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SYNOPSIS 

THE densities and coefficients of volumetric ex~ansion of molten sil
ver~ co~~er, and iron have been de termined by· measuring the difference 
in the least ~ressures needed to release a bubble of argon from the 
end of a tube in each of two ~os1tions of known difference in depth 
of ·immersion. Densities at the melting ~oints are: Ag, 9.33 ± 0 . 01; 
Cu, 8. 03 ± 0.03; Fe, 7 . 03 . ± 0 . 03. Coefficients of volumetric expansion 
are: Ag, 1.19 x 10-4 ; Cu, 1.02 x 10-4; Fe, 2.16 x 10-4 • 

DETERMINATIONS of the densItIes of molten metals of hIgh meltIng poInt 
are needed for measurements of vIscosIty, surface tensIon, and change of 
volume on meltIng, the density values gIven In the 11 tera ture beIng scarce 
and often unrelIable. BENEDICKS (ref. 20) has studIed Iron, the Iron-carbon 
system, .and varIous ferrous alloys. From the measurements on the Fe-NI 
system "the densIty of molten nickel 'may be deduced. For molten cobalt the 
onlY 'measurement seems to have been made by KOZAKEVITCH (ref.1) from the 
dImensIons and mass of a drop. 

OUr measurements of densIty depend on determIning the least pressure 
needed to detach a bubble from the lower end of a tube at each of two 
measured depths of immersion. 

EXPERIMENTAL METHOD 

The electrIc furnace Is 60 em hIgh and 30 em In dIameter, and Is heated 
by means of a coIl of molybdenum In three sectIons enca?ed In alumIna 
havIng a hIgh content of grog. The workIng-tube, of Impermeable alumIna 
(3, fig-. 1), has a dIameter of 5 cm, .and .Can be replaced wIthout dIsturbIng 
the heater. The furnace Is lagged with porous brIcks (1), and Is water
cooled (2). Rubber O-rIngs are used In posl t10ns (4) and at the ends or' the 
furnace. The heater Is protected wI th formIng gas (10 vols. N2 + 1 vol. H2) 
purIfIed by passage over heated palladIum (5) followed by dryIng wIth 
magnesIum perchlorate (6) . The furnace has thermostatIc control, the heat
ing coll beIng one arm of a Wheatstone brIdge. The temperature In thf~ 
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middle of the furnace can be held to ± laC; and by adjustment of the rel~ 
tive currents In the three sections of the heater it Is possIble to ensure , 
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Argon I 

FIg. 1. General dIagram ot apparatus 

that for 5 cm above and below the m1ddle, the change of temperature from 
that in the middle is less than ~C. The atmosphere w1th1n the working-tube 
1s argon purif1ed by pass1ng through the drier (7), over f1nely d1vided 
1ron at 2000C (8), through a second dr1er, over magnesium heated to 5000 C 
in a tube of sta1nless steel (9), and f1nally through the tube (10) 1n 
which any dust 1s deposited. The metal occup1es about two-th1rds of an 
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!untapered . crucIble of lmpermeable alumina, 10 cm high, with an internal 
diameter of about 3.5 cm. The crucible .1s supported by refractories which 
act as a radiation shIeld. Means are provided for ensuring that the fur-

,nace and Its working-tube are vertical. The hubble-tube, of lmpermeable 
alumina, is 40 cm long, 6 mm In external dIameter, and 4 mm Internally; It 
Is co-axial with the working-tube. The lower end Is bevelled at 450 , this 
arrangement prOVIdIng a preferentIal path for the release of the bubble, 
and preventIng blockage from belng caused by the sudden· rIse of metal in 
the tube which would , otherwise occur at,ter the escape of the bubble. Not 
more than 4 or 5 bubbles per mInute should be released. For th+s slow rate 
the pressure Is cont.rolled by the 011 reeJ11ator (11) , and Is read on the 
manometer (12) wIthin the 011 bath (13) provIded wIth the thermometer (14). 
The manometer scale Is read with a cathetometer to 1/20 mm. Readings are 
taken, on one column, of .the maximum displacement of the liquid for each 
of 10 bu'o'Qle releases. The ' tap (15) Is then shut, and both l1mbs or the 
manometer are read. The bubble-tube can be displaced by a measure.d amount, 
usuallY .2 cm, by means of the calIbrated micrometer (16) whIch Is .accurate 
to 1/100 nrm, the usual precautIons agaInst backlash beIng taken. 

Temperatures are measured to ±30C wi th an optical pyrometer Sighted on a 
mirror~t 4gJ through the optical glass wIndow (17). A Pt/Rh-Pt thermo
couple has Its hot junction 1 cm above the molten metal. The JunctIon may 
pelowered Into the metal so that the thermocouple may be calibrated by 
means of the freezing of the metal in the crucIble; and the optIcal pyro
meter may then becal1brated by means of tJ;le tharmocouple.The flow of 
argon through the workin~tubeel1mlnates anytruuble whIch mIght be caused 
by fumes from.the metal. During an · eXperIment· the thermocouple gIves a more 
sensi tlve Indication of .;11e. behaViour of the thermostat than does the oIlt1-
cal pyrometer~~ second thermcicouIlle below the crucIble Is used, In con
junction wIth the upper thermocouple, to adjust the vertical dIstrIbutIon 
of tempera ture. 

The densIty of the metal Is equal to PH 0 (h/z). where PROiS the den-
. . 2 2 . 

slty Of the dIstIlled water In the manometer, and h Is the dIfference In 
the manome.ter readings for two posl tlonsor' the bubble-tube differIng In 
depth of lmmerslon by z. As mentIoned above, change In the depth of lmmer
slon Is measured by means ofa mIcrometer at · the cold end of the tube. Two 
posl tl ve corrections I1!ust be added to the change .Indicated by the mIcro
meter. The first allows for the fact that, OWIng to thermal expansIon, the 
lower end of the tube moves through a greater dIstance than the upper end 
on Which the measurement of displacement Is made. Slnce both the cold and 
the hot ends of the bubble-tube are at almost unIform temperatures over 
lengths greater than that o.f the dIsplacement, 1 t follows that after enough 
tlme has elapsed for the ,re-establlshment of th,e thermal equllibrlum of the 
tube after its displacement, the hot end has moved through a dIstance equal 
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to the length, at the temI>erature ot the hot end, ot a I>Iece ot tube hav
Ing a length, at the temI>erature ot the cold end, equal to the dIsI>lace
ment shown by the mIcrometer. The correctIons are calculated trom the data 
ot EBERT and TINGWALDT (ref. 25). For a dlrterence ot temI>erature ot 17000C 
be tween the two ends 0 t the tube, the correc tion 1 s abou t 1.6%, the value 
deI>ending slIghtly on the temI>erature ot the colder end ot the tube. The 
sec~nd correctIon takes Into account ~he change In the heignt ot the 
lIquId In the crucIble caused by a change In the volume ot lIquId dIsI>laced 
by the bubble-tube. Let h be the dIstance through whICh the hotter end or 
the bubble-tube moves, 2R the Internal dIameter or the cylIndrIcal hot 
crucIble, 2r the external dIameter or · the hotter end or the bubble-tube, 
and x the rIse in level ot the lIquId in the crucIble. 

Then 

Whence 

It should be noted that when the crucIble and the hotter end ot the bubble
tube are at the same temI>erature and or the same materIal, the v~lue or 
r2I(R2-2r~ Is IndeI>endent or that temI>erature, and therefore It Is conven
Ient tor calculatIon to use values ot r and R whIch refer to room tempera
ture. For 2R - 33 rom, and 2r .. 8 IIlDl, xl h 18 abput 3i%. The correc tion could 
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be reduced by usIng a .wlder crucIble, but the Inner dIameter of the 
working-tube is a limitation. 

The measurements ·of bubble pressure, under nomlna~ly constant condI
tions, vary far more than would be expected in view of the accuracy of the 
cathetometerand scale, and these varIations have a preponderant influence 
on the standard devIatIon of each set of results. 

RESULTS 

It was found for silver that the spectrlc VOlume. v at the absolute tem
perature T satisties the equation 

v = 0.1071 [1 + (1.19 x 10-4 ) (T-1234) J. 
themeltlngpolnt of s1lver being 1234oK. 

For 11, the standard deviation (T Is 0.55 x 10-4 ; and for du/dT, 0.:43 x 
10-6 • Our values are compared i n fi~. 2 and Table 1 wI th other work .· 
(refs. 10-12). 
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Measurements on electrolytlc copper are shown In fig. 3 and Table 2 
(refs. 13-17, 21). Our results satlst,y the equatlon 

v .. 0.1245 [1 + (1.02 x 10-4 ) (T-1356»), 

the meltlng polnt at copper belng 1356oK. For v, the standard devlatlon ~ 
Is 1.5 x 10-4 ; and' tor du/ dT, 1.7 X 10-6 • 

• Dlscrepancles between dltterent workers are conslderable. The exper1men-
tal dlttlcultles are dlscussed In ref. 2. 

Accounts ot measurements at the denslty at molten iron are rare. DESCH 
, and SMITH (ref.18) studled the lron-carbon system by measur1ng the buoyancy 

at an alumlnlum slnker, welghted by woltram, Immersed In the molten metal. 
No correctlon was made tor any dltterence In the surtace torces actlng on 
the stem at the slnker dUrIng the cal1bratlon wI th mercury and the measure
ment on lron. ZIMMERMANN and ESSER (ref. 17) used the dllatometrlc method on 
metal contaInIng 3.7% C. WIDAWSKI and SAUERWALD (ref. , 15) used the buoyancl 
method tor the lron-carbQn system. up to 4.2% C. BENEDICKS, ERICSSON, and 
ERICSON (ref. 20) determIned. the 'pressure needed to dIsplace by a measured 
amoun t the mol ten metal In a me. (ometer wi th lUa!;lesla tubes. The tubes were 
not strlctly gas-tIght, and reacted wIth the carbon In the metal. Slag 
tormatlon was also a source at error. STOTT and RENDALL (ref. IS) made 
accurate measurements on pure Iron by tIllIng 1n vacuo a pyknometer ot 
alumIna. The experIments were delIcate because at the thermal gradIents In 
the pyknometer' When It was plunged into the l1quld metal heated by induced 
electrlc currents. CorrectIons were made tor Impurltles In the 1 ron, and 
tor the expansIon at the alumlna, the latter correctlon amountlng to 4~ 

Our own measurements were made on purltled "Orkla" electrolytlc Iron 
contalnlng the tollowlng Impurl tIes In parts per mlll10n: C, 50; P, 1; 
S, 30; Sl, 30; Nl, 50; Co, 100; Mn, 1: 0, 200; N, 10. The numerous results, 
assocIated wIth 12 dltterent temperatures, agree wlth the tollowlng tormula: 

v '"' O. 1421 [1 + 2. 16 X 10-4 (T-1809)], 

18090K beIng the meltlng polnt at Iron., For v, the standard deViatlon ~ Is 
1.245 x 10-4 ; and tor dv/dT, 3.8 x 10-6 • our results are compared wlth 
those ot others In fig.~ and Table ~. The table reters, not to the meltIng 
polnt, but to a temperature or 15500C, tor several authors have worked at 
thIs temperature wlthout determInIng the thermal coettlclent. Values 
obtalned by measurements at the mass and dlmenslons at a drop ot llquld are 
also Included. Thus, BECKERt HARDERS, and KORNFt:LD (ref.21) tound 7.16 tor 
the mean densIty at 6 drops at carbonyl 1ron In argon at 1510oC; 7.06, tram 
8 drops ~t 1600oC; and 6.96, tram 4 drops at 1700oC. The value at the 

• coettlclent ot volume expanslon, a was 1.51 x 10-4 • KOZAKEVITCH and h1s 
collaborators (ref.22) tound 7.09 tram 8 drops at 1500oC, but the spread 
was tram 7 to 7.~ 
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OUr ·value for the denslty at the meltlng polnt agrees reasonably wlth 
values ' 1n the 11 terature, 'but our value , of a appears to be ratherhlgh. 
Whllst ci. for Al, 8b, Bl, Pb, Cd, Ag, Au, and Cu Is about 10-4, It may be 
noted that BENEDICK8 (ref. g;) found a.b.out 3 x 10-4 for nlcktn.The value 

:· for potassIum Is about 3.5 x 10- 4' (refs~23,21J); for sodlum, about 3.2 x 
' 10-4; and for magneslum, about 6.9 x 10~4, although the last value Is some
what doubtful on account of the small ran~e of temperature (6500 to 7500C). 
, In the follow1ng tables speciflc volume Is denoted by Vj denslty by p; 

and .coefUclent of volumetrIc expansion by a. 

I Authors 

Hof.fmann, Stahl, 1922 
SalierWald, 1922 ' 
Journlaux, 1030 
Gebhardt·" (values from 
Landol t-B6tn;te'ln: 1912) 

Presen t work 
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TABLE 1 
811 ver a t 9610C 

v 

0.1033 
0.1073 
0.1072 
.0.1075 

. 0.1071 
. ±2 x 10- 4 

4E.P8 

p 

9.68 
9.32. 
9.33 
9.30 " 

9 •. 33 
±0.01 

a x 10 4 

0.8:~' 
i~h 

. .• l:, . 

.. ·t::,~~:~::;,: 
-: ~~ ) "! '~ ' . • :ti:.~'.~;.·: 
T.19 

±0.05 
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TABLE 2 

Copper at 10e3<>C . 
i ·Authors v p a.x10· Method 

pascal, 1914 0.1191 ·8.41 2 Buoyancy 
Stahl, 19m 0.1196 8.36 0.55 Fill1ng vessel 
Bornemann and 0.1252 7.99 1.99 fuoyancy 
sauerwald, 1922 (1nd1rect) 

Z1nmermann and Esser, 1929 0.1256 7.96 2.27 Dlla tome ter 
W1dawsk1 and Sauerwald, 1930 0.1262 7.93 1 fuoyancy (d1rect) 
Becker, Harders and 
Kornfeld, 1949 

Presen t work. 1958 

Authors 

Desch and an1 th, 1929 
W1dawsk1 and Sauerwald, 

1930 , 
'Benedlcks, 1930 
Stott and Rendall, 1953 
Kozakev1tch, 1955 

~ozakevltch (not 
published) 

Present work 1958 

0.1199 8.34 

0.1245 8.03 
±o.OOO5 ±0.04 

TABLE 3 

Iron at 15500C 

tp:, v 

0.041 0.1428 

0* 0.1403 

0.03 0.1387 
<0.004 0.1427 
<0.01 0.1389 

<0.01 0.1410 

<0.005 0.1426 
±a.0005 

* Extrapolated 

ACKNOWLEDOIiENTS 

1.64 Measuremen ts on 
a drop 

1.03 Bubble pressure 
±a. 14 

p a.x10· Method 

'7.002 fuoyancy 
7.13 0.36 fuoyancy 

7.21 1.45 Manometr1c 
7.01 Pyknometer 
7.2 Measurement 

on 2 drops 
7.09 Measuremen t 

on 8 drops 
7.01 2.2 Bubble 

±a.03 ±a.3 pressure 
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Department ot PhysIcal ChemIstry ot IRSID, tor hIs numerous 
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pure Iron; MonsIeur C. Llonnet, tor his help in the measurements; 
and MonsIeur M. Rouannet tor the calIbratIon ot the optIcal pyro
meter. OUr thanks are also due to Dr. Vaughan H. Stott tor hIs 
trIendly dIscussIon ot experimental errors. 
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