is zcI

,.1 m

III this case “1’[1 is the tcmpcraturc  which

‘blyp” The intersection of a plot of At (=

0. “1’hcn thC I(X]lI. (6) bCCOlllCS

marks the onset of

t~ - t4 ) vs. “1’,, w i t h

(7)

hypcrcooling,

the abscissa

dctcrmincs T}lYP (see  Irig. 2 ) . Then , from Eqn ! (7), the’ average cl,] of the

UIldCNXJOlCCl  liquid cI)l, aV is ~ivcll by
hf

~pl, av = (8)
i 111 --T1lY1l

Thus C*)] , ~v c a n  bc foLlnd withoLlt  h a v i n g  a n y  k n o w l e d g e  of the  to ta l

hemispherical emissivity of the liquid or the solid. Equation (8) shows that

the accuracy of clll,:iv depends directly on the accuracy of hf, which must bc

mcasLlrcd  by other means.

Now wc  cons ider  the  case  where  ‘l’ll=’l’lll,  i.e., the l iquid  d id  not

Undcrcool. Eqn. (6) bccomcs
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Assuming  A is  cxmstant, l~;qn. (9) may be used to f ind an average

hemispherical  cmissivity , C-1131, ~v, for the isotherm region, i ,c.

In hf
%’m,a” = - ‘, . --dl l,) 4-T~4)A Atlll ‘

where At... is clctcnnincd from the intersection of a plot of At (= t,< -
111

“J’ll with the ordinate (see Irig. 2). ‘1’hc sample density in the isotherm

must be known in order to calculate A.

@SC ~:~q.lll  is indcpmdcnt of time and “J’u,

Wc may write from Eel. (6):

m hf = - J m CI#’]’ -t- GA (’1’1114  -’1’S4  ) c,lIIIAt ,
,.I

~ total

( 1 0 )

tq) vs.

region

( 1 1 )

1 m

with At = t~ - t4. IJiffcrcntiating  Eqn. (1 1 ) with respect to ‘1’11,  wc obtain

o A (“1’111 4 “Ts~)&r,.,,l  -dAt (lAt
Cl)l(’I’l,  ) = -

111 (1’1’ 1,
= Corlst. x(1’1’,,  “ ( 1 2 )

in this case the slope of the At vs. ‘1’[1 curve is ~Jroporlional  to C1~~(’J’il). Since

Ar.,l.lll is constant, it may bc dctcrmincd  fronl l’; qn. (1 O). ‘1’llLIS  l)oth  C,,](’I’,, )
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;111(1 AC.,. *,,  c:ll~  l)c m~~s~lr~(l  ~~’~~~1~  ~ql]] is neitl~cr  a function of time nor of “I’l,.

cl.]]) follows if A is known. “1’he  sam])lc density in Ihc isotherm region mllst

lJC ]<11ow11 in ol”dm”  to calcLI]atc  A.

IIiffcrcntiating h;c~n.  (1 1 ) with respect to ‘1’11, we obtain

0 (T*,l~  -“J’qa  )

(

clAt CIAE.J.lll
cl)](’l’ll) = .———. ‘

Af%nl ;]”~llm )
–- + At - ~l.l--- . (13)

U

in this case c o n t a i n  crless or  o ther  methods  must  be USCCI  t o  m e a s u r e

C-J,], (’1’11)  be fore  cl)l(”~tl) can be d e t e r m i n e d . ‘1’hc s a m p l e  clcnsity i n  t h e

isotherm region must be known in order to calcu]atc A.

~asc 4: 8GJ’U is a function of time.

I n  t h i s  c a s e  E3.111 m u s t  bc measurccl  during t h e  c o n t a i n  crlcss

cxpcrimcnt,  anti the full form of U;qn. (6) must be used to determine cl)l(’l’ll),

‘1’hc calculation requires the value of the c]ensity in both the undercoolcd

and isotherm regions so that the area A can be dctcrminccl.

In any of the above four c.ascs, if clJ1(T lJ can bc determined then th c

total }lemispherical  cmissivity  o f  the  undcrcoolcd l i q u i d , Cl.*(”J’,  ]), can be

found  by applying the Ecln. (2) to the tcmpcraturc vs.  t ime trace in the

(Indcrcoolcd region, Although in general  the calculat ion m~lsi be m a d e

nllmcrical]y, a siml)lc  analyt ical  rcslllt can bc CIcl-ivc(] if a plot of tilllc ~~s. r,-- 3
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1“(’slllts  ill a  straig;l~t l i n e , in ~~~llich case r.l.lA/c  I)l i s  C o n s t a n t

il)tc[{ratio]l  of l(:qn. (2) gives

where ‘O’ ancl ‘f’ refer to any two points in the unclcrcoolcd  region.

“1’hcrl

( 1 4 )

‘f ~])l,av

and A arc known, a straight line fitted to the data p]ottcd  as tfvs. T~3 can be

u s e d  t o  d e t e r m i n e  an a v e r a g e  t o t a l  hcmisphcrica]  cmissivity  o f  the

undcrcoolcd liquid, F71.1, av.

Since Cl)l(’l’ll)  is clctermincd by the distribution of points on the At vs.
. .1 ~1 p lo t ,  the  accuracy  o f  cl)l(rl’ll)  wi l l  improve  as  the  clata  po in ts  arc

distributed more widely over the temperature range between “1’111 and TI)Y]J.

IV .  l~:xpcrimcntal  I)roccclurcs  ant] Rcsu]ts

A. Zirconium

Zirconium samples of  99.950/0 nominal  puyity were obtaincc]  from

‘1’clcdyne  Wah-Chang, Albany, Oregon, and prepared at Vanclm-hilt Ilnivcrsity

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, whose masses were 40.7 and 40.0 mg,

rcspcctivcly. l>lots  of At vs. “1’11  for both samples arc shown in l~i.g. 2. ‘1’here

was some natural variation of “I’tl from one Ilndcrcoo]ing experiment to the

next, but the range was quite  narrow. ‘1’hercforc,  i n  order to cxtcn(]  t h e

range of ‘I’tl, a preliminary method of triggering nllclcation  lvas  Llscd. ‘1’llis

cons i s ted  o f  b leeding  in  ox.y~cn to form ])atcllcs of an oxi(]c  l;II’cr on III()
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Salll])l(!’s  Sill-face, Al fhot]gl)  succcssfu] in triggering nucleation over a wi~]Cr

range of undcmooling  tC1ll]~CratllrCs  than oCCU1”rCd  x2atu I”ally, thi S Illctho(l i s

l ikely to have altered the total hcmispl~crical  cmissivity of the sam])lc,  a n d

is, ihcrcforc, far f rom iclcal. l~ut, the viclco records show that the surface

area covcrcd I;y the oxide layer patcllcs was limit ccl to a fcw pmccnt of the

sample’s total area, so the results prcscntcd  below arc not affcctcd  greatly,

although spikes in the radiance mcasurcmcnt  were observed when oxide

patches moved into the area on the pyrometer viewing area. Other methods

for triggering nucleation are unclcr  clcvclopment.

‘1’he tcmpcraturc  reading in the post-rccalcsccncc  i s o t h e r m  r e g i o n

did not remain exactly constant. For cxamp]c, in onc run it fell 7 K over

0 $85 second isotherm duration, which is 0.330/0 of ‘l’lll. This may bc duc in

part to the changing spectral cmissivity  and in part duc to an actual surface

temperature variation. If the total hemispherical emissivity  changccl  while

the actual  surface tcmpcraturc rcmainccl constant ,  then a  0 .330/0 error

would appear in the measured At. If the variation in the tcmpcraturc reading

was duc to an actual surface temperature change then it must result in

slower cooling than assumccl. “1’his effect could bc reconciled by applying a

correction factor which WOUIC1  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 Tllvl) in IZqn. [8), while it can affect E1.lll, av proportionately through At,,,

in Eqn.( 10). In this study, however, r

since the errors in At arc  smaller

associated with h f and pill,

At versus ‘~11 plots arc shown

o such corrections have been applicci

h a n  t h e  cxpcrimcntal Ilnccrtaintics

in Fig.  2. ‘1’hc  d a t a  p o i n t s  a r c  well

rcprcscntcd  by straight lines over the range of Iln(lcrcooling  tcn)pcrat~lrcs

tested. . .Since At Ill and 1 ]),71, WC]”(! ]Iot r e a l i z e d  cxj)(’]-i]ll(’llt:]ll>~, it scclns
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IrasoIIal)lc to dctcrll~illc ihCIII by cxtrapolatil~g  Stl-sight liIl~ fits to tllc d a t a .

‘J’l)c lly])c.rcoolinc  tcmpcraturcs f o r Zr#l 1 and  Zr#~2 w e r e  dctcrmincd to be

1 7 6 8 : 1 5  K a n d  1770~!.2 K, rcspcctivcly, ~Jsing ~~(]11 . (8) the values of the

a~7Cra~C  s]>ccifi  C hCat Cal>acitics  o f  t h e  ~]~ldCrcoolcd li[]t]id, Cpl,~V, [)f ~.r#} 1,

zr#12 arc dctcrmincd  to be 40.7 + 0 .9  and 40.9  t 0.9 J/mol K ,  a s s u m i n g

hf=14.652~  0.32 kJ/nlol.l ] The v a l u e  o f  cl}l(’l’I.ll) dcterminccl  by l~onnc]

(1972)  using drop calorimetry is 40.7 i 0.7 J/mol K, which agrees well with

the p r e s e n t  result for the unclcrcooled  l i q u i d . We emphasize that  the

acC~l~acy o f  cp],~v clcpcnds direct ly on the accuracy of  hf . ‘1’hus  the

measurement of cl)l ~v may be refined if a more accurate value of hrbccomcs

available.

U s i n g  Eqn. (1 O) and the At intercepts in Fig. 2, the values of the

average total hemispherical emissivities  at TI1], C.l.lll ~v , for 2h-##  1 and Zr##2 arc

determined to be 0.30 t 0.01 and 0.29 t 0.01, respectively. We have used

P,,, = 5920 kg/m 3 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 clcnsities at- Till. “1’he  liquic]  and solicl densities at “1’111  were

obtained from handbooks (liquid: ref. 12; solid: ref. 13). Note that the

accuracy of &Tm,av clcpcnds  on the accuracy of hr ancl pill, and may be refined

as more accurate values become available.

Figure 3 shows the data of Fig. 1 plotted as t vs. “ 1- 3. lJsing a best fit

straight line to the plot and Eqn. (14), the value of the avcragccl  total

h e m i s p h e r i c a l  cmissivity of the undercoolcd  l iquid ,  E,rI.l  ~v, for Zr#l 1 is

determined to be 0.27 f0.01, assuming p] = 5600 kg/m ‘~ to compute A.] z

‘J’hc second sample, Zr#12, resulted in 0.2 W0.01 . ‘]’hc aCClll”aCy  Of ~-]l,~i,

depends on the accuracy of available values of Ilf and  p]. “l’hCI-C  a])I>Cal’  t O hC

1 3



for]]) , ‘1’l]c s]x!ctra] cmissil’itics at 6 5 0  nm for

rc])ortcd  to be 0.32 and 0.30, rcs])cctivcly.  ]  q

m a y  h a v e  bcc]l affcctcxl  by a roughming o f

solidification.

l iquid and solid zirconi

‘I-hc  m easurcd value of

~llc s u r f a c e  observecl

UIll al-c

“’1’111 , av

during

11. Nickel

A typical temperature vs. time trace for a 19.4 mg sample of nickel of

99.99°A  nominal purity (Electronic Space I)roducts,  lnt’]) is shown in Fig. 4.

“1’hc pattern of superheating, unclcrcooling,  and rccalcsccncc  is similar to

that of zirconium as shown in Fig. 1, cxccpt that the time rccluirccl  to cool

the samp]c is greater because the lower operating temperature lCC1 to lower

radiative heat fluxes.

As was the case for zirconiL~m, the temperature reading in the post-

rccalesccnce isotherm region dicl not remain exactly constant. For mamplc,

in one run it fell 8 K over 3.65 seconcl isotherm cluration, which is 0.46% of
. .1 For the similar reasons given  for zirconium,m “ no corrections have been

app]iccl,

l’ig. 5 shows the At vs. ‘1’11 clata. Although the choice of a straight line

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

s t r a i g h t  l i n e  h a s  b e e n  usccl  to fincl Atlll ancl “1’11 ~1). T h e  hypcrcooling

tcmpcraturc was clcteminccl  to be 1325i4 K. lJsing Ecjn,  (8) the value of  the

average specific heat capacity, cl~l ~v, of the nickel sample is clctcrminccl  to

bc 42,6t0.4 J/mol K ,  a s s u m i n g  hf= 17 .15  kJ/mol.  14 clJl(TIll) is rcportcc]  to

be 38.49 J/mol K1’+ w}~ich is close to t}~c present result. for the undcrcoolcd

lic]uid. l)arth et al.7 founcl C])](”I’ ,Tl) = 4 1~ 2 an(] 43f2 ~J/mol  K  ~lsing (Ire])

c a orimctry and flux tcchniq~lcs, l“CspcCtj[~r]y., lv}lich  arc a l s o  C1OS(>  t o  tllc

14
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]mscnt l-cs[llt. WC cmphasim once again  that tllc accuracy of cl)l,:lv depends

d i r e c t l y  on the accuracy of hf. “1’1111s the mcasurcm(!nt  of Cl)], av may bc

refined if a more accurate value of hf bccomcs available.

Using ICqn. (1 O) ancl the At intercc])ts, the value of the average total

hemispherical cmissivity  at “1’111, cq.lll, ~v, for the nickel sample is clctcrmincd

t o  be 0.21i0.01,  a s s u m i n g  P111=8100 kg/n~3. ‘1’he clcmsity  during t h e

isotherm region, pill, is obtained by averaging the liquid and solid densities

at T,,, (licluicl: ref. 12; solid: ref. 1 5). 7’lIC accuracy Of C.l,ll,av CICpCllCIS  011 thC

accuracy of h f and pill and may bc refined in the future.

l~igure 6 shows the clata  of Fig. 4 plotted as t vs. ‘ 1- 3. Using a best fit

straight line to the t vs. ‘1’-3 plot and F;qn. (14), the value of the averaged

t o t a l  h e m i s p h e r i c a l  cmissivity  of the undmcooled liquid, ETl ~v, for  the

nickel sample is clctcrminecl  to be O. 16~0. O 1, assuming pl=7900  kg/n13 to

12 q’hc value of @,avcompute A. is significantly lCSS than &Tnl, av. ‘1’his  may  bc

due in part  to  a  roughening of  the surface that  was observed during

solidification. Again, the accuracy of E~,av clcpencls  on the accuracy of h f a n d

p] available in the Iitcraturc.

‘1’he total  hemispherical  emissivity of solid nickel is reported to be

0.12 at 773 K and 0.19 at 1273 K.12 T’ktrapo]ating to Till, a value of 0.25 is

obtained, which is in rough agreement with the present value of E,.J.lll, ~v

=0.21,

‘1’hc t h e r m  ophysical p r o p e r t i e s  o f  z i r c o n i u m  a n d  n i c k e l  a r c

summarized in “l’able 1.
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\/. I)iscl]ssioI1.

‘J’lIf2  p r e s e n t  mcasurcmcnt  tcchniquc is similar t o  t h e  f l u x  tcchniqllc

of  Ilarth Ct al.7, in that both usc the post- rccalcsccncc  isotherm duration to

find the ‘l’l,vl), w h i c h ,  i n  turn, dctcrmincs the average specif ic  heat  of

Undcrcoolcd  melts. “1’hc present tcchniquc, however, is truly containcr]css,

which brings about  two main advantagcso F’irst, refractory ancl rcactivc

materials for which no fluxes arc available can bc proccsscd. Seconcl, the

cooling process is purely radiative. i.e., it is unaffected by fluxes ancl gases.

Thcrcforc,  the total  hemispherical  cmissivities  of the undercoolcci  l iquid

ancl the solid after recalcsccncc  can also bc clctcrmincd,

Metal l ic  and ceramic al loys can bc supcrhcatccl  ancl undcrcoolccl as

well as pure metals. ]’hasc transformation processes in alloys arc more

complicated than in pure materials and they c]cpcncls  on the clctails  of their

phase diagrams, For example, the post-rccalcsccnce temperature of a Ag-~u

cutcctic  alloy

unclcrcooling

Unclel-cooled

interception

hypcrcooling

is a function not only of the alloy’s composition but of

temperature. ] 6 Obtaining the avcragccl  specific heat of

liquic] alloys shoulcl  still bc s t r a i g h t f o r w a r d  u t i l i z i n g

of the A t-”l’ll p lo t  wi th  the  “1’11 a x i s  t o  dctcrminc

temperature, Obtaining the temperature clcpcndcncc  of

specific heat ,  however, wi l l  require m o r e  a n a l y s i s  bccausc o f

th c

the

th c

the

the

the

complexities involveci in alloy solidification proccwscs,

Wc have introclucccl  in this paper a noncontact  tcchnic]llc  of measuring

t h e  S])ccific  h e a t  a n d  t h e  t o t a l  hcmisphcrica]  cmissivity of un(icrcoolcd

states of pure metals. “1’hc noncolltact a p p r o a c h  a l l o w e d  u s  to achicvc

undcrcoolcd states of zirconi Llnl ant] nickel which arc known to be hi~hly

rcactivc w i t h  m o s t  crucib]cs.  I“urthcrmorc,  the noncontact  approacl) allo~vc(]

11s to nlcasL]rc  both specif ic  heat  and total  hcmis])hcric’a]  cn~issi~rilv,  ‘1’1~[

1 6



,

{ccl]I]iq~Ic  inlro(l[]ccd in tl]is ]Ja]Jcr  has iln])ortant  inl])lications  f o r  t h e  stud-y

of s o l i d i f i c a t i o n  ]Jrocesses:  in particlllar, for tllc se lec t ion  of v a r i o u s

mctastable  states which have inl I)ortant cnginccring applications. Stlldics  on

mom complex materials such as metallic alloys, scmiconcluctors, an(,

arc in ]Jrogress and will bc published clscwhcrc.
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‘l’s )lC 1. ‘1’1

j3ro]>crty\lllatcrial

c>] (J/mol K )

‘TIN, av

%1, av

‘1’11 , (K)

Ps(’I’,,,  ) (kg/m%

Pl(’~m) (HY1113)

hf (lcJ/mol)

T,,, (K)

Cl”mophys cal l’ropcriics of Zr and Ni.
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0,28~:0.01}’
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6240C

42.6i0.4a, 39.31), 38.5C, 39.3f I
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o.16*o.ol~l

1325M1},  1318i20i

Woog
4

5~()()cl 7900C

14.652i0.32b 17.15C

2 128C1 1728C1 ~

a) TYcsent.  results, avcragccl  over “1’111 to T]lyp . b)l~onncll11 at “l’Hl c) Shaffcr  ] 3

d)wcast

Ovcl”  T*lI
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]~i~,u~_c_l..  A typical temperature, ‘1’, vs. time, [, curve for a 40.7  mg

y,irconium sphere (YJr#ll ) undergoing radiative cooling.

~~urc 2 . A t  (= t~-t4),  vs. unclcrcoolingl>ost-rccalcsccnce  i s o t h e r m  d u r a t i o n ,  .

t  cmpcrature,  TU, f o r  Zr#ll ( 4 0 . 7  mg) and Zr#12 ( 40 .0  mg). A tnl ancl ‘J’IIYI)  a r e

given in the legend.

~urc 3. A typical t vs. ‘l’-q plot for Zr#l 1 (40.7 mg). A best-fit straight line

i s  s u p e r i m p o s e d  on the cxpcrimcntal  c{ata.

l~gure  4, A typical Temp. vs. time cwvc for a 19.4 mg nickel sphere

undergoing radiative cooling.

~~i~urc  5. At (= t5-t4) vs. Tll for the nickel  sample (] 9.4  mg). Tllyp and A till

arc given in the legend.

ljigw:c__6_. A typical time vs. “1’-3 plot for the nickel sample (19.4 mg). A

best-fit straight line is superimposed on the cxpcrimcntal data.
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