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. PREFACE .

The time has paséed when a Faraday, working with a ball of
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. and this makes him dependent on a host of supporters and technicians..
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I. INTROPUCTION

The interesting nature of the nickel/tellurium system was first
indicated* by T&ngnerl, who asserted that there was a continous and
homogeneous transition between the stoichiometric compounds Ni?é and
NiTe2. More recent W@rka, has indicated that the siﬁglecphase region
extends only from NiTe, gq to about NiTe; gg at room tempe;ature;'

3 gees to NiTe or beyond,

altheough at higher temperature it apparently
Gertainly the region of hemogeneity is unusually wide, and exhibits‘

an unusual continous ﬁranSi;ion from one'crystal structure (NiTe of NiAs
typeh)'t@ another (Nirea of CdI, typel). In proceeding from NiTe to |
NiTep, niékei atoms are removed from alternate (0,0,1/2) planes, while
the pesitions of the temaining nickel atoms (in—0,0,0 and 0,0,1 planes)

and of the hexagonaleclose-packed tellurium atoms (in 2/3, 1/3, 1/4 and

1/3, 2/3, 3/4) are affected very little, so that the basic structure and

the lattice cenmstants undergo very little change (the c-axis==the disténce'

from 0,0,0 to 0,0,1 ﬁf-éentracts by only 2%).

-Whethar the intermediate c@mp@sitioﬁs are solid solutions or non=
stoichiometric chemical compegurds is a question of semantics only. They
are unusual and pm@rl§ understood, and for both these reasons are of ine
terest. .Fuxtheerre, they are apparently free from magnetic complication,
making them particularly suitable for thermodynamic studies. It is of in;

terest to know whether the heoles in the 0,0,1/2 plane are ordered, and if

so whegher there is a second order transition accompanying their disorder;

whether at higher temperatureé there might be disordering accomﬁaning
transfer of some of these holes to the 0,0,0 and 0,0,1 planeé; and so

forth.

#* The literature en the nickel/tellurium syétem is summarized in Appendix
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Fdr these reasons a study of this system was undertaken, and a8 a
point of departure, an attempt was made to ceollect data which wwuié_
determine zeré-p@int entropy as a function of compesition; if this entropy
could»be.dgtermined with sefficient accuracy it could be correlated with
the dégrge of randommess of the &@1@5 at 0°K. The present thesis>is
concerned with the collection of some @f this data, and with certaim
other phenomena concerniﬁé tellurivm and the nickel tellurides which
appeared to be related or of interest. As a by-product of this effort
was developed the major comtribution of this work: an appavatus and
Atechnique for the measurement of vapor pressures at high temperatures
whiph is widely applicable and believed éapable of greater accuracy
than any other method described in the 11tegatﬁr@.

Zero-point entropy is determined by consideration of the follewing

cycle:
Ni + 2 Te ‘Ni + % Te
k) - (°B)
TA S 1 A ‘ l& 83 (1)
n Sy |
NiTe, ¢ , NiTe,
- '(0°K) . (T°K)

_,4\81 is determined by measuring‘lﬁsg, 1383, and ZSSu experimentally and

taking their sum; on the reasonable assumptions that the zero-point en=

. tropy of nickel5

is zero and the zero-point entropy of crystalline tell=-
uripmé'is zero, ;his entropy éhaﬁge is:equal to the entrépy of the com;
pound. 1582 and £>Sh are determined by

| T

2 % =2 ,
""g? dT = _1{ CpdlnT )

T
AS = ST2 A sTl = J
: : | R

- AR
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wherecP is the heat capacity at constant pressure, and is determined | _
experimentally for each element and for the various compositions of the .
compounds. Heat capacitiee are diecussed 1n Section II of this report. N
There are many thermodynamic relations connecting entropy with other
. quantities, but the number of methods which are practically capable of
giving sufficient accuracy for "third-law determinations" at the high
temperatures necessary (see below) is small9 and ae applied to this

problem was soon reducedlto two basic relationships:

T o “ -
VAN = - = @ (-
7% TG I > S

where G ia the Gibts free energy, F the Helmholtz free enetgy, H
the enthalpy, and T the absolute temperatureo

Attentlon was first directed to (3), and some etudy was made of
the possibility of determining the heat ef reaction at or near room
temperature9 this abortive study is reported in sectionAhA. However,
it appeared tnat the necessary acenracy meuld be difficult to obtain._
Furtherm@re, after the measurements on enthalpy of reaction had been
made, it would still be necessary to determine the free energy of re-
action} since these measurements must be made in any caee, it seemed
simpler to make them at different temperatures and useg(h), and E) the
investigation of enthalpy measurements was dropped° ‘ |

Two basically different methode are available forameasuting the

free energy of the reaction between nickel and tellurium° electro-

chemical meaeurements, and measurement of the pressure of some volatile
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mater;al directly or indirectly involved in the reaction, The same basic.
| difficulty plagues both methods: the teactien being meaSured‘takee piace
at the interface between a'solid phase of variable composition (the nickeli
telluride) and a fluid phase (the electrolyte, or the vapor), thus altering
the compoaition of the surface layer of the eolid, and therefore its chemp
'1ca1 potential (which is ultimately the quantity being measured). To
avgid erxrors it-isltherefore necessary that the reaction be carried”out

at a sufficiently high temperature t:het self-diffusion is 'rapni enough

to effect homogeneity (and therefore make possible the measurement of

true equilibrium) within a reasonsble time interval. Furthermore, it is
highly desirable that the nature of the experiment be such that it is
possible to prove that true equilibrium.had indeed been establishad.

At the time when these experiments wera started, no adequate praw
diction was available from solidestate phyaics as to the temperature
which must be achieved to obtain sufficiently rapid diffusion. 1In gen=
eral, solid-state diffusion follows ah‘exﬁteesion of the form C exp
V(E/RI); where C is a constant, E an energy of activation, R the gas cone
'etant, and T the absolute temperature. However, there are many excepte
fons to this rule, and there is no good way to predict either C or E.
"Tammann's ruleﬂ? states that~aelf-diffeaion becomes "appreciable" at
6.52 to 0,57 tiees the melting point; a recent a;ticle in an electroe
-¢hemz§a1 journa18 etates°-'"exper1enee has . ahownithat oeeratieg temper=
atures not lower than 0.3 or 0.4 of the absolute melting temperature of
the alloy are auitable. ‘The latter statement seems unduly optimistic,
and tha forme:iie difficult to apply whee'the‘eolidus and liquidus
temperatureeeaxe'fax.apart; as in this case, and it is not clear which

is to be. taken as the “melting,peint",' At the start of theée experiments
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it was kn@wn3 tﬁat the solidus temperatures feor these compounds was in
ch@ neighb@rb@@d of 900°(;p apd it was thcuef@re guessed that the mlnxmum
temperature for eqnilxbra@m might be as l@w as h@@ or as hlgh as 7@0°
:amd the apparatus was dcsmgned for a maximam @peza*ing tempeuaCure of
75Q°G (it has actual]y been @p@ra&ed at c@&smderably hlgher c@mperatur@s).
It has turﬁ@d out that ne 1ag in vapor pfessure could be measured corre=
spondlng to a small chamge in the t@mperature @f any of the nlckel tellu
urides, and this was at first tak@n to mean that @1id state dlffusi@n
was rapid at all the temperatures at whmch vap@w pre JSUras were hlgh
enocugh to be measured, Subsaquemtly it was discovered that thiQ'experie
mental result merély meant that hom@g@nlzatl@n @f a»tbln layer at the
surface of the various crystallites was sufflcaent to give this apparent
equilibrium; but whem a great excess @f tellurimm was presemt;9 1t Tem
quired seme hours at 706°C to diffuse h@m@g@ne@usly inté é;é cencer Afi
every crystallite. This is in agreement with Grénveid“s quélitative

9 o :
@bservati@m that equilibrivm requires several hours at 700° and a

. month at 450°

nghnt@mperature electrochemical measurements always lmtreduce the
p@ssibility of systematic errorg; for example, thgre must be several .
interfacas,im che_cell,jamd thermoelectric p@éentials maylbe sét up at
any of them., -Tha vglatiliéy of the tellﬁriumbwould'be a é@mplicatimg..
factor, especially in view pf the very poisonous and coff@éive nature>
of tellurium vapor . :Th@ tellurivm vapof W@uld be certain to aﬁtack ény‘
metal which it é@ntactedg thuelalterimg éhe.cunceﬁtfaﬁionrof thébﬁickéi
tellurides, S@me @f th@se p*@blpms have presumably been swlved (although
one cann@t be sure sbout sys&ematlc @rP@TS) for socme tellurides, since

10
experimental @1@ctrcbem1cal measurements have b@en r@potted f@t the
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free energy of formation of 2ZnTe, CdTg,_SnTe,Aand PbTe.  However, these
metals do not form nonsteichiometric compounds, as nickel does; the
articlé states that the emf'svwefe not affected by the pﬁesence,of excess’
metal, while the free energy of formation of the nickel tellurides is a
very sensitive function of concentration in the single-phase region. In
the vapor pressure measufements which were made, the accuracy was suffie-
cient to detect a change in concentration of less than 0.01%.
Attention was therefore turred to pressure measurements. A number
of indirect methods are available; for example, the reduction of watexr
vapor to produce hydrogen, and subsequent measuring of the total pressufe.
All such meghoqs, hawgver;_are complicated by thé presence of ﬁellurium
vﬁpor, and it éeemed best, therefore, simply to measure the pressure of

that vapor. The method finally chosen for this measurement is described

in Section 3. It is characterized by a constant pregsure error of approxie-

mately O.1 mm Hg, and is therefore extremely accurate at high pressures;
however, it is considerably less accurate at lower pressures. Furthere |
more, the reductioﬁ'ln vapor pressure with addition ef nickel was more
rapi& than'expected, 56 that no measuremég;s at all were possible below

NiTe and measurements of any accuracy were not possible below BT A

1.5° .
Nite1.7,_and at that concentration only ét temperatures above aboﬁ§'750°.,
- This means that specific heat measurements will have‘éb be extended to
about 750°, and every slight rise in temperature in this{region means

4 additional‘experimental difficulﬁies and errors in specific heat measure-
ment., However,‘such‘mgasureménts.ﬁill ailow some overlap in the region

around NiTe; g, which will allow a desirable check, since d O §/dT can

be determined independently by the two methods. -

r 01?2
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The reacti@m'beimg @bsérV@d when one measures the pressure (dis-
sociation pressure) of tellurium vaper over nickel telluride can be

expressed in the following way:

n NiTe, + $@§'—— n N#Ta(x;+<1/n) f (5)

In making measurements at equilibrium, one attempts to make the.s#mpie
size sufficiently large and the vapor Space sufficiently sﬁall gﬁég%xf“
the concentration of th@.NiTex is not apprecisbly changed.b In Eﬁé‘
limit of such a@ experiment, n may be considerad imfi@ite, and (5)
desgribss'the addition of one mole Qfltelluriﬁm to an infinite éﬁéund
of NiTe,. . If the tellurium is in its standard s&até (which is liquid
at all temperatures of interest im this @xperiﬁ@ﬁt),-éhen the free. .
,emergy'changejis;tﬁ@«sum of three terms: the free.énergy of converting
ong mole of liquid tellurium to Qap@r at the equilibrium pr@ssur@jﬁs
(free energy change equals zero); the free encrgy of expanding one mole
bf tellurium vaéor frem pg to p, for which the free eﬁergy change is
| givgn by |
Ne=rr 10l . (6)
S Py _
'.and the fr@g energy of c@mverting @m@'mgle $f telluriqg‘vap@r at the
equilibrium pressure p to nickel ;gllurideA(freg:@nergy change equals
_,zer§). Hence the free ehergy change cqrreééd%ging-t@‘@5), whicﬁ'is
called the partial molal free energy of tellurium in NiT@x,‘and denoted
b§)Z§E;e, iS-given by (6)5 this é@plies to twp.gram»a&@ms of tellurium.
All of‘the»équaﬁidms giveﬁ ;ﬁus far are. thermodynamically rigorous
.Qith the exception of (6), which would be rigorous if the pressures

were replaced by fugaciti@s. The etror involved in this substitution -
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appears to be negligible insofar as imperfection of the gés is conw
cerned, because of the high température #nd low pressure involved. AA
serious error would be made if the number of atoms per molecule were
variable, since the ratio of pressure to fugacity would be a function

1,72

of pressure. However, there is strong evidence that the number
of atoms :per vapor molecule is notvappreciaély greater than two at
temperatures well below the triple point, and not appreciable less
than two at temperatures well above 1000°C, and so it seems safe to
aséume that it is invariant with‘pressure in the ﬁ@mperatﬁre range pf
interestihere, namely 600 to 800°C.

Corresponding to (S)lis a similar expression for nickel:

n NiTe, + Ni+T==—n Ni(I + 1/n) Te (N

for which the free energy is é)&ﬁi. I1f we now add x gram-atoms of
tellurium and one gram-atom of nickel to an infinite quantity of
NiTey, we have formed exactly one new mole (1l 4 x gram-atoms) of

NiTe,, and the free energy is given by

=T+ x)

DG = = OGy; + Eaﬁ-;)aau . | (®)
where NG is the inéegral free energy.of formétion per gram-atom,
and is ﬁhe quantity in equation (h)o- There are also équations corre=
sponding fo &) for partial molal quantities, and one corresponding
to (8f for adding ?artial molal entropies to qbtain the integral en-
troé&}of formation, the 1383 of (1); this methed of computat;on woﬁld
‘of course yield the same result.:

‘Partial molal free energieélof,tellurium have bggn determined -

at temperatures from about 550° to 780°C for all concentrations from

™)
|
i
o)
[



100% to 60% tellurium. No data have been obtained on the partial molal
free energy of gickel@_ The two partial molal fré&ﬁg@ergi@s are related

by a Gibbs<Duhem equation of the form

= C, . ._._.___, . ' A (93)

where GNi is the concentration (atomic fraction) of nickel, cTe is the
concentration (atemic fraction) of tellurium, and the sum of the two
concentrations is unity. Weriting C= Cpg = 1 = Cyg 2 thig'equatiwn can

be rewritten as follows:

C. -\ | ,
i.= /2 _¢ dL%; g3 '
‘5GN1'",,é/ e _ J”é e I dc + K (9b)
1 . T |

'

so that the partial molal free energies of the nickel can be obtained

from the partial molal free eﬁergies-of the tel’luriﬁm9 péovided a
boundary condition is availabie to determine the comstant K. At 100%
telluriump the partial molal free energy of tellurium is zero (as 13‘
evident from equation (6)§and the partial molal free energy of nickel

is infinite; from (9) it is clear that the slope of lﬁaﬁi must be ine
finite at this p@iﬁt. Thus, te @ﬁtain the pa;;ial molal free energies
of nickel it is necessary either te extend'the;vap@r pressure measnreégi'
meats to 0% telluriuom (wh@re:K is knéwg&t@ be éero)oiwhich is .impossible
by zeveral orders of magnitudeAwith the present appaﬁatus, or to ob=
téin the pértial molal free energy of nickel at ome concentrationm at

. % ’
various temperatures. This has not been dome. As indicated in
‘ N

* With the data at hand, (9b) can be solved except for the unknown }
K, and (4) could then be solved except for the unknown dK/dT. There
appears to be no way to estimste these unknowns at the present time.
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Section 2, the high-temperature specific heats are also lacking. Both
of these sets of data must bz obtained before the zero-point entropies

can be computed.

i
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ITI. HEAT CAPACITIES

As discussed inﬁfhe previous section, it is necessary to knbw the
heat capacities of niékel9 tellurium, and the nickel tellurides from 0°
to about 1000° K in order to determine the zero-point entx;opies° The
heat capacity of nickel is}known(err this entire range. The heat capa-
city of tellurium haé been detetrmined up to about}800° K, but-mﬁch of-
this data is uncertain. »fhe heat capacity of the nickel tellurides
was of course unknown at the start of this research.

It is convenient‘and conventionalAto consider such heat-capacity
data under two headings: low temperature (from 6°K to about 300°K),
and high temperature (above 300°K) .

Two basic methods of calorimetry for measurement éf thermal prop-
erties are available: adiabétic9 and drop.. 1In the first, a known,
small amount of energy is supplied te the sample, and its éemperature
rise noted. The temperature fise is small enough that the actual heat
capacity (dH/dT} cén be accuratély computed from the observed'ﬁean heat
capacity ( OH/ AT). 1If the observed heét caéacity shows higﬁAcurva-

ture (as a function of temperature), smaller temperature intervals can

- be used, trading accuracy in temperature-interval measurement for

accuracy in curvature correction. The i%portant point is that the
sample can be maintainéd‘approximately in thermal equilibrium at all
times.

In drop calorimetry, the total enthalpy difference betwegn some
variable temperature, t, aﬁd some fixed temperature, usually 0°C, is

measured; then




.12 -

AH (ty—>t) = OH (tz—> 0) - ’AH (tr—0)

and the heat capacity, C= dH/dT, is computed as before. Althecugh the .
‘enthalpy increments thus computed are small differences between large
numbers, the total enthalpies and the temperature inérements may be
measured with great accuracy, so that the results are goed where the
method is applicable. .The disadvantage of drop calorimetry for the
present purpose is that high-temperature phenomena (such as disorder)
may be frozen ip when the sample is qﬁenched9 and true specific heats

. are therefore not in geﬁeral obtained if there are any first or second
order transitions or similar anomalies in the interval. This ob-
jection does not apply to low-temperature specific heats, and the
method is capable of high accuracy*; but adiabatic calorimetry is

also capable of high accuracy below room temperature and is more con=~
venient for collection of iarge amounts of data. At high temperatures,
in addition to the many difficulties which plague any precision measure-
ments, the fourth-power increase in radiation makes temperature drifts
larger and more difficult to correct for, and therefore makes drop.

calorimetry the most accurate when it is applicable.

2A. LOW TEMPERATURE
2.A.1 Nickel. The low-temperature heat capacity of nickel has been

measured many times. In particular, measurements of exceedingly high

It is interesting to note that Busey and G‘,i,auques9 in reporting their
‘own very accurate measurements on the low-temperature specific heat of
nickel, discuss all of the preceding work except the very old measure-
‘ment by Tilden'! of the mean specific heat of nickel between the YbaiTu
~ ing. point of oxygen and 15°C, determined by drop calorimetry. Never-
theless, Tilden's result, when appropriately corrected, is more accu-
- rate than any of the intervening work when compared with the results
i > of Busey and Giauque.
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accuracy on very pure samples are available in the range 15°K to room

' temperature'5 and 1.7° to w.2°k . Data of slightly less accuracy are

. EY
available in the intermediate ranges 1° to 20°K!Z and 10° to 26°k 3,
The entropy of nickel at room temperature may be assumed known with
an error so small as to be quite negligible in comparison with the

other data involved.

2.A.2. Tellurium. The low-temperature heat capacity of tellurium has

been measured down to liquid nitrogen temperaturelu and to liquid helium
1

temperature 5. Recently, very accurate measurements on very pure sam-

® and 1.5° to 4.5°K0,

ples have been .made over the range 4.5 to 350°K,
The entropy of tellurium at room temperature may therefore also be con-

sidered known with adequate accuracy. : e

i

2.A.3. Nickel Tellurides.® Heat capacity measurements in the range

4.5 to 350°K were run on three compositions of nickel tellurides,
namely NiTel.lg NiTel‘S,and NiTe2°0° The samples wére especially
prepared for this purpose and were thoroughly annealed at téﬁperaturesﬁ
down to 450°C. They were cooled slowly from this temperature to room
temperature, but it is not believed that any changes in structure take

place in reasonable periods of time at temperatures below 450°. The

samples are bglieved to be 99ﬂ99% pure, and to have the stated composi-

tions within 0.01%.

* Although the author cooperated in the operation of the calorimeter,

the reduction of the data, and the interpretation of the results,
most of the work reported in this section was performed by E. F.
Westrum, Jr., C. Chou, and F. Grénvold.
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Sample sizes for the calorimetry were approximately 170 grams each

and NiTe, . and 120 grams for NiTe 'The smaller weight

1.1 1.5 2.0°

of the latter was due to its smaller bulk density, which is due to its-

for NiTe

mica-like cleavage which in turn is due to its layered crystalline
1attice.. Care wés taken not to force the soft flakes of NiTe, 5 inte
the calorimeter, since this might have altered the heat capacity through
cold-wbrking.

The calorimeter and cryostat have been described elsewhereol6 The
samples were cooled to liquid-helium temperature over a period of about
twé days, énd the heat capacity measured by notiné the temperatﬁre rise
prqduced by a known input of electrical emergy. The temperature inc?ew

ments can be adjudged from the adjacent mean temperatures of the data in

-Table I which are giﬁen in chronological order. The heat capacities are

~expressed in terms of the defined thermochemical calerie, equal to

4.1840 absolute joules; the ice point is taken te be 273.15°K; the
atomic weights of mickel and tellurium are taken to be 58:69 ‘and 127.61
respectively. The data are expressed in terms of one total giammatom

of substance--i.e. 9hf79 grams of NiTe; 4, 100.04 grams of NiTe , and

1.5° ~
IOh;6h grams of NiTe, j--which is equivalent to using the formula
Nig,;Teg, g for NiTe1°5, for example. The heat capacities (Cp = dH/dT)
were determined by adding to the experimentally observed value of
ADH/NDT for each temperature interval an analytically determined curvas"
ture correction; and are plotted on Fig. 1.

The heat capacities of Table I wére plotted on a large graph and

a smooth curve drawn through them. ~This curve had the usual sigmoid

shape and no singularities or inflections other than the frajor inflecs.

- tlon predicted by Debye theory, except for an unexplained increase in

‘the heat capacity of NiTe; ; of about 0.0l calories per gram-atom which

occurred in the neighborhood of room temperature. 215 020
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PABLE I. HEAT CAPACITY OF FICKEL TELLURIDES

(in oal/"mole" deg)

T b

., °g c T, °K ¢ T, °K

'%Jf&w=ah.95.' 0.5910

ko]

s 0%F

’p | . P %
' Kirel.
(formula weight '10.h762T°o.5238 = 9l4.79g)

Series I 2744 0.7470 138.62 5,229
- 30.08. . 0.9234 147.64 . 5.33Y4
5.4  0.0065 33.18 | 1.143 157.35 . S5.435
6.4  0.0099 36,60  1.393 167.52  5.523
7.56  0.015} 40.37  1.670 177.63  5.598'
8.65  0.0240 Lh.o61 1,974 167.57  5.665

) 49.47 2.308 197.10 5.721

Series II 55.05  2.67)4 . 206,52 5.771

© 51.25 2,433 . 216.13  5.817
5.41  0.006} 56.11 2,740 ' 225.83 5.860
6,38 0.0093 61.85  3.079 - 235.58  5.903
T.33 . 0.0140. 67.67  3.381 245.31 5.9
8.3 0.0209 73.54 3.647 255.16 - 5.982
9.36  0.0302 | 79.97  3.916 265,11 - 6.026
10.34  0.0427 87.07  4.175 275.09 6.081
11.34 . 0.0576  94.38 L.391 285.08 6,132
12.4,  0.0765 87.69  4.196 295.18  6.174
13.63  0.1018 95.21  L.l4i 298.82 6,181
14.93 0.1356 . 103.23°  4.613 308.92  6.217
" 16.4ly 0.1829 11,74 L4.796 318.95  6.248
- 18.23 0.2493 120.27 . L4.957 328.91 6.274
. 20,20 0.3369 123.47 ° 5.006 338,80  6.294
T 22,43 0 0.4482 .. 129.99°  5.130 °, 347,16 6320
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' 'PABLE I (continued)
~(formula weight Nio.hreo.6 = 100.04g)
Serles I 11.13  0.0690 117.37  4.836 .
: | 12.43  0.0963 126.07  4.990
6.33  0.0108 13.82 ° 0.1343 . 134.78  s.a21
7.29  0.0167 15.41  0.1892 - 143.56  5.235
.8.34 . 0.0240 ©17.18  0.2605 152,66 . 5.337
- 9.28  0.0382 19.03  0.3479 162.16  S.432
o 10.24 0.0556 21.08  0.4564 171.91  5.514
o 11,20  0.0702 23.32  0.5880 181.61 5,586
A 12.27  0.0923 25.71  0.7394 191.29  5.652
13.44  0.1231 28.36  0.9164 200.90  5.708
- 14.72  0.165) 31.53 . 1.135 206.43 5,735
4 16,22 0.2205 35.12  1.386 216.26  5.785
.7 1797 0.2968 38.88  1.649 226,08  5.828
e 19,95  0,3967 42.83 1.915 235.89 . 5.870 -
o 230 0.6480 51.87  2.494 '255.65
. 26,75 .9.B08L 57.19  2.803 265.60  5.986
5 29.50 '0.9943 63.15  3.125 275.68  6.021
69.84  3.440 285,61 6.055
Series II 76.60 3.723 - 295.57 6.084
4 73.70  3.603 305.64
6.18  0.0104 78.72  3.807 315.65  6.139 -
7.12 0.0153 - 85.34  L4.053 325,63 6.160
8.1,  0.0233 92.54  L.272 335.65 6,188
9.11  0,0355 100.77  4.488 345.72 6.217
L 10.07  0.0504 109.1L4 L.676
| 215 o3
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. TABLE I (continued) !
, NiTe, , o
(formula weight Niy 53378 cegn = 10ke6ig) |
Series I 8.26  0.0313 118,18 4.775 s
o 9.23  0.0475 126,70 . 40925 f
5.86  0,0120 10,26  0.0648  135.20 .5.054 ;
6.79  0.0169 -~ = 11.38 0.0887 - 143.73  5.169 |
7.56  0.0230 . 12,66  0.1206 152,58 5,267 |
8.53  0.0357 .11  0.1671 161.71  5.363 :
9.48 - 0.0515 15,76 0.2313 - 171.18  S.bbh |
‘ 17.68 . 043179 180.91  5.519 ¥
‘Series II : 19.89  0.4337 190.65  5.589 ,
L 22,17 0.5710 200,27  5.648 |
5¢75  0.0113 - 24,51  0.7212 209.80  5.700 4
6. 86 0.0172 24.37 0.7119 219.36 5,749
7.91  0.0270 26,99  0.8904 212,33 5.711
8.98  0.0434 29.82 1,091 221475 5.756
9.94  0.0601 32,83  1.302 231.53  5.808
10.94. 0.0800 = 36,19  1.538 201,59 - 5.853
12.08 0.1055 39.95  1.792  251.78  5.893
13.36  0.1421 Llhe06 2,054 262.05  5.928
14,82  0.1929 . 48,63 2,336 272,32  5.967 |
16,40  0.2581 53.72 2,623  282.57  6.001 |
18.15  0.3414 59,32  2.918 292,75 6.035 |
120,05 04481 65.36  3.212 302,97  6.062 |
22,14  0.5693 70174 3.481 301,49 - 6.062 |
| 78.15  3.732 © 311.64  6.087 -
Series III 8481  3.972 32143 . 6.114
4 92,01  4.196 . 330.87  6.140
5.90 0.0123 99. 89 be391 34047 6.158
6.76  0.0164 108.39 ©  4.583 348.23  6.177

315 024
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Above 30°K most of the ﬁpints deviated from the smooth curve by
less than 0.001 calories per gram-atom per degree (the curve was
stretched out to a total length of almost 15 meters and plotted with
a pencil sufficiently sharp so that deviatiqns of 0.2 mm would be
plainly evident; no deviations couldzbe seen for most of the points).
The deviations were not normally distributed, and in a few cases were
clése to 0.01 calories per gram-atom per degree. Experience indicates
that these deviations are not reproducible and presumably not signi-
fiéant° Below 30°K'the measurements become increasinély‘inaécurate,\

due to the samller absolute heat capacity, the smaller temperature

intervals (necessitated by the increasing curvature), and the de-

creased sensitivity of the thermometer. Fortunately the specific heat

3

of all three compounds had reached a T -dependency at the lowest tem-

peratures reached, so that the extrapolation to 0°K could be made with .

considerable conficence.

Values of Cp9 H® - Ha, and S° -.Sa at rounded temperatures are.

shown in Table Il. The enthalpy and entropy increments were computed *
by numerical integration, using values of heat capacity at rounded
temperatures and rounded logarithms of temperatures which were read

from the smooth curve. The values of entropy are considered to be

accurate to 4 0.02 calories per gram-atom per degree, and the enthalpy

values are considered accurate to # 0.2% except at the lowest tempera-

_tures; relative accuracies (e.g. comparison of entropies or enthalpies

of different compositions at the same temperatire) ére somewhat better.
The tempefatures given in Tables I and II are believed to.correspond
with the thermedynamic scale within 0.03° from 10° to 90°K and within
0.04° from 90° to 350°K; relative temperaturé accuracy is better by a
factor of almost 100 (ghe error of measuring the temperature intervals

is probably less than 0.001°): 215 025
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TABLE II. Tbermodynamic roperties of nickel tcllnridos
{in cal/"mole” dog)

te-r

Ii’to‘ .0

Hi?ei 1 li?ol

A {formula welght ~ {formula welght — Tforﬂi we ?

Nip, ,762T%0. 5238”94 798) mo 4780, 67100- oug) Nig,33337%. 6667104 64e)
Lex G S 0 G sy G s oy
10 ~ 0.038 0.013° 0.010  0.049 0.016 0.012  0.061  0.020  0.015
15  0.138  0.04%  0.033 0.175 0.056 0.043  0.200 0.068 0.051
20 0.327 0.108  0.081 0.400 0.135 . 0.102 Oeh42 . 0.156 ©  0.116
25 0.594  0.208  0.156 0.692 0.255 0.190 0.754  0.287  .0.212
30 0.918  0.345  0.256 1.029 0.41% 0.301 1.103  0.455  0.331.
35 1.276  0.513  0.376 1.380 0.596 0.430 1.455 0.652.  0.466
40 1.643  0.707 - 0.511 1.726 0.803 0.571 - 1.795 .  0.869 0.612
45 2.001  0.921  0.657 - 2,060 1.025 0.718 2.114  1.099 0.761
50  2.347 1.150  0.809 2,379 1.259 0.868  2.415  1.337  0.912
60 2.97% 1.635 1.118 2.961 1.745 1..170  2.953 1.826 . 1.208
70 3.490  2.134  l.422 3.L47 2,240 1461 3.412 2,317 1.491
80  3.917  2.628  1.708 3.858 2.727 1.736 3.799 . 2.799  1.756
90 4.266  3.111  1.973 4198 3.202 1.991 4.133 3.266 - 2,002
100 Le540  3.575  2.217 Le469 3.659 2.226  L.400  3.716 2.229
110 L.764  4.018 2,438 4e69% 4.096 2.440 Le617  h.146 2.436
120 4.950  hedl4l 2,640 2885 4512 2.636.  4.809  L.556 ' 2.626
130 5.110  4.843  2.824 5.052 4.910 2.816 4978  4.947 2.801 .
140 - 5.246 5.227  2.992 5.191 5.290 2.980  5.120 5.322  2.961
150 5.360  5.593  3.146 5.309 5.652 3.132  5.243 © . 5.679  3.109 - -

160

[ 3

3.271

6.021

3246
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- TABLE II (continued) |

170 -

5.543

‘190 5.680

- 200 50737
210 5.788

220  5:834

230 5.878

2,40 5.919

250 5.960
260 6.002

270 6.052

280 6.1066

290 6.153

300 6.191

350 7 6.327

273.15 6.069

298.15 6.184

6.276

6.595
'6.900
7.193
7:474

7o Thk
8.005

- 8.256

8. 498

8.733
' 8.960

9.181
9.396

90606'

10.571
9.030

9.567

3.,18
3.538

3.649

3.752

3.848
3.937

4.020
4+ 099
b.172

- o 242

4.308
L.371

he W32

ke 450

he 783

h.328

5479

5.498
5575
5.643

- 5.703
- 5.755

5.802
5.846
5.888
5.928
5.966

6,002
6.036
6.067
6.096

6.223

6.013

6.091

6.329
6. 645
6. 949
7.240
7.519

7.788

8.047

8.297
8.538
8.771

8.997
9.216
9. 428
9.634
10.584

9.066
9.597

3. 400
3.518
1 3.628
3.731
3.826

3.915
3.998
k4076
4o 149
L.218

4 283
he345
ko 4OL
Le 460
k- 703

4-303
e 450

5.436
54514
5. 584

5.646
- 5.701

5.752

5.801

5.846

5.886

5.924

5.959
5.992
6.024
6.054
6.183

5.970

6.348 -

6. 660

| 6.960
74525 .

 7.791
8.048
8.296

8.535

8.767

8.991
9.208
9. 420
9.624

10.567

9.060

9.586

30372

3. 489

3.597.
3.698
3.792

3.880

3.963

Lo 040
4.113
4. 182

be 247

4309
k.368

hebh23
e 666

Le267

bodl3

c-Iaa.
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" FIGURE 2

DEPENDENCE OF HEAT CAPACITY ON TEMPERATURE AT LOW TEMPERATURE
215 (28



-23-'

Plots of log Co against log T and plots of CP/T against T2 (Fig. 2)
show that all*fhree»compositions had reached a T3 dependency at the lowest
temperatures méasufed, and the latter plots give no indication of a linear
term in T (such as might'be due to an electronic contribution). Theée
results are particularly interesting in the case 6f Ni’Iﬂe2 because of the
widgspread investigations, both experimgntal and theore;icalyéoffthe;
heat capacity of layered 1a££ices at low temperatures. |

The present data also permit an experimental test qf theASO-called
Kopp~-Neumann rule which say§ that ﬁhe heat capacity of an.alléy is an
additive function of the heat capaci;ies of the elements éf which it is
compqéeda There ié; in fact, littlé theoretic#l justifiéétion for chgs
hrules although it has often been used in pracFical,metgllurgy in the
absencg of any better methbd of estimating certhin‘théﬁﬁodynamic qﬁane'}
ties (for exgmple9 if ﬁhe heat of formation of an‘alloy-is known at
‘aﬁgitem?erature and wanted at some oﬁher temperature, one often estiw

mates th;t it is the same). 'in the light ofldur'modgrn understanding
of crystéls9 their,hea; capaé%ty ié no£ a f;nction of the individual
at;:Sms9 but of the. crystal as a whole, ﬁarticularly at low temperatures.
From the viewpoint .of Debye theory, -there is no reason to expect the |
characteristic temperature of an alley to b§.the appropriate weighted
average of the characteristic temperatures of its constituents. \

The heat capacity of NiTe was comﬁuted by‘meéns of the Kopp-

1.5
Neumann rule by adding O.4 times the atomic heat capacity of nickel

to 0.6 times the atomic heat capacity of tellurium, and this was com-

pared with the experimental values of the heat capacity of NiTe1 5°

14,15

The heat capacity of tellurium was taken from the older data

The heat capacity of nickel was corrected for the electronic

215 029
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contribution, other corrections73 being negligible. The results,
shown in Fig. 3a, show appreciable deviations, especially at low
temperatures; at higher temperatures all of the substances inv&lved
show approximately the'same (i.e. Dulong and Petit) value. The dé-
viations are not surprising, espeéially when it is cbnsidered that
the crystal structure of the NiT31;S ié quite differenﬁ from that of
the elements.

On the other-h.and9 the heat capacity (and other thermodynamic
Afunctions) are indeed additive functions if one considers the con-
stituents to be nickel tellurides of the same phase. Thus, the heat

capacity of NiTe can be computéd by adding 0.4667 times the heat

1.5
capacity of NiTe; ; to 0.5333 times the heat capacity of NiTe, o3

and the deviations of these values from the experimental heat capa-
‘cities, as shown in Fig. 3b, are comparatively small (the anomalous

increase in the heat capacity of NiTe above room temperature has

1.1
been omitted for this comparison).

Debye characteristic températures are presented as a function
of te&@efature for the three experimental compositions in Fig. k.
‘The Debye € for each of the three compositions becomes negative (i.e.,
the heat capacity exceeds the Dulong and Petit limit) above the ice

i)

point, presumably because of electronic contributions. The electrical

-1
1 cm ¢ inter-

condﬁctivity66 at room temperature is about 10,000 ohm”
mediate between that of gypical semiconductgrs and typical conductors.ﬁ
This fact and the general metallic natures of these substances have
been noted3tto give "an alleyic character" to these compositions. The

only available heat of formation data56 is on the stoichiometric com=

pound NiTe; its heat of formation (-9 kcal/mole) is higher than that of

213 031
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typical'alloy‘s° However, free energy data (Section 3) faem tp in-
dicate that the heat of formation of telluriumerich comppsitions is

smaller. - oy

2.B. HIGH TEMPERATURE
2.B.1 Niﬁkel' |

Because of the interest in the magnetic transition in nickel,
as well as for othér reasoéés the high-temperature gpecific heat of
nickel has been measured many times, including twe recent and appar-

21,76

ently very accurate series of adiabatic measurements

2.B.2. Tellurium

The high-temperature sPecific heat of tellurium has been measured
twice, both times by drep calorimetry and to temperatures only slightly
above the melting peint. The first serie$22 is highly susﬁect because
it indicates a transition at 350°C which has been proven (in this re-
search and, less conclusively, elsewhere) not to exist. The second
series23 giveé enly a few points. It appears that the specific heat
will have teo be rum at temperatures above the melting point (450°C) in
any casge; that a check on the latent heat of fusion is highly desirable;
and that the spécific heat frem room temperature to ‘the melting point"
should probably be checked. 1In the liquid region a correction will
have to be made for heat-of,vaﬁorizationg but the molal heat of vapori-
zation and vapor pfessures are known with ample accuracy. for this pur-

pose.

2.B.3. Nickel Tellurides

Since one of theAprincipal reasons for measuring the specific heat

was to investigate the presence of disorder phencomena at the various

215 033




temperatures, conventional drop calofimetry is out of the question. J
The ﬁeasurement of specific heats of these substances at high tempera-
tures by adiabatic methods involves considerable difficulties. The
construction of an adiabatic calorimeter for temperatures up to 700°

or 800°C is-a.project of enormous difficulty, and only two or three

good ones exist in this country.

An idea, believed to be original, was considered for a type of
unconventional drop calorimetry. Instead of dropping the sample into
a mixture of ice and water and determining the amount of ice'ﬁelted,
the sample'could‘be dropped inte a mixture of,.;ay, liqéid and solid
‘aluminum and the amoﬁnt of aluminum frozen (or melted if the original
sample temperature were above 660°¢) could be determined. There
appear to be no objectioné to this method on the grounds of lack of
equilibrium, but it was the unanimous opinion of experimental thermo-
dynamicists who were consulted that such an apparatus would present
forbiddingly difficult experimental problems.

Permission was therefore tentatively obtained to make the specific
heat measurements on one of the best ﬁigh-temperature adiabatic calori-
meters in existence, namely ﬁhaﬁ constructed by Prof. E.E. Stansbury of
the University of Tenneésee7 . Howeﬁer, the nature of the nickel tellu-
rides made this impossible. This calorimeter is 6f such a nature that
the sample must have a maximum outside diameter of oné inch, with a re-
entrant well to carry the heater. Fof the nonvolatile metals with which
Stansbury hés worked, this sm§11 sample size is feasible, but the nickel
tellurides are volatile and ﬁhe tellurium vapor given off.ié.highly cor-
rosive. The samples would therefore have to ge kepﬁ in a vessel of

vitreous silica, but because of the low thermal conductivity of this



w D9

material it would be necessary to enclese the silica vessel in a metal
vessel which would have a uniform exterior Eemperature which ceuld be
kept the same as that of the adiabatic shield. This would result in a
minuscule space for éhe sample, so that the heat capacity of the cen-~
tainer would be excessive comfared to the heat capacity of the‘sample°
Furthermore, the temperature lags getting through the metal centainer,
the intervening space, the silica container, the intervening space,
and the sample, would éroﬁably Be excessivg, .The spaces could be
filled with helium, butnlittlé can be done abdut the teméergture lags
across the'silicé° ‘The corrosiveness of tellurium is such that the

nickel tellurides probably cannot be contained in any material of

higher conductivity than silica, although graphite might be possible. “

Thus the high-temperature heat capacities remain undetermined, and

constitute a major block in the determination of.zero-point entropies.
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IiI. VAPOR PRESSURES

Of. the many methods available for the measurement of vapor pres- '

182, 19a

sure , few are capable of being applied with accuracy at high

) . ¥ . i . .
temperaturéss; Dynamic methods in' general are indirect, and therefore

subject to systematic errors; it is worthy of fidte that the first two

24, 25

measurements of the vapor pressure of tellurium were by dynamic

methoeds, 'and while each was self-consistent (the log p vs 1/T plots:
were sﬁréigﬁt_and the scdtter around them small), both have been

'proved (by this research ‘and elsewherezb” 72

as well as By intercompari-
sQn) to have largé systematic errors. Dynamic methods are also Aiffiw
cuit to apply to muiticomponent substances (gﬁch as the nickel tellu-
rides) where the pressure changes as the material is progressively
vaporized. Effusion methods have been used'with considerable accu=
racy, but are limited to pressures lower than about 0.1 mm, which

would restrict their use in the nickel tellurides to compositions’
richet in nickel than about NiTe; 4 6r.NiTel.h. Static methods, on

the' other hand, are subject to errors f;oﬁ minute amounts of im-

purities, particularly those which are volatile and insoluble in the

sample. 1In both cases, there are other ''difficulties and sources of

)

error which increase exponentially with the temperatnre"lgbu

* The terms 'dynamic'" and 'static' as applied to methods of measuring

vapor pressure refer to the type of equilibrium between vapor and

. condensed phase. Thus, effusion and transport methods are dynamic,
while the method employed in this research is static. The boiling~
point method is often called dynamic because the criterion of equi~

“ librium is evident ebullition at a known temperature under known
pressure of inert gas. However, the author prefers to consider this
method static, reserving the term dynamic for those methods in which
there is continuous removal of volatilized material from the con-
densed sample.

< 30 -
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The method chosen for this research is a static method whose gen-

eral outlines are indicated in Fig. 5. The sample (S) is placed in a

glass tube which connects to a glass bourden gage (G). When the sample
is heated, its vapor exerts pressure in the gage, and tends to force
the éointef (P) to the right. An inert gas is then admitted through
the valving system (V) until ﬁhe pointer is returned to its original

position, and the. pressure of this inert gas is measured on a mano-

meter (M). The sample-containing tube is inserted in a large metal

block (B) whose temperature is measured and assumgd to be the same as
that of the_sample. The entire apparatus is insefted,in a furnace,
indicated én the figuré by the dotted lines.

This ﬁethod was chosen because it had been previously used,
apparently'with'good.accuracy, to determine the vapor pressure of
téllurium,* and because it was beliéved that the precision éould
be improved. This did, in fact, turn out to be the case; the pres-
sure measurements afe self-consistent,:and believed éccurate, with}

a probable error of 0.1 mm. At the highest temperatures, temperature
errors are more significant than pressure errors; these amount to
about 0.1 to 0.2° on a relaﬁivevbasis, and perhaps 0.3° on an ab-
solute basis.

Vapor pressure méasurements were made on nickél tellurides of
Qompositiens NiTel°59 Ff?ﬁ1.7> NiTel,g’ apd.NiTeg'og and on a m?xture
of 90 atémic pefceﬁf tellufium and 10 atomic percent nickel (referfed
to hérein#ftér asANiTeg), up to 780°C, and on pure tellurium up to
855°C.

* Previous investigations of the vapor pressure of tellurium are
summarized in Appendix 2. ~
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3.A. The Furnace

The design temperatufé of the furnace was 750°C, but it soon became
apparent that.the da;a at highér-;emperatureé would be of considerable
interest. In most of the experiments, outgassing was done at abou£'800°,
and thé measurements were taken up to 780°, with the gage kept about 20°
hotter than the sample. At the conclusion of the experimental work, an
attempt was made to take data on the vapor pressure of tellurium up to

t

the maximum temperature attainable. The experimént was actually termin-
ated at a sample temperature of 855°C (withithe gage at 880°C), due to a
fortuitoﬁs circumstance. It is beliéved.that the furnace would have
failed at a temperature oﬁly slightly higher than this.

The furnace consists of a black-iron can, 15" i.d., 41" high,
placed on a four-legged iron stand.with édjustable 1égs for leveling.
Resting on the center of the bottom of the can is a 5" layer of Silo-
cel brick, on top of which is a vertical Alunduﬁ tube 14" long (the
lower furnace); on top of this is anothér Alundum tube 17" long (the
‘'upper furnace). Silocel is a trade-mark name of the Johns-Manville
Co., for diatomaceous earth (almost pure silica, of organic origin);
Aiundum is a trade-mark name of the Norton Co. for aluﬁinum oxide
‘with a silicate binder. The Alundum tubes were of 3" i.d., and pre- -
grooved by the manﬁfacturer with a pitch of .1731". The pregrooving

permitted winding with absolute uniformity, which makes the attaln-

ment of isothermality in the furnace considerably easier. The tubes

’

were unfortunately neither prefectly round nor perfectly straight.
The tubes were wound with li gage Chromel A wire (Chromel is a-
trade~mark name of the Hoskins Co; A 13_80% nickél, 20% chromium);

the ends were brought out through the furnace through porcelain
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insulétors and attached to 12-gage copper wires; the copper wires
were also brought in in parallel and attached to the resistor wires
close to the Alundum cores. The measured tgsistances;ofathg wind-
ings were 14 ohms for the upper furnace and 12 ohms for the lower
furnace at 600°C (the resistance of. Chromel A wire changes-very
little with tempefature). 68 volts on the-lower furnace and 79 volts
on the‘ﬁpper9 for a total input of about 900 watts, maintained the
lower furnace at 855° and the upper at 880°.. The furnaces were élmost
never operated at more than 80 volts on the lower and 90 volts on the
upper, which is less than 7 amperes in each winding and a total inpuf
of just over 1100 watts, although they would probably have withstood
a great deal more, especially for short periods. Power was supplied
to each furnace from a Variac connected directly to the 110V supply.

Because of the excellent insulation, cooling of the furnaces,

. and particulérly of the lower furnace with its large heat capacity,

was very slow. To cool from operating temperature to 420° (the

temperature at which null readings were. made--see Sec. 3.E.3.) took

'about>séven hpurs. If the furnace were to be rebuilt. it would be

desirable to include some method.for rapid cooling.

The.two furnaces were separately wound and powered, but aﬂut;ed.
in such a,way:that there was no appreciable, gap:between the windings
(which would lead to a cold spot); it was not felt necessary to
éupply a thiré'winding26 to cover this region. . Each.furnace, after ‘
winding, was cove;ed with.aithin=1ayer”of'Adundum‘high-temperature
cement which acted ag an electricalsinsuldtor’and also.protected the
windings_(from;reducing‘gases),‘:The two- furnaces were then cemented

together and to.the Silocel brick and fastened firmly.inlplace with

L
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lk-gage Chromel wire. The annular space between'tge cemented cores and
the iron can (about 5-1/2") was filled with Santocel (Santocel is a
trade-mark na&e of the Monéanto Co., for a finely divided silica aerogel).
The gel structure.of Santocel is supposed to break down between 750‘ and
850°C, and it was anticipated that this might set an upper_limit oﬁlthe
temperature of the furnace. In fact, no such effect was noted. However,
if the furnace were to be rebuilﬁ for highér-temperature operation, it
would bé desirable to wrép the cores with a layer of some more refractory
material.

Within the lower furnace was an isotherm§1 block, described in
Sec. 3.B., containing. two ?latinum vs. platinum-rhodium thermocouples,
described in Sec. 3.C.1l. Each furnace was also equiéped with a.Chromel--
Alumel thermocouple.imbedded in the cement. Thesg'thermocoupﬁes were
made Qf_18;gége wire-;unusual}y thick--since they could notfbe replaced
if they burned out aftéf F@e‘furnace wés éssempled. They did in fact
~burn out, but it turned oﬁt ﬁhét they wére not necessary for thefoééra-
tion of the apparatus., An additional:Chromel-Alumgl therﬁocouple was
suspended in the air inside the upper fufnace,'about half way ﬁp; this
-also burned out, and was replaced by a plétinum vs. platinum-rhodium
thermocouple. |

A horizontal élundum tube, 34hf o.d}, passed through the can and
the upper part of tﬁe upper furnadé to provide a vigw of tﬁe pointers
inside‘the furnaée during operation. A piece‘of Py;ex glass was cémen-
ted in the'middle of this tube to act as a'convection barrier. This
tube was ;néefted before the fﬁrnace was wound, sinée the windiﬁgs had
to be'spaced around it, After the furnace had been in oferation for

some time another Alundum tube was inserted, at the same height but 90°
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away, in order to permit light to be. thrown .on the peinters. :This tube:
was 1/2" o0.d., and also had a Pyrex barrier: The wiring gap necegsis .
tated by these tubes undoubtedlyacneatedja~cold spot in 'the upper fur-
nace which, however, did not harm the operation. At the maximum tempera-
ture of the furnace, these glass windows were probably near their soften=
ing point; they should have been made of Vycor.:

After the glass. apparatus was inserted into the furnace, it was
necessary to cover the open top of: the upper furnace to keep out the
Santecel (which flowed almost like a fluid). It was coVered with a
sheet of asbestos or a piece of Silocel brick, and then the iron can
was filled to'the top with Santocel and covered with a sheet of trans-
ite. Before removing the glass apparatus from the furnace, the top

severgl inches of Santocel had te be sheveled out each time:

V.

3.B. THE ISOTHERMAL BLOCK

It is necessary that the temperature cf the sample be accuratel}ﬁ
knowng uniformD and constant during a measurement. ~The maximum dp/dT
observed in any of these expettments was'about 2 mm Hg/°C (for tellu-
rium at 855 C) and so the extors'ln temperature ueasurement exceeded .
in some cases the exrrors of-ptessure ueasurement and tt was vxtal to
keep them as‘small as possible. 0f the three requirements 1lsted'
that of know1ng the temperature 1s‘the mest dlfflcult; and makes 1t
unnecessary to.have the temperature unitotu within much less than 0,1°
or constant w1th1n much less than 0. 02‘ per mlnute (ancé successlve

measurements could be mades at constant temperature9 w1th1n five min-

utes or less)o
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To achieve such uniformity and cénstancy of temperature, it is
-common to use a large metal block, the high heat capacity of the block
making rapid temperature changes unlikely while the high thermal con-
ductivity ensures uniformity of temperature. Three points about such
a block appear not to have been generally noted, First, .since the
block is circular in section and surrounded by a helical winding,
difficulties in attaining temperature homogeneit} will be entirely
- axial, radial uniformity being aésured. Second, uﬁiformity of en-
vironment of the metal block is of considerable importance. And third,
since the heat conduction phenomenén is dynamic rather than static,
thermal diffusivity rather than thermal conductivity is the pertinént
parameter. Because of the last point, silver is the best possible
material for the block; while its the:mélAcondﬁctivity is not §ery
different from that of c;pper, its thermal diffgsivity is 50% gréafer,
‘(Cépper is also ‘undesirable because of its tendency to oxidize). Be-
éause of.the second point, it is not'necéssary to use a large block of -
éilver, but_is befter to u§e a small block, surrounded by a larger
block of some other metal. Aluminum bronze has been recommended27 for
is;tpermal blocks, and was Qsed for this purpose. Although its thermal
diffusivity is only abouty20% that of copper, this is sufficient for
this ehvironmental purpose. Because of the first point, tﬁe silver
block should be in gbod tﬁermal conﬁact ﬁith its environment radially,
bﬁﬁ well insulated axiaily.

The constrﬁcéion of the isothermal block is indicated in Fig;.6.
The central block was made of pure silver; the outer block waé made of
centrifugally céét'aluminum bronze (85.T% Cu, 10;7% Al, 3.6% Fe) and
was 2v9l o.d. (the largest size which woulé fit in the nominally 3"

alundum furnace tube). The 0"l annular space between the silver and
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bronze was filled with Alundum cement, to keep the two metals from
diffusing into one another, or melting together, at high temﬁerature.
A plug of aluminum bronze one inch thick was shrunk-fit iﬁto the |
bottom of the bronée cylinder so that the bronze was essentially a
single piece. On top of this plug was a layer of Silocel on which

the silver rested. The entire assembly rested on a layer of Silecel
1"-5/16 thick, which was inside the bottom of the bottém furnace. The
top should have beeﬁ finished off in the same way, as indicated by tﬁe
dotted lines in Fig. 6, with layers'of.Silocel, brenze, and Silocéi;
but‘these spaces were instead filled merely with two thin sheets qf
"superalloy" which acted as radi#tioh and convections' shields.

Five 1/8" diameter holes were bored thfough all of the bottom
layers of thisiiSOthermal block, and also through the Silocel brick
below and the bo&téﬁ of the can. One of thesé holes was exactly.at
‘the center, and the centers of the other four were 0565 off center and
éymmetrically placed around it. Through two of these,holés wefe passed
platinum vs. platinﬂmwrhodium thermocouples in twémholefporéelain in=
sulators. - The central therqocouple came to withiﬁ,1/2" of the bottom
. of the large hole in the silver block, and the other thermocouple was

1V5 higher; both thermocouples were capable of probing downward.i
Through the other. three holes were passed thin-walled monel tubes filled
with Santoéel which.servgd to stabilize the positions of the variéus
- parts and keep them lined up so that no forces might be created which
would crack théudelicate porcelain insulators.

This isothérmal block fulfilled its function adequately. No
variations in temperature (within 0.1°, the limit of measuremenﬁ)l

. could be detected in the region surrounding the sample space when the
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block wag at consgtant temperature, and the variatipn is believed to
have been much less than 0.1°, the minimum detectable difference.
Furthermore, the heat capacity of the block was so great that if the
voltage was approximately correct the temperature could not change
very fast. This made aﬁtomatic temperature ‘control unnecessary.
| The following thermal rglaxation time figures, theoretically com-
puted, are of some interest: radially from the center of the silver
block te its periphery, less than 1 second; through the OVl Alundum
cement, 3 seconds; through the bronze cylinder, 2 seconds; axially,
'thrdughAthe length of the silver cylinder, one minPte; through the
bronze cylinder, 15 minutes.

While the temperature of the silver block in the neighboerhood
of the sample.is known te be uniform, there is still the possibility
that the tem$eraturé of the sample may be affected from some other
source. In particular, it was necessary when making scme measurements ,
to keep the upper furnace hotter tﬁan the lower. This upper furnace
might conceivably affect the temperature of the sample by radiation
(conduction through the tellurium vapor is too small by orders of
magnitude tec have any effect, and convection was not possible since
the upper furnace was hcfter)o- However, the sample can only 'see”
the upper furnace through the 12-mm i.d. hole in the'glass sample
tube at a distance of 170 um (tpe distance to the upper radiatioﬁ
shield). This correséonds to 1/200 st;radians,or less than 1/1000
of the teotal area éeen. Thus if the upper furnﬁce temperature dif-

' \

fers‘from that of the lower furnace by less than 50°, even aécounting
 for the fourth-power effect in radiation'ahd'ignoriné qépduction from

the silver to the sample, the difference in temperature between the



IS

sample and the silver would be less than 0.1°.
o )
3.C. TEMPERATURE MEASUREMENT

As stated earlier, it took four to five minutes to make and re-
cord‘%g:observation of temperature and pressure.. At least two such
observations were always made sequentially, and agreement in tempera-

ture between them ensured that the isothermal bléack had come to con~-

: N |
‘stant temperature . As indicated in the previous section, it could.

then be assumed that the temperature of the thermecouple was the same
as that of the sample. It is then further necessary te determine ac-
curately the temperature of the thermocouple.

The establishment of an abseolute temperature scale at these

temperatures is difficult; for example, it is indicated in Sec. 4B

that several investigators have made errers of ene te two degrees,

and in one case more than four dégrees9 in"a éimple measurement at
450°C. At the beginning of this researéh it was felf th#t no aceurate
absolute scale was needed; that isg-for application of equation 6)

it was necessary that the two pressures be measured at thé same tempega?

ture within 0.1°; but it would 2 K t7 temperature

RE

D€ adequate st

_within about 1.0°. In fact, there is no reason to believe even to-

day that the international and thermedynamic temperature .scales coin-
cide within better than 0.2 or 0.3° in some parts ef the temperature
region here investigated. However, after the vapor pressure of tellu-

rium was measured it became apparent that these measurements were

*¥ When dp/dT was small, as at lower temperatures or with nickel-rich
mixtures, it was permissible to allow considerable temperature change
between readings; but where dp/dT was high, at least two readings
within 0.1° were always required.

215 (47



- 42 =

better than any in the literatﬁreD and in order to make these measure-
ﬁents valid, it was necessary to correlate the temperatures with the
international temperature scale.

The thermocouple consists of a pair of wires, one of platinum
and the other of an alloy of 90% platinum with 10% rhodium, with both
ends welded together. One end=-~the '"hot junction''--is maintained at
the unknown high temperature while the other’e;d--the}bold junction'~~
is maintained at a known low temperature, and the voltage between
:these ends is measured, without drawing current. This voltage is a
smooth, sfrictly monotone function of the temperature of the hot
junction, with a slope of approximately %EV/OolfC at all temperatures
of interest in this research,'and may thetefore be used unequivocally
to determine the temperature of the hot junction, providing: there
are ne sources of voltage in the system other than the thermoelectric
potential; there are no mechanical or chemical inhomogeneities in
the wires in regions where thefe are thermal inhomogeneities; the
voltage is'defermined with sufficient accuracy; and the relationship
between voltage'and temperature is accurately known at éll temperém
tures. These poinés are now considered in order.

Stray voltages may be picked up by inductiomn, through contact
potential, or by thermal emf's in the platinum=-copper circuits invelved
in the potentiometer and swifches.;_lt is difficult to.avoia sﬁray
voltage pick-up of one microvblt mééﬁitude When'there is ‘a good deal
of‘electriCal equipment about. Moderate caution can minimize thege
effects, but their eliminatidn in thfs research was based primarily
on the method of calibration, which was done under conditions seo nearly
identical Qith ﬁﬁose of the measurements that it could be assumed that

such stray voltages would cancel out.
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3.C.1. The Thermocouples The original thermocouples were made of 15

feet of wire of each composition, of 30 gauge (ovoio diameter). Six
feet were qsed for gach hot junction and three feet for the cold junction
common to both couples. The cold junction after welding was passed
through spaghetti and insertgdvin a glass tube which was filled with
paraffin and inserted in a Dewar flask filled with ice with a little
water. Such an‘arrapgement‘mgintains the cold junction at 0°C with an
error of less than Oooglfﬂﬁoyﬁmany hourso Fresh ice was put on the
cold. junction eyefy mofﬁgng at 1§ast an hour before any precise tem-
pefaturg measurements we;e.madéo.‘ |

-Each pair of wires.fqr;a hot‘iuﬁqtion was passed through a two-
hole po:celain,igsulagogkapoﬁt‘i6f 1@ng. It is ﬁighly'desirable that
there be;no.discontinuifies in;the in;ulator in the regions of high
or inhomogengous Fempera§g:es, vAppropriate insulators which were
exactly straighta‘had;t§qigniform holes, and were of 3/32" o.d., were -
finally procqred,frqg‘th§”McD§ngl Refractory Porcelain Co. The end of
each insulator:wés,firstAcogg;efﬁored with a-dental drill®. The wires
were7thenﬂ§a§3edithrough# forchaﬁeldedo“and pulled_béck so that the
welded joint was recessed .within the counterbored end, which was then
covered with Alundum cement te provide electrical insulation between.
‘the  thermocouple junctien and the metal of the isgthermalrblogk.v-Spa-
ghetti was then passed over the rooﬂ%temperaturé portion of the wires
and <they were soldered to the switch connections. A special Leeds &

Northrup rotary thermocouple switch was used which was warr@nted free

* Literally. None of the tools in the scientific shops could effect
" the necessary machining on the very hard, narrow, and fragile ‘pPorce=
lain, and the work was done by Homer Faust, D.D.S., to whom thanks
* "are hereby expressed.
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from contact potentials. The switch was inside a wooden box which was
presumably at uniform temperatufe, all copper-to-precious-metal con-
nections being made within this box; thermal heterogeneity elsewhere
would presumably be of no.cénsequence, since it cannot create thermal
emf's in homogeneous metal.

Thgough ignorance, these thefmocouple wires were installed as
reéceived from the manufacturer. As a result, they contained sefious
inhomogeneities and the resulting calibrations were very low com-
pared to the standard tables28 (emf about 1% low, or a correction of,
for example, 58 microvolts at the melting point of aluminum (660°C) ).
Furthermore, the emf was not independent>§f the temperature distfim
bution in the furnacgg so that the calibragioﬁ was slightly gifferent
after the furnace had been hot for some hours than when it;waé'firstv
heated. _éoma.of the early measurements wére therefore in doubt by
perhaps several tenths of a degree. |

One of the hot junctions was therefore replaced with a new one
made of 26 gége wires (0V016 diameté:).' These wires were first welded,
then throughly anneaiéd by heating them‘electfically fo; five minutes
to '1200°C, as determined by an optical pyrometer with the appropriate
emigsivity correction77 (about 125°). After annealing, the wires are
extremely soft, and the glightest strain ére;tgs'neﬁ inhomogeneities
which can affect the temperature measurements. To pass them through
the'porcelain and spaghetti insﬁlators without strain, they were butte-
welded to 26 gage manganin Qires and pulled through. Calibration pro-
cedures showed this thermocouple to have corrections about one third
that of the others (e,g.g 19 microvolts at the meltipg point of alumi-

num). Since the wires are warranted to have corrections no greater

N



than 8 microvolts at 960°C, it must be presumed that some strains
were inadvertently introduced after the annealing p;'ocedure° ,It
would probébly have been better to use somewhat héavier‘wireé, ﬁut
this would'have involved greater expense, and also a larger diameter
insulator, and hence a larger hole in the isothermal block, which
might have interfered with its'isothermality;'

Depth of immersion of a therﬁocoﬁple is often critical, since
heat conduction along the wires may alter the temperature éf the
junction. The cold junction was immersed about six iﬁches in an
environment censtant within 0.1°, and beyond that the ambient tem-
perature deviated by only about 30°. The hot junction was immersed
more than six inches in the isothermal bleck, and any deviations(due

to insufficiency of this depth should presumably be taken care of by

the calibration precedure.

3.C.2. Voltage Measurement Voltage was measured with a Rubicon
portable potentiometer. The guarantee on this potentiémeter was ¥ 5
microvolts plus 0.1% of the reading, which amounts to almest exacély
1.0° at temperatures from 550° to 850°C. The potentiomeéer is actu-
ally more precise than this.. .It was checked periodically by feading
voltages on both ends of}the slide wire (e.g. 6.@73 mv can bé read
as 6 ﬁv on the dial and O°073,mv on the slide wire or 5 mv on ﬁhe
dial and 1.073 mv on the slide wire) and never-dgviated by‘more than
one microvolt. It was checked once against an éuto-and absolutely-
calibrated White potentiometer (known to be accurate to 0.1 micrd}
volts) and found to be in error-by'E microvolts at 780° and 2 midro-
volts at 420°. Absolute deviatioﬁs of this magnitude areléuice negli-

gible considering the method oflcalibration used; the only quegtion is
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one of consistency in the readings. A test of this consistency is
given by the frequent calibrations of £he thermocouples, described
below. These did show some inconsistencies, but it is not known
whethef these are due to the potentiometer of to some other cause.
It is concluded that the-potentioﬁeter is probably not the principal
source of error in the temperature-measuring system, but that it

would have been desirable to have a more precise instrument.

BQC.3. Calibratioé' The usunal procedure in calibrating thermocouples
is to remove them from the. furnace and insert them in another furnace
with éomé comparison standard. Often9 for "gccuragé" calibrations,
they'are removed from their connections and shfbped to another labora-
tory for comparisoﬁ,&ith a standard. 'In the opinion of the author,
such éalibration procedures are exgéedingly dangerous and introduce
many possible sources.of systematic error.

In the present research the thermocouples were repeatedly cali-
brated ig'giggb using the same connections,-poten_tiometero etc., under
conditions identical to those in the actual measurement. A standard
sample of known melting point was melted and frozen in a crucible T"
long and 0Y600 o.d., in the sample space in the silver block. A
platinum vs..platinummrhodium reference thermocouple in a tﬁOQhoie
pofcelain insuiator3 0v'2 diameter and 36'" long, was placed in a suit-
able prétection'sheath inside the metal, and the halt was observed on
this thermocouple.. This thermocouple also was recéssed inte a counter-
bored hole in the insulator and covered with Alundum cement to insulate
it,electrically.ffom the sheath. The furnace was then stablized at a
temperature 2° away from the melting point and the reference.thermo- -

’

couple and thermocouples being.calibrated were both read. Since the
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variation of emf with temperature of the thermocouples could be assumed
identical over this. shert temperature range, and since the mélting'l
point of the standard sample was now known in terms of the voltage of
the reference thermocpupie; this yields the melting point. of the stan-
dard sample in terms of the thermocouple being calibrated. As a check;
the ‘furnace was7alwayé_stablized and readings taken both 2° above and 2°
below the me}ting point. |

After some abortive attempts with vitreous silica the cfucibles
‘;nd protection sheéths were made of graphite. They were machined out
of Acheson spectroscopic rod% which is of exceedingly high purity, with:
the walls made as thin as péssible (crucible wall ﬁhickness 0v089,
sheath wall thickness 0.053) consistent with strength Fequirem.ents°
The melting point s;mple was machined (gll machiningvon melting point
samples was done wifhout lubrication) to an annular cylinder 2" high
" of such ;hicknessI(QUOh9) ag to fill the remaining available space.

The entire crucible was then filled with graphite powder (the machinings
from making the crucibles were saved) to protéct the sample of metal
from oxidation and incidentally to.;upply thermal conductivity between
the porcelain and graphite. .

Standard metals for calibrating thermocouples-in the range of in-
terest are_zinc9 aluminum, aﬁd silver. Samples of zinc (sample #43e,
freeéiné péint 419.50°). and aluminuﬁ%(sample dated 2-18-43;, freezing"
point 660.15°) were obtained for this purpose from the Ndtional Bureau
of Standards. Unfortunately silver could not be used, since the cénter
of the isothermal bloqk ig itself made of silver, and the bronzé around
it would have melted at even a lower temperature. A suitable substance

was finally found for a third calibratioh point in the copper-silver
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eutectic (71.9% Ag. 28.1% Cu by weight), which melt;s at 779.2°C on the. .I
international temperature scale of 19&7. Since this ﬁaterial could not
be procured, ié was synthesized .as follows. A‘3" cylinder, of 0O%S i.d.,
and 0Y6 o0.d., was machined out of spectroscopic graphite rod, and placed
in a Vycor crucible in which it fitted snugly, and which was fitted with
a snug Vycor cover with a large handle. OFHC copper was machined to a
cylinder 0Y5 diameter and OY6 long; high-purity silver was machined to

a cylinder of QU5 diameter and length 1V291, which gave the proper weight
(actually a small error in composition wéuld have made no difference,
sirice the phase diagram of Ag/Cu is very simple, containing only a
single eutectic with liquidus lines of moderate slope). The copper,
which is less dense, was placed -on the bottom of the crucible and the
silver on top of it, all remaining spaces filled with graphite powder,
and the cover put in place. It was placed in a furnace which was

raised to 1050°C. This is slightly-bélow the melting point of copper,
but apparently ample’to melt the mi#fure, and it was feared that a
higher temperature might soften the Vycor. After 30 minutes at 1050°
the crucible was removed from the furnace, opeﬁed, and stirred with a
tﬁin graphite rod (held in a long monél tube) which had been preheated
in a'hydrOgen flame. Because of the rapid cooling this operation had to
be performed vefy quickly, and took four hands (i.e., two men). After

a few secoﬁgs freezing commenced, and the crucible was quiékly returned
to the furnace before it could be completed, since remelting would.be.
expected to crack-the gréphite crucible. Aftef another 30 minutes at
.1050° the stirring was repeated and the sample then allowed to cool.
When colds«the-AgECu.alloy aiipped out of the graphite crucible. When

it was machined to the appropriate annular cylinder, the machinings
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appeared perfectly uniform in color, as did the bulk materialy which
indicated that ‘there were no gross inhomogeneities. Since the -annular
cylinder was a vertical cross-section of the material, and inhomogene-
itiee if present:ﬁere probably vertical, the final sample was thug prob-
ably=ob‘thendesired composition. This conclusion was supported.by the
sharpness of the>freezing point observed.

No difficulties were encountered in calibrations at the zinc point.
A single graphite crucible survived nine calibrations, in each -of which
the temperature was about 420° for one to two hours, without any pro-
tection from atmospheric oxidation. At the aluminum point, however,
the crncible was only éood for about three calibrations, despite a
protective atmosphere of carbon dioxide (nitrogen seemed inadvisable ;-
because of the possible formation of AIN). At 779° the crucible top
was completely hnrned through at the end of one calibration desnite
a blanhetuof nitrogen, and the crucible had to be recovered from the
bottom of the furnace with a long-handled forceps of the type used in
handlingbradioactive materials. No supercooling of the zinc or eutecﬁic
occurred, but with aluminum; if the sample were cooled through the
freezing point at 0.3° to 0.4° per minute, it elways supercooled three
to five degrees, which'gare a rounded halt rather than a flet one.
Th}s.was finaliy obviated by cooling the furnace down to two degrees
below'thelmelting point and then holding it there‘until freezing
commenced. With the eutectic there was a problem of segregation; as
" the- freezing commences, the s11ver crystals tend to settle to the
bottom. This can be obv1ated by stirring. -The melting point observed
on the eutectic was not very sharp, but the freezing point varied by

only 0 1° over fifteen minutes.
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-The consistency of the calibrations was unsatisfactory. With the
e;r}y.(unaﬁnealed) thermocouple, there were variations of 0.5°, and
even with the final thermocouple there were inconsistenéies of 0.2
to 0.4° not only between successive calibrations, but between the
supposedly equivalent readings taken two degrees above and two de-
grees below the melting point. Fortunately, the calibrations devi-
ated froﬁ'the standard tables284by approximately the same fraction
(1/300) at each of the three fixed points, so that a linear inter-
ﬁolatién and use of the tables could be effected with confidence.
It is-hoped that by taking average values, the temperature error re-~
sulting is not greater thanm 0.2°, but it seems possible that it is as
large as 0.4° on an absolute basis, at the highest temperatures. 'The.
smoothness of the vapor pressure data obtained, and its reproducibility,
are good guarantees that the random errors in temperature measurement
are less than 0.2°, and perhaps less than 0.1°. However, errors in
temperature measurément afe certaiﬁly the principal sources of error
at high pressure in the present measurements, It is believed that by
use of;a'better potentiometer and heavier thermocouple wires, and by
greater care_in'preparing and calibrating the thermocouples, these
errors. could be reduced to a maximum of 0.1° without any basic change

in the techniques here described.

3.D. " PRESSURE MEASUREMENT

A glass tube connected the gage to a conventional mercury mano-
meter. This consisted of three limbs,. each made of 16-mm Py?é# tubing
and approximately 90 cm high. The central limb was évacuated, and the
two outer limbs Were:conhéc;éd to the system. Since thg mercury never.

moved down in the central limb, its lower portion was made of capilléry
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tubing, thch conserved mercury, lightened the manomeﬁer; and ected

as a brake on the motion of the mercury in case something broke while

the system was under vacuum. Tge use of two independent limbs exposed
to the system gave two advantages: it left one good meniscus in case

one of the tubes became contaminated; amnd it elimiﬁated any questions

of lack of plumbness (whether or not the manometer limbs are plumb is

of secondary importanee;ethe use of two outer limbs at the saﬁe pres-

sure corrects for improper leveling of the cathetometer).'

After the manometer had been made, it was throughly cleaned with
chremic acid, distilled water, ammonia, distilled water, nitric acid,
and -distilled water. ’It was then placed in a large wooden box closed
in front with a sheet ‘of methyl methacrylate plastic and sealed to the.
system. It was dried by evacuation, ane fairly pure mercury was dis-
tilled into it in vacuum: Despite these preceutions,'the menisgcus
shape and height were not alwayS‘constant,-and for a while readings
were made of the top and bottom of the meniscus, and corrections®’
applied for meniscus height. Later it was discovered that if the mano=:
meter were tapped er shaken (the glassAconnections were sufficienely
well annealed to make this possible); the meniscus would come to a
shape which was_sufficiently uniforﬁ,‘et least within;any one limb,
to make the meniscus coerrections vary by less tﬁgn 0.02 mm~-a negli-
gible amount. Since a nu;l correcfiop; determiﬁed 95 the same mano;
meter, was subtracted fIQP every reading (Sec. 3.E.3.), coneistent
differences in meniscus,heighf;between limbs did not cause errors. B

A meter stick pleced behind ‘the manometer was used only to

facilitatefgross preSSure adjustment's. Height of the ‘mercury columms

I

was read by means of a cathetometer calibrated against a standard
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meter bar. Height of the .telescope was read, after adjustment of the
hairline to the top of the meniscﬁs,.with a small magnifying glass;
readings te the millimeter were direct, and with a vernier ‘to 0,05 mm;
To obtain a sharp image of the meniscus in the ‘telescope, a brass plate
was mounted directly behind the manometer, on which was fixed a piece of
black velvet. The lower half of this velvet was covered with a white
card. - This plate was raised and lowere& from outside of the.manométer
box by ﬁeans of a string. It was found that the reading was dependent
on the height of thé,plate9 and so a black line was drawn across the.
card 1 mm below the velvet, and the plate was always adjusted so that
the. apparent top of the meniscus was between the black line and the
top .of the card.

- At the top and bottom of the manometer box were mounted two test
tubes made of l6-mm Pyrex which contained mercury, inside each of which
was a thermometer. It could safely be assumed that the temperature of
these thermometers was the same as that of the mercury in the manometer,
since they never differed between themsélves by moge than 1°. These
thermometers were read and recorded after every group of pressure
measurements at a single sample temperature, and the readings were then
converted to those which would be obtained from mefcury at 0°C. This
lcorrection was quite appreéiable; at the highest pressure measﬁred
(206 mm at 27°C), it amounted to 1.0l mm: - C : ~

Gravity in gqutheastern Michigan is suff%ciently close té standard
grav;ty that no correction for thigudeviation was necessary,

.The central limb of the manometer was connected through ; stopcock
to a high-vacuum system and pumped. down whenever necessary. At the starﬁ .

of each day when measurements were taken, this central limb was tested”
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with a Tesla.coil'to‘ascertain that it did not create any discharge
visiblé in a brightly lighted room. This criterion ensuredlthatvthe
pressure in the central limb was always lower than about 0.01 mm.
Reading of the ﬁeight of a single column of mercury on the ﬁano-
meter was a highly subjective operation, but since differences only
were invelved, it was only necessary to make sure that the criterion
for setting the hairline was constant, and to make sure that the hair-
line h;d been moved by an unknown. amount since the last reading. The
corresponding qperatiﬁn in reading the vernier was more difficult,
since it was impossible ts forget the lasﬁ reading. For this reason,
although interpolation on the vernier to 0.025 mm was possiblé, read-
ings were usually taken ohly to the nearest 0.05 mm. It is believed
that the Qver-all,aécuracy inAfeading pressurg4(i;§., column height
difference) on the manometer w;s better than 0.1 mﬁ,'and perhaps as
good as 0.05 mm. All pressure computations were carried to the near-

est 0.01 mm.

3.E. THE GAGE. AND AUXILIARY GLASS APPARATUS

Because it is difficult to measure accurately the pressure of a
gas wﬁich is at a high temperature, the method chosén in this re-
search involved the use of a null instrument at high temperature £o
equilibrate'the pressures of the tellurium vapor and an inert gas;
the pressure of the inert gas is then measured by conventional mano-
metry, as described above.' The null instrument is a Bour@on gage
made of glass (which shows ne elastic after effect). Because of the
high temperature, only pure (vitreoﬁs) silica or nearly pure (Vycor)
would éer§e as tﬂe gIasé; silica was chosen becausey%here was thé

poséibility that Vycor might have had a greater tendency to anneal at
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high temperature, to react with the tellurium (dxidation-reduEtiou'
reaction), or with the nickel-telluride- (Lewis acid-Lewis base re-
action), or to be porous to the inert gas.

Silica is virtually the only fabricatable' miterial in which'
tellurium cen be conta%ned at high temperatures. Tellurium is one
of the most corrosive substances kmown at these temperatures™, re-
acting vigorously, for example, with all metals. "It could be con-

38

tained in graphite®® or perhaps some of the refractory oxides, but
it is not obvious how a vacuum-tight container could be made of such
materials.,

Silica is by no means inert at high temperatures. ' At about
1300°C, for example; it is reduced by hydrogenlgb; and at much
lower‘temperatures it reacts vigorously with certain metals-;e.g;,
sluminum at its melting poiut.' It must be kept scrupulously clean,
because if it is touched wish a finger and then heated, the grease
from the invisible fingerprint reacts with the silica to produce
glasses wlth apprecieble ooefficients of expansion, causing cracks
which may weaken and destroy the en;ire piece. For this reason the
silica apparatus was always carefully cleaned with organic solvents
before'inserting in ché furnace, with the portion through which the
pointers were seen being given special attention with several solvents.
Silicone grease uas never used and other greases were removed with
care. - In spite of all thls, the 31lica always became cloudy 1n some

spots, including the entire surface whlch was 1n contact with the

v

"?‘i"r" o R

B

* It is of interest to note that the element gold is suff1c1ent1y
inert that it occurs naturally only as the native element, with
the exception of a series of rare ‘minerals all of which consist
of tellurides.
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silver in the isothermal block, whenever it was a high temperature for
long periods;
Such silica bourdon gages have been.frequently used before to

measure vapor pressureleb’lgc.

There are several types, since many
differently shaped hollow objects will tend to change shape if the
differentiai pressure between the inside and the outsidé is changed.
Best known are the‘;gpiral"‘gage, consisting of a hollow helix, and -
the'"sﬁoon" or "sickiéﬁ gage. Brooks26 had measured the vapor pres-
sure of tellurium in both, and reported that the sickle gage was more
satisfactory, andvon that basis the sickle gage was chosen, although
it may be true that the spiral type (which adds the effects of the
change of shape of many turns of the helik) can be made less fragile
for the same sensitivity. |
The construction of such sickle gages has been amply describedl?¢»

26’30,_and,the autho; can add only the following comments. The blow-
ing of a sensitive gagé is very difficult, beyond even the capabilities
of some professional glassblowers.‘ Furthermore, it seems to be more
of an art than a science, and many gages are generally blown beforg
one of adequate sensitivity appears. Rounding off the sharp édges of
;he gaée has the surﬁrising:effect of reducing the tendenéy to.vibrar
tion without reducing the Sensiti;ity, The thickness of a sensitive
and usable gage, as measured on fragmepts ﬁith a machinist's micrometer
calipers, varies between 0Y0014 and 0%70020. |,

, Ihe sénsitivity* of éhé gage is measured by‘the number of milli-
meters of motion of the pointers cggresponding tOrnﬂcbahge_pf:p:essuré
* The term "sensitiﬁiéY"'is used herein aiways in the sense of this

.z8entence, the word fragility being used for the other possible mean-
ing of sensitivity.
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of one millimeter of mercury. The gages used in'most of the present
research had sensitivities of about 0.25, which meant about 0Y001
motion of the pointer for a change of pressure of 0.1 mm Hg. As dis-
cussed in Sec. 3.E.3., this provéd adequate for detecting such pres-
sure changes. Gages have been described in the literature with sensi-
tivities of 1 oi more; some or all of these very senéitive gages em-
ployed fancy mechanical linkages or optical-iéver magnification of

the pointer motion. The author feels that all such devices increase
the possibilities of zero-point drift or other types of error.

The gage and auxiliary glass apparatus are shown in Fig. 7, as
originally used. The 15-mm tube on the bottom fits snugly in the hole
in the isothermal block and contains the samp}e; the small opening
‘near the top of this tube is for inserting th'e:;sample9 and for con-
nection to vacuum. After the -gage is evacuate:i"i9 this tube is sealed
off. The tube at the top projects out of thé furnace and is con-
nec;ed to the manometer. A referehce pointer is supplied for pre-
cise determination of null position.

Sensitivity of the gages was tested beforé they were installed in
this apparatus by means of a water manometer, open to‘ﬁhe atmosPhefe
at one end, and connecﬁed to the gage and to a blowing tube at the
other end. These tests showed that the motion was linear with préSw
sure, atlieast up to 10 mm Hg; some investigatorsg6 have actua11y>used
such gages as deflection instruments, but in this research the gage was

ﬂgggg%gnly as a null indicator@‘:Late in. the researéh it became ‘possible
to check the sensitivity after installation and 4t high temperature,
since the width of the pointers was accurately known, and the prg§sﬁré

required to move one pointer width could be determined. 'Sensitivity was

g15 6%
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entirely independent of tempefature, as determined both in this way
and by the lack of dependence, at least on some' occasions, of the hull
correction on temperature. In the sensitivity tests, the gage was al-
ways tested at 10 mm‘Hg positive and negative. During actual measure-:
ments the gage was never subjected to a differential pressure of more
than 2 or 3 mm, but during installation aﬁd sealing it was-subjecﬁed
to unknown pressures perhaps of the order of 10 of 20 mm. At the con-
clusion of the measurements, the final gpﬁaratus (cpntaining tellurium)
was heated until the gage was -at 850°C and the sample a little below
700%, so that the pressure inside the gage Qas about 23 mm, while the
outside was evacuated. It was left overnight in this strained con-
dition; during the night the sample temperature increased so that tﬁéA'
pressure inside was 3k.mm, and at some time 'in this interval the gage
ruptured. The author would guess that 30 mm was typical of the fragil-
ity of the sensitive silica gageslused,.gnd that at temperagures less
than 900°C, né stréin would result in thegkigéges.under stresses less
than those required to break the gage. ;

Before the silica glass apparatus was constfdctéd,-a Pyrex glass

apparatus was constructed and the vapor pressure of sulfur measured in

it to check out all the techniques. In the course of the entire research,

~ three Pyrex and nine gilica apparatuseé were constructed; each time any-
change in the gage or pointers had to befmade5 the entirgigpparatus had
to be rebuilt (aithough.it was sometimés pos%ible to salvage the expen-
sive 40-mm envelope). On four of thé'écéasions the apparatus had to be
rebuilt to improve it (change in materia}s frém Pyrex to silica; in-
crease in sensitivity; changé to tungsten pointers (Sec. 3.E.3.); and

. B : \
change to rhodium pginters); on one occasion. the reference pointer fell

s ¢6a
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out; on. six occasions the gage was accidently broken; and on the

- twelfth occasion-the gage was purposely brokeh, as described above.
The glassblewing work- involved a mihimum of eight to ten hours, and
.the median delay in waitihg for a'new gage was about a week.

Ot the accidental breakages: two were in attempting to open the
gage (to insert a new sample); one was due to faulty outgassing pto-
cedure; one was due to Hydrogen leaking into the gage and expleding -
while sealing on conheetions; one was due to a failure of inadequately
annealed cennecting Pyrex; and one was from causes still unknown. The
manipulations being now:well understood and practiced many times, it
seems likely that the above causes would not genetate new failures'fre-
quently if the experiments were repeated. Nonetheless, the gages are
fragile, and the authot guesses that in a new aeries of experiments,
even with the present experience, one should anticipate a breakage

about once for every three compositions run.

3.E.1. Outgasaing , 4 , )

The difficult& of outgassing, which was grossly underestimated
at the staft of this research, was one of the principal problems.
Initially outgassing was done under high vaeuum (about 10-6 mm) by
flaming the glass. This provéd inadequate, and as it was assumed the
gas was comlng from the sample, this was heated to 100°C during the
'outgassingo The next step was to heat to 230 during outgassing.
Further heating was thought impossible, since it would dlstlll tellurium
out of the sample. The next,step was to outgas at 800°C, distilling
much of the tellurium out of the sample and then, after’ sealing off,
distilling it bach. After each such"attempt, ‘a complete series of

1
vapor pressure measurements was made. Pressure up to about 2 mm still
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developed in the apparatus, and it seemed that this gas must either
be coming from the sample, or from the silica, or through the silica,
though each seemed impossible.

At the conclusion of one experiment, therefore, the Yevacuated"
apparatus, now cold and with about 1 mm of gas at room temperature,
was placed in front-of a spectroscope, the gas excited by a Tesla
coil, and a fifteen-minute exposure taken on #33 film. The resulting
spectrogram showed a number of lines in the ultraviolet and a few in
the visible violet, and every line was identified as being due to car-
bon mono#ide. A search of the literature then turned up an old paper
which indicated that it was almost impossible to maintain a static vacuum
in hot silica, and guessed that the difficulty was caused by a carbon-
aceous gas introduced into the silica when the silica was worked with an
oxy-acetylene flame.

With this information in hand, the solution to the outgassing pro-
blem was eOmparatively easy. The silica, which had prev1ous1y been fre-
quently worked with oxygen-gas flames, was worked only w1th oxywhydrogen
flames. Furthermore, the outgassing was performed with all of the silica .
in contact with the sample soace at a temperature of 800°C and dnder high
vacuum untll actual measurement showed the silica to be completely out-
gassed. The criterion for outgassing was to clese the stopcock connect-
ing the vacuum pump to the system, and watch the rise in the system pres-
sure as measured by an iohdzation gage. The system was considered out-
gassed if the pressure did not rise above 107> mm in five minutes while

the apparatus was at 780 C Outgassing was berformed at 800°C, and re-

qulred from Eh to h8 hours. The measurements were then taken up to 780°

on all samples except the flnal tellurlum sample, in Wthh there may have
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been a little outgassing during the highest~temperature measurements.

3-E.2. QOperation To perform the outgassing as describéd above; and
make the subsequent measurements, the glass apparatus was built ‘as
shown in Fig. 8. The silica connecting t;ube5 from ball joint (Bl)

to butt joint gJ)g was removed and the apparatus tried in the furnace
to be sure thaﬁ it fit and that the pointers would be visible. It
was then remgve’d9 and the weighed sample inserted through (J). Since
it was found that nifkel tellurides tended to adhere to silica, it
was jintroduced directly to the bottom of the sample space (S) through
a thin-walled polyethylene tube. With the stopcock (St) open, the
connecting tube was put in place, and the joint (J) sealed with a
torch. Since the sealing operation introduced water, it waé desi%-
able to evacuate as soon as possible, and the apparatus was therefore
connected 'through the.ball joint (32) to the low=vacuum line and
slowly evacuated. The resistance of. the 2-mm vacuum stopcock was
approximately t?e same as that of the cohnectiﬁg tube, with its two
constrictions (C; and Cp), but a sudden application of suction wouid
probably haye ruptured theAgage.A After the apparatus was evacuated
and tested for leaks, it was fille& with inert éass disconqected at
(Bo), inserted in the‘furnace9 connected through (B,) to the ion gage
and highwvaéuum system, and pumped down. After a gooed vacuum had been
achieved, all of the glass connections were flamed, except close t§
the greased joints (319332’ and St). The silicgﬁtubing to the,ieft of
(Cp) was heated to the méximum temperature-attainable with ah_airngas
torch for a long periéd of time, since this portion would have to be

heated after: the pump had been disconnected, but would not be outgassed

by being immersed in the furnace. Finally the upper furnace was turned

~
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on and brought up to 800° and then the lower furnace.was héated}to |
800°. As the temperature of the lower furnace was raised, tellurium
distilled up and condensed in the connecting tube where it projected
from the furna;e.' Thié tube'could'be;cobled by an air blast, but
sincé the teilurium appargntly could not gét around the corner, it
was maintained at.a,temperaturé=gs;imaCed at 200° in the hopes that
volatile impurifies, if present, would‘diétilwaround the cornér‘and
out of Ehe system. After about 24 hours the stopcock was closed’
(since the degree of vacuum in the envelope was ﬁot of interest),

the temperature dropped to 780°, and the vacuum tested. If the out-
gassing was adequate, the constriction (Cp) was thotoﬁghiy softened
with an oxy-hydrogen flame to outgas it; then sealed off, taking care
not to subject the silica-to-pyrex graded seal £GS) to'thermal shock.
' The furnace was now cooled down, the apparatus removed from the fur-
nace, and the tellurium distilled down past cohstruction'(cl). This
tellurium had been/refluxing continuously in a small region of the
tubing, and for the final measurement on:pure tellurium, only éhe
lower portion of it was distilled down, siﬁce volatile contaminants,
if any*, would be presumed to be at the top. In the case éf ;he
nickel tellurides, however, if was necessa;y to distil down all of
the tellurium to maintain the stoichiometry. In either case, the
distilling -ﬁas done as quickly and at as low a temperature gs‘poséé
ible, to avoid driving down contaminants less volatile than tel;grium
~and driving gas out of the silica. The constriction was then seavle.,cti

off.

* Throughout most of this research the author was under the mis-
taken belief, supported by several sources, that the vapor pres-
sure of Te0, is higher than that of Te. Recent measurements have
shown that it is considerably lower33. ‘
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The two pieces of the silica connecting tube were now.returned
to the glassblower to ba prepared for the next run, the Ball joint
(Bl) was plugged, and the appératus placed in the furnace and con-
nected to the manometer through ball joint (Bp). Null readings are
‘now taken, first with the entire apparétus at room temperature, then"
with the .upper furnace hot but the sample at room temperature, and
finally with the upper furnace hot and the lower furnace warm (420°C,
at which téijperature tellurium has a vapor pressure of 0.07 mm). These
null corrections are compared with those taken after the run, to deter-
mine whether change in null correction is due to gas or to aging of
the-silica membrane (Sec. 3.E.3.).

The sample must now be heated to a high temperature so that
diffusion of the tellurium back into the center of every crystallite
may take place to equilibrium, and the measurements are then made in
any desired order. Uspélly they were made froﬁ 700° down on the firgt
day, and from 780° down to 700° on the second day, with null regégqgé
being made on the mornings of the first, second, and third days. The
sample was always cooled down until its pressure was abéut 2 nm before

the stopcock was closed for the night. From the time of the first null

]

reading in the morning until this closure at night, a matter usually of

14 or 15 hourss‘thg stopcock waS‘élways open;‘and the gage was under
conginuous serveiliancé‘éo that it was never subjected to appreciable
differentiél;pressure° During-suéh a day pressu#e readings were taken
at 10 to 15 temperaévresg with'tﬁo'tg five readings at a single tempera-

ture (enough to ensure constancy of temperature and agreement between ine

dependent pr@ssurehreadings)f
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When the measurements are completed, the furnace is cooled, thé-
apparatus rembvedb'and a glass tube coﬁnected to ball joint_(Bi) as
shown in Fig. 9. Over the.end of this tube is slipped a rubber tube
(R), the other eﬂd of which is.slipped over the ctackwoff tip (Tj,
thch is also shown in Fig. 8. Ihis tip, which is not as fragile as
those ordinarily used for cracking in vacuo, is scratched immediately
before the rubbef-tube iz siipped over it. The rubber tube has the
thinnest wall which will net collapse when evacuated. (A transparent
plastic tube supported against collapsé by an internal wire helix has
also been suggested). The appafatus is now conmected through (32) to
the low=-vacuum systém and pumped down to 1 mm or less. Stopcock -(St)
is now opened, the crack-off tip is firmiy grasped through the tubing ..
and broken, énd inert gas is slowly admitted t; both sides of the gage.

.With the rubber tubing still in‘.place9 the apparatus is disconnected
at (B2) and a blowing tube inserted there, so that the silica may be
opened with a torch where it has beenvsealed at (Cl)° When this has
been prepared for the bupajoint (J)l9 the apparatus is ready for the
next sample. Note that silica cannot be cracked with heat as Pyrex
can; nor can i£ be sawed, because this might damage the delicate gage
or pointers, and might introduce impurities into the sample spaqe;'
hence all werk must be done with the oxyhydrogen torch.

It is ‘difficult if not impossible te remove.the.old sample com~
ple;ely from the samplelspace without introducing impurities. Hence
it is desirable, when possible, to go from one sample to the next
merely by addition. For example, the second.set.of measurements on

NiTep o was made on a sémple of ﬁeight 4,350 grams° At the conclus

sion of the measurements the gage was opened and 0.345 grams of NiTe; ,
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were added, bringing the stoichiometry to NiTelu900“ At the con-
clusion of the measurements on NiTe; g, the sample was récovered

and found to be uniform and grossly crystalline‘in appearance,

quite different from the NiTe, , and to weigh 4.691 grams. The
loss of 0.004 graﬁs i® presumed due to incomplete transfer (i.e.,
some of the Ni’I_“eL9 remained stuck to the silica) but in any case
would have had an insignificant effect on the stoichiometry. NiTe; ;
was used instead of pure nickel because the latter reacted much

more slowly (Sec. 4.E.). When a completeiy new sample was to be
used, the sample tube was removed and a new one put on. When this
occur?edo it was necessary to replace the entire sample tube (rafher
than splice on a piece) because the sample tube fit very snugly in
the isothermal block (clearances were noﬁhere greater than 0.1 mm
when the furnmace was cold, and often much less, as indicated by

the fact that the furnace sometimes had to beAheated to several
hundred degrees in ordér to free the sgilica apparéfus; the reason
for such small clearances was partly to obtain good heat transfer,
and partly to position the pointers precisely and immutably in the
proper position for viewing).

Instead of opening the gage each time to change the stoichio-
metry, it is possible to distil out a @@all amount of.the volatile
constituent and then seal off by wmeans of a plug of this constituent
in a capillary. This has been done in a series of measux:ements‘ on
sulfides3?; with phosphorus it works less well, .an_'d with arsenic n,ot,‘
at a11't, Whether or not if would work with telluéium is not cer-
tain, but even its discoverer admits that from the point of view of

accuracy it is not desirable as the method of opening the gage. If
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such a "sulfur valve' were to be used, a by-pass would have to be
provided for outgas;sing° |

The volume of the space available to the vapor, including the
gage, the sample tube, the connection to the constriction (Cl), and
the crack-off tip, was estimated to be 45 cc. This amounted to 2
millimoles at STP, or about 2/3 micromole per millimeter of pressure -
being measured at 800°C. Since the volume estimate was probably
accurate within 10%, a correction could have been made for this
amount of vaper, but it turmed out to be unnecessary. In every
case where the pressure was greater than about 20 mm the pressure
wae either independent of composition (NiT@zoo and NiT31°9 were both
in the two-phase region, and pure tellurium is of course not affected)
or was only very slightly affected by composition (NiTeg was a dilute
solution of nickel in liquid tellurium, whose pressure is little
affectea by changes in concentration--gee Figo 12 and compare the slope
of the pressure vs. composition curve in the liquid=éolufion range

around NiTeqy with the slope in the solid-selution range around NiTe 5.
: 9 1.7

3:E.3. The Pointers and Reading Corrections The pcinters and their

visibility in the furnace caused more difficulty and wastage of time
than any other single factor in this research, although the final selu-
tion was simple.

It is necessary to be able te see the pointers clearly at all
temperatures, and to be able to line them up with a precision of 0.1 mm
Hg or better. it is important to note that the criterion for null (that
is, for liniﬁg up the pointers) need not be exactly O mm of pressure;
neigher need it be abééiute.(that.is;'it iSfparmissibieg thdugh not de=

sirablasito have it highly subjective); it is only required that it be
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completely reproducible, independent of temperature, total pressufe,
or fortuitoﬁs circumstances.

The original'difficulties were concerned Qith seeing the poiﬁters.
The pointers were thin pieces of silica, which hadvfo be viewed th;ou%h
a silica envelope and glass window by means of a telescope, at a tem-
perature when all of the silica, and also th; much more‘eﬁissive back=
ground, were incandescent. Light was thrown into the furnace and onté
the pointers by means of a small light bulb, a systém_of lenses,.and a
half-silvered mirror arrangement through the same hole in the furnace
which was used for viewing the pointers; a piece of‘glgar (uﬁsirvered)
optically flat.glass served the function ofthe ﬁalf-éﬁlQered'mirror;
Although the inside of the telescope was lined with black velvet and
the inside of the Alundum tube painted black, the amount of background
was so great that the pointers could be seen only'with difficulty and
occasionally not at all.. The various coﬁponents of the system move
about considerably as the temperééure changes from 20° to 800° (fhe
silica expands’ notaat all, the Aldndum furnace core a great deal, and
the iroen can, which supports the outer end of the viewing tube, very
little, because it reméingrcomparatively coél), and the pointers wouiq
move either out of thé fieid of view, of else out of the light beam.
The furnace was finally partly disassembled.and4§nother tube inserted :
(Sec. 3.A°)'so that the light might'be th;ownvin directly rather than
by the halffsilvered mifror arrangement. Tﬁis system was better, but
still marginal. Fﬁrthermore, it méanﬁ that the pointers had to be in
e#actly the right posiﬁion not only up-and-down and left-ﬁnd-right in
order to be visible, but also Baék-and-front in order to be in the

light beam. (Actually the L4LO-mm envelope with the pointers on its
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axis WaS"HPt coaxial with_the samplé gube and isothermal block; in-
stead it was about half an inch further back, to pérmi; room for the
cénqegting tube (Fig. 8) during the outgaésing). This not only placed
exﬁra,restrictions on the fabrication, but allowed a new degree of
frggdom for difficulties due to thermal expansion, |

What was needed for good visibility of the siiica pointers
through the silica gnyglope was not high-intensity illumination but
high~contrast illuminatioen. Ioward.this end, the light source was re-
placed with a 'grain-of-wheat" bulb of extremely small filament size,
and the lenses with verylhighwquality multiple lenses. These threw a
small, sharp}y focused spot of light directly onto the pointers.

The next difficulty was with finding a consistent null. If the
pointers were less than about .1 mm in diameter, they vibrated'ex-‘
cessively, tended»go qgrl f;om radiant heat when sealed in the en-
velopea‘gnd were‘exceedingly_difficu;t to see. But with such thick
poiqters (40 times as thick as ;he motion correépoﬁding to 0.1 mm
of pressure) it was difficult to locate a reference spot on the pointer.
At constant.tgmperatu:e9 and particularly at low temperature, streaks
of light could be lined up; but at higher temperatures such streaks
changed or disappeared.

Aﬁter numerous attempts with small points on thi?k pointers,
pointers made of capillariesoiand the like, the problem was finally
so;vgd by,sqaliﬁg 6-mil tﬁngsten w;res into the silica. The wireé
were first finely pointed by the_exothermic reaction with sodium ni-
trites.althqugh ip'Lgtter turned out that square-ended wires were
easier to read. vThesg_wires worked well for part of one series of
'measurementss gn; phen_started to corrode; on the second series (pure.

tellurium) the temperature was raised to more than 800°, and the wires
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corroded so badly that the null correction was indeterminate by more
than 1 mm Hg.l.Investigation in.the literature then showed fhat tung-
sten does indegd react with carbon dioxide (which was being used as
the inert gas) at these temperatures; The tungsten wires céhld not
be replaced with platinum, since this melts at a temperature lower
than that of silica. Rhodium wires (0Y008 diameter, the only size
available) were thérefore_triedg and proﬁed quite satisfactory, al-
though itiwas necessary to anchor them very fi:ﬁly in the silica,
which was difficult not only because of the different coefficients

of exﬁan’zsion9 but also becuase rhodium melts only slightlY'higher
Lhan silica.

There was still some difficulty in seeing the metal ﬁointers,
until it was‘rgalized that high intensity rather than high contrast
of illumination was now required. To supply this, a 1/2" gilica
rod was sealed in to‘thebtop of the furnace to act as a light-pipe,
whenever the apparaﬁus wés in the furnace, and the top éf this rédi
was heavily illuminated with a 75~watﬁ light and reflector. There-
after visibiliﬁy of the pointeré was always e#celleﬁt.

The third difficulty with‘the pointe?s was vibratioﬁ, The
source of the vibration was never located, but was assumed to be the
general 60-§yc1e vibration of the entire building., Vibration was
somewhat damped by a few tenths millimeter of pressure outside the
gage, and this amount of gas was always admitted as soon as possible .
after fhe outgassing; The tendency to vibration was #pparently
iargely a function of the individual gage, though i;.éould not be
correlated Qith any obvious shape factors. It could be greatlyvre—

duced, however, by eliminating thin spots in the silica pointer
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(between the gage gnd the rho¢iumj and, as indicated above, by rouﬁding
thg‘sharp edges of the gage. It could alsec be reduced by supporting thel
silica apparatus rigidly at both ends. This apparatus is nprmaliy sup~-
ported rigidly at the lower. end, the upper end being connected to the
manometer through.flexible glass tubing. To support the upper end, the
top of the furnace is closed with a piece of Silocel brick which has
two holes (one for the silica‘tubing and one for_the light pipe), thchA
is spii; fdr.assemblya and which is cemented to the top of the furnace.
The space around the silica tube is theﬁ pécked with asbestos fibres,
-and the whole covered with Santoﬁel insulation. This is all cemented
in place and then removed each time the apparatus is inserted in and
removed from the furnace.

For ease in linimng up the pointers, they shou;d be as close to-
gether as possible, but of course they must not hit one anbtherg since
this would bend them and change the null célibfation. I£ turned out
that for reproducibility of null, the best arrangement was overlapping
wireéu The'overlap waé 0.01 to 0V02, and the wires were separated; in
the direction of viewing, by about 0V02, large enough to preclude physi-
cal contact, but small enough to make possible having botﬁ pointers in
focus at the saie time. With this arrangement, there was no difficulty
in reproducing null readings to 0.1 mm every tim.e;_fu;*thermoreD the
null criterion héﬁ the,advantageAdf being objecﬁives_so that it was un~
likely to be subjégt to slow flucéuation. , o
The first seté‘of poinfers were éfiginally'lined up exactly op- .
i posite one anothgr.z‘This meant that to check the ngllvreading Ehe
system had to be-pumpéd_d@wn below 0.1 rm, which took an excessive
.length of time. jFﬁrthermO;eD the null reading often changed, and if

it happened to change iw the wrong direction, a null.reading could not

!
\
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be taken. In the later work, the wires were offset when the gage was
fabricated in such a direction and to such.an extent that 0.5 to 1.0 mm
of pressure in the‘envelopé was rquired to line them up. This made
null.;eadings easy, but also introduced a new possibility of error,
since a change in the YouggﬁerQulus of the silica would now affect

the null correction. :Howevér, the null reading and the actual measure-
ments were always made with the gage at the same temperature. There
was conflicting evidence as to whether this null correction was, in
fact, affected by changes in gage Eemperatufe of several hundred de-
grees. However, such change certaigly amounted to less than 0.1 mm

for a change in gage temperature .of 100°.

In making successive readings at the sam.e'temperature9 the pres-
sure was always changed by‘at least 0.5 mm before readjusting to a
null. During the adjustment, ﬁhe needle valve was controlled b& feel,
while only the pointers we?e beingmwatched, so that the succeésive ad-
justments were independent. The manometer was not read until after a

vsaﬁisfaqﬁgry’null h;d been reached.

The largest source of error in pressureAmeasuremenﬁg and there=~
fore the largest singié source of error at low temperatures (bélow
about 50 mm pressure)? was due to the shift in the null correction.
KB:ook526 reported shifts of 0.8 mm per day when the gage was kept at
750° and a shift of h.0 @h on the da& when the gage was kept at 850°.,
He corrected fbr this 6n‘the,assumption that the change was linear
with time, but this was siill the major source of error in his measure-
ments. No shifts of this mégnitude were encountéred in thé<§resent
work, but after a day of measurgments the pressure required so bring:
the pointers back to null Had invariébly increased, by a minimum of

0.1 mm and a maximum of 0.4 mm.
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It was originally assumed that Brooks' éhifts were due to leakage
of nitrogen or air (the gases which he used) through the silica membrane,
and therefore carbo; dioxide was Gsed as the inert,gag in all the experi-
ments except the final run on tellérium. There is considerable disagree-
ment in the literature3“9 35 concerning the leakage of gases through
silica. It is known that hydrogen, and to a lesser extent helium, dif-
fuse through silica readiiy at high temperatures. It is probable that
nitrogen, argon, and oxygen also di&fuse through, to a leéser extent
at very high temperatures, and probable35 that the ability of a gas to
diffuse through‘silica can be correlated not with the size of its mole-
cules but with its boiliﬁg point or sublimation energy. On any of these
grounds, silica should be quite impermeable to carbon dioxide. On tﬂé‘
other hand, carbon dioxide decomposeé at high temperatures into carbon
monoxide and oxygen (log‘Kp is . 10.19 at 1000°k, 8.86 at 1100°, and.:7.Th
at 1200° homogeneously36), and these gases may diffuse.

Whatever the mechanism of diffusion, xenon should be exceedingly
unlikely to diffuse through silica, and the final run on tellurium was
made with xenon as the inert gas, The shift in null correction was
0.15 mm the first day and 0.25 mm the second day. The shift on the -
second day is sufficiently high that it is certainly not'imaginaryg but
the experiment is unfortunately not conclusive. .The xenon was slightly
contdminated with, among other things, water vapor. Furthermore, the
gage was heated to a higher temperature than ever before (880°), and
some outgassing may hav? taken place. Finally, some gases which may
have diffused into the silica on the previous run (with carbon dioxide)
may-have- diffused out again during this run, ' | A ' ‘

At the conclusion of fhe xenon run, the gage was heated to 825°C,

and the sample heated to create a tellurium pressure of about 90 mm, and




|

_,"{'5_

these conditions were maintained for four hou#s with nitrogen on the
outside of the gage. Tﬁe'ﬁull shift was 0.1 mm.. Thus thgpe were no
significant differences among nitrogén9 kénons and carbon dioxide.

.The null shifts could not have come from cutgassing of the sample,

particularly in the case of tellurium which was completely volatilized,

.and not subsequently exposed to possible contamination by gas. ' They

might have come from continued oﬁtgassing of the gilica, but if so the
rate of evolution of gas ﬁﬁst have increased for some reason from the
IOQ5 mm per 5 minutes whiéh was observed at the end of the outgassing
period. They might have béen due to sdme mechanical change (crystalli-
zation, annealing, "aging") of the silica membrane, but in the first

place when the gage was opened, a new $ample added, and the outgassing

~repeated, the null correction appeared to go back to its original value,

and in the second place, such aging should have been accompanied by '

decreases in sensitivity 6f the gage, which did net occur. Furthermore,
there was always'éas in the gage at the end of the run, as indicated by
é'Tesla.coil{ The é&ount.of this gas was hér& to judge, but it Qas not
incompatible with the nuli,shifts° The shifts might have been due ﬁo
some artifact in the observation (say a.shifg in lighting, or pesition
of the telescopg)D but thié would not account for the consistent in-
crease. The shifts might have Been~due to some chemical reaction, as
between te}}uqium andlsiligag but it is hard te_C@npeive ef any re-

action proc

icts which Woulq be volatile at'h20°cg It seems, therefore,
that in all likélihopd gas was leaking through the silic; membrane. No
such leakage océurred when one gage was‘allowed to stand under vacuum for
six weeks at room temperature, and it seems imposéible“that it was due to

identical pinholes in the many gages used. The gage is, of course,
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exceedingly thin and of considerable area (perhaps 30 sq. cm.). The
cause of these null shifts is an interesting problem not only from a
.theoretical viewpoint but also because, if iﬁ could bée removed,  the

pointer and manowetry problems could probably be selved to yiéld'an '

additional order of magnitude in the precision of the general method.

3.F. THE CONNECTIONS

The connecting piping and valving are shown in'Fig. 10A. The
mechanical pump was ug@d beth as the fore pump of the high=-vacuum
system and for pumping the inert gas out of the gage. By opening one
of the two valves, either inert gas or vacuum could be édmitted to
the metal reservoir, its amoun; being measured by the dibutyl phthalate
manometer. This valve being closed, the needle valve was slowly
opened while the pointers were observed, and some of the gas (or
vacuum) was thus admitted to the system. Because the volume of the
systém (inclﬁding the mercury manometer, the envelope around the"f“.
. silica gage, and the connecting piping) was larger than the volume of
the metal reservoir plus the volume of the trap above the dibutyl
phthalate, a change of pressure of 0.1 mm Hg at the pointers amounted
to about O.4 mm Hg, or 5 mm dibutyl phthalate, on the dibutyl phtha-
late manometer. Thus, delicgte adjustments couid be made with ease.
The needle valve was very good‘in this respect, buf its resistance
madé pumping very ;16w. The needle valve and Ehe other two'valves
were of metal, with kovar used for some glaSSatmeétal seals and
Apiezon W (black wax) for others. |

This system worked adequately, but ﬁever really well. It always
leaked;,the leaks amoﬁnting to perhaps 0.3 mm per day, and probably

being due tc outgassing or impurites rather than true leaks. Constrictions
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were placed in the tép and bottém of the dibutyl phthaldte manometer
as shown to slow down the motion of the liquid in case of a sudden
pressure change, but these could not havg slowed it enough in case
of a break or the wrbng valve being‘turnedD and as soon as the dibu-
tyl phthalate had moved to the bottom of the manometer, this would
supply a by~pass from the metal reservoir to the s&stem.~ It would
probably have been better to use mercury in this manometer, accepting -
the reductiorn in sensitivity in exchange for sgfe;y of the gage.
Furthermore, a.needle valve or by-pass which opened more widely
should have been used, apd all of the vaiviﬁg system should have
lbeeﬁ susceptible to outgassing and fo cheéking for \leaks.

For the final run with xenon, the connecting glassware was modi-
fied as shown in Fig. 10B. Because of its expense, the xenon was
never pumped away; instead a trap cooled in liquid nitrogen was.used
as a pump (and éperated rapidly and effectively to produce a vacuum
of less than 1 mm); The source of xenon was a one-liter>bu1b (at
about one seventh atmospheric pressure) which was connected, as
shown, with another trap which could be cooled ta pump the xenon back,
Measurements up to 700° were made on the first day. .On the second day
measurements were made ab@ve 700°, and because the pfessuré error in
this region was small compared fo the temperature error, only one
measurement was made ;t each temperature. Thﬁsvkenon-was admitFed into
the systeﬁ and never pumped out. In spite of this, the xeﬁon becaﬁe
exhausted at 205 mm pressure, ana‘qaused the experiment to stop at

855°cC.
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3.G. | ERRORS AND LIMITATIONS OF THE METHOD

vIn reducing the data, there were usually two to six points at
épproximately the same, but not exactly the same, temperature. A
single temperature was then picked, and all points converted to this
temperature by adding‘to each the product of dP/dT and AT. The dP/4T
was determined by a rough plot of the raw data. The mean of the group
of'observations was then taken, and the null correction subtracted
from it. At least- one temperature was always read both on the way up
and on the way down; this provided a check, and alse aided in assigning
values to the null correction as a function of time if the null shift
had been unusually high (say 0.4 mm during'tﬁe day). The resulting
pressures were corrected for the density of the mercury in the mano-
meter. All computations were carried to 0.01 mm, although the last
digit is comparatively meaningless.

Theﬁe were several internal checks on the consistency of the
data. The vapor pressure of tellurium was measured twice, over an inwi
terval of several months, using samples froﬁ different origins, with
differept methods of purification, using different gages and different
thermocouples. The results are in complete agreement. It wa;'intended
to check the vapor pressure of NiTej g forméd from NiTe2°0.and-NiTe

1.1?

by making NiTe; o from NiTe and Te, the tellurium coming from a dif-

1.5
ferent source. However, it turned out that above 712.5° the pressures
of NiTe, o and NiTe; ¢ were identical. . Fuéthermm?eo the pressures of
NiTe, , and NiTey were identical below 682°, and ‘the tellurium in these
cases éid come from eﬁtirely separate sources. ihe reason for this

identity is that. the material is in a two-phase region and the pressure

' is independent of composition; however, it was entirely unexpected.
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Further confirmation of internal consistency is given by the smoothnes§
of the curves. The data are more selfwconéis;ehﬁ.than éan be indicat?d
on any plot which can be shéwn here. Almost every point could be brought
onto the appropriate smooth curve by adaing or subtracting not more than
0.1° (in the high-temperature region), 0.1 mm (in the low-temperature ;
regioﬁ) or both.

This says noﬁhing about the systématic errors. Here one can only
rely on the géneral agreement in the tellurium data with Broqk326 and
on faith in the nature of the experimentai details.

Although the pressure changes very rapidly with the composition in
the solid~solution region, it is believed that the compositién was known
at all times with almest the ultimate érecisioh permitted by knowledge -
of the atomic weights, and that this did not contribute to the error.
Temperature errors, then, are the principal sources of error at high
temperatures and pressure er:ors at low temperatures. Temperature
measurement was certainly accurate to 0.1 to 0.2° on a relative basis
and probably to 0.2 to 0.3° on an absolute basis. Pressure measure- .r
ment is believed accurate to about Ofl mm on’ a relative basis, with
systematic errors being n'o:greater° ‘ :

.One possible source of systematic‘efror which was avoided was
thermal'tranSpiration, If the temperatures at two ends of a tube are
different, and the tuSe is filled with gas at;Iby_pressure9 the_ pres=
sures at the ends will in general be different. If ﬁhe tube is long
compared with its(diam'.eter9 the magnitude of this effect is roughly
proportional to the tempefature difference and inversely proportional

to the square of the total pressuré and to ‘the square of the -tube dia-

meter. For example, for a temperature head of 100°, a tube diameter .
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of 0.5 mm, and a tétalvpressure of 0.5 mm, the pressure difference at
the two eﬁds is about 5%, To. eliminate error from this source, the
silica tube4projecting through the top of the furnace had an i.d,,.of
12 mm, and the éube connecting the gage with the sample t:w;,lbe'an-:if‘,d,9
not less than 5 mm, both of which were more than ample.

The fundamental difficulties in reducing errors pertain only to
the measurement (not to the control) of temperature--which indicates
an ultimate limiﬁati@n‘on the method of close to 0.1°C-~and to the
shifts in the null position of the pointers. The latter is not well
understood, but it is believed that the problem could be greatly re-
duced.

There is no lower pressure limit to the present method except
that imposed by the increasing percentage errors atilower pressure
caused by the constant absolute pressuré error. Ig is thus desir~ N
able to supplement this methdd by some other for the low-pressure
measurements, in the absence of such supplement, however, the 1oﬁw
pressure data are of considerable use in plotting the trend of the
data, since they dccupy so large an area on a log p vs 1/T plot.

The uppef pressure limit cculd probably be raised to two or three

atmospheres if one wished to build a tall enough manometer and cathe-

tometer; it seems probable that with liﬁtle modification any glass

‘apparafus which will hold a vacuum will alsq hold one atmosphere of =
préssure in~excgss of atmospheric.

There is no lOWQteﬁperature_limit, just as.there is no low=
pressure limit, although if the furnace designed for high tempera-
tures is to be used for low-temperature WQrkglsome‘means must be

found to cool it rapidly. The high-temperature limit depends on
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whether the substance being measured vaporizes with or without decom-

position. - In the former case {(e.g., ;ellurium), the weak link in the

chain is the gage, its limit being set either by anneaiing9 crf%ﬁallis
zation, or permeability to the inert gas. The normal anneal point for
silica ig about 1050°C, but this exceedingly thin membrane, which is
under coﬁsiderable stress even when evacuated inside and out, might
énmeal at a lower temperature--perhaps as low as 1000°. Whether cry-
stallization might set in at a lower temperature would be hard to.says

«  and would probably depend upon the purity of thé sample of silica9 the

length of exposure to high temperature, and other factors.

These limitations apply only te the vapor temperature. In dis-
soéiating substances such as nickel-ricﬁ nickel tellurides, the gage
may be kept considerably coeler than the sample, and now the tempera-

- ture limit is set only by the chemical and mechanical resistance ef
the gilica of the sample tube. 1In fact, the dissociation pressure

of uranium oxide has been measui:ed37 by a method similar to that used’

here, with the gage cold and with the sample at temperatures up. to
1250°C.‘ For such temperatures, of course, the isothermal block must

be built of suitable metals, such as nickel.

3.H.  RESULTING DATA -

3.H.1 Pressure Data The vaporwpressure:déta‘are given in Table III.

£f

The first San@g;gﬁgitellurium was thé:sample described in Sec. 4.B.
The third was kindly gupplied by Dr. Gwynn Suits, who had purified
spectroscopically pure tellurium by zone refining and sublimation to
a purity in excess of 99.999999%. The NiTe; ¢ aﬁd NiTe, , samples

were those described in Sec. 2.A.3. The NiTel 9 and NiTe, were made

9
by mixing NiTe, o with NiTe; ; and tellurium (99.999%) respectively
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TABLE 11T

VAPOR PRESSURE

P(mm) , obs. - T,°C P(mm), calc dP/dT, mm/°C
NiTe, ., - Feb. egg 1957 ) |
45,28 781.9 45,k , , .27
38.21 . : 755.0 37.90 .29
30"25 728'6 3@.2.? ’ 029
22.59 700.2 22,4l 26
15.23 667.9 1h .8k .20
9.06 . 632.7 . 8.96 : .1k
L.93 ‘ 597.4 " 5.05 2509
2.6k 562.3 2.64 5,05

Te - March 20, 1957

0.52 . 483.8 43 .01
2.18 553.1 2.20 ‘ .0k
17.68 - 666.1 17.57 .28
41.39 T23.5 41.2% .58
88.25 - 782.1 ' 88.67 ' 1.09
88.53 782.1 88.67 1.09
41.59 : : 723.5 L1.24 .58
17.76 666.1 17.57 .28
2.27 553.1 2.20 .05
Te - April 3, 1957
52.99 ha.3 53.28 .71
148.67 735.7 i8.75 -66
hi.32 ' .7 T723.5 41.24 ‘ .58
2347 -6l 716.8 37.54 : . .53
32.58 706.8 32.55 - A7
28.97 - 698.8 28.97 43
25.60 . 690.k 25.57 . .38
22.97 683.3 22.97 .35
22,85 . ' 683.3 22.97 <35
19.47 - 673.2 ©19.65 .31
Te - April 5, 1957
19.56 . 673.2 19.65 | .31
19,55 o 673.2 19.65 .31
19.79 673.2 - 19.65 - .31
16.09 660.2 16.00 .26
13.57 - r 6k9,9 13.52 .22
11.41 639.9 11.k44 - .19
7.51 *o - 615.% 7.52 .1k
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k P(mm), obs. T,°C P(mm), calc dP/dT, mm/°C

Te - April 5, 1957 (coentinued)
5.98 604, 4 6.10 : .11
5.99 604 .4 6.10 .11
h.26 ’ 587.3 L.hl .09
2.10 553.1 2.20 .0l
N1T32000 May 6, 1957
22,13 699.6 22.21 ' .27
19.62 689.6 19.66 24
17.38 679.6 : 17.32 .22
14,84 667.2 k.71 .20
12.55 655.6 ~ 12,54 A .18
10.55 643.5 10.54 .15
8.37 630.4 ‘ 8.65 .13
6.80 615.9 6.88 .11
5.10 . 599.0 5.19 .09
2074 56k .5 2.76. , .05
1+ - [ =4
NlTe&OO May 7, 1957 |
bl.32 TTT-4 bl 22 ‘ .27
41,38 766.0 41,05 .28

- 38.39 755.6 38.07 . .29
35.12 T4k .5 3Lk .86 .29
35,10 7uu,5 34.86 .29

- 3l.21 31,9 : , J :
27.56 719.4 27.66 : .28
24.17 707.1 24,27 27
22.28 699.6 : 22.28 .26
8.16 627.0 8.21 . .13
3.37 57h.7 3.35 : .06
1.68 538.4 1.62 .03
NiTej 99 ~ May 17, 1957
8.11 666 .6 ' 8.08 .23
11.03 ‘ 678.1 11.10. , .30
k.21 687.7 - 14.26 <37
18.17 697.2 18.05 : Sk
5.42 653.0 5.42 : .17
3.54 : 638.6 © 3.4k L L1l
2.29 623.1 * 2503 » .07
1.07 599.5 .8l : 03
Nite; g - May 18, 1957
1.12 599.5 .84 .03
5.40 653.0 5.42 ' o117
18.13 - 697.2 18.05 Ul
46,09 783.7

45.92 .27
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P (mm) ,

cbs. T,°C
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P{mm), calc

NiTe; go - May 18, 1957 (continued)

43 .64
40.26
.36.87
32.50
28.43
24 .62
- 17.97
5.50
1.22

0.70
5.00

NiTel

1,32
0.73
0.43
0.23

NiTel

"0.39
2.46
18.00
12.46
7.97
5.46
3.46
2.25
0.4l

.50

.70

<70

773.8
761.6
749.6
735.5
721.9
710.5
697.2
653.0
599.5

June 11, 1957

8

er 0.75 688.0

781.0

[

August 6, 1957

672,
652.
623.
592,

—= O = W

August T, 1957

623.
701,
781.
765.
THT.
132,
712,
695.
623,

OCVFOOMN F O

« September 1, 1957

54k,
620.
698.
686.
670,
655.
638.
620,
587.
565,
5LL.,
525,
511,
489,

LW NOOVCFNHDHIJHOONDH O

43,23
39.80
36.34
32.26
28.36
24.62
18.05
5.42
8L

<35
.21

.07

.21

.93
.33
45
025

=

MWW 3P
o o *
O
N

.21

Y37
22,90
19,00
15.39
12.45
9.81
T+37.
5.67

dP/dT, mm/°C

.28
.29
.29
.29
.28
.56
Al
.17
.03

.03
.02
.01
.00

.01
.07
.ul
.29
.20
1k
.09
.06
.01

12
.35

.21
.18
.15
.12
.10

J



P(mm), obs. T,°C
Ni’l‘e9 - September 2, 1957,
1.94 548.8
7.29 620.1
23.11 698.2
© 70,42 783.3
~61.53 . CTTL.k4
51.56 573
43,12 43.3
34.81 727.7
28.96 71L.3
22,92 698.2
Te - September 11, 1957
0.68 506.7
1.93. 548.8
4.28 587.2
9.46 629.1
18.16 667.6
32.00 705.6
2k .79 688.1
13.52 649.7
6:77 609.9
3.34 569.9
Te - September 12, 1957
27.16 69k .
39,02 719,
58.21 748.
84.45 778.
117.09 805.
157.78 831.
204 .21 855.
Te =~ Theory .
_ 4h9,7
- 993.6

o NN FOo O

- 87 =

[4¥]

P(mm), calc

T-37

220

51.
43,
3.
.99
22.

27,
39,
- 58.
8k,
117.

920

23
09

o7
90 .

(S
.01
40
.50
18.
31.
24,
13.
TS5
.12

00
99
70

26
05
15
72
67

157.46

204,

0.
760.

e

09

167
00

093

dP/dT, mm/°C

.12
<35

065

L8
s
.35

41

25

< 7T
1.05
1.39.
.76
2.18 .

0.00k

4

6.4T



in the'co:rect proportions; the l\IiTeh7 was similarly made from
NiT31°5 and tellurium. The data are plotted in Fig. 11, as logloP,
(mm Hg) vs 1/T (°K). All of the data aré tabulated and plotted (i.e.,
no groés errors'haée been removed) except for the last points Qn one
tellurium run, when the pointers were corroding Very badly, and the
first twe points on NiTel°7 and NiTeloggAwhen equilibrium had not

yet been established within the crystallites. The first point is

retained on NiTe however, because while it is known to be high,

1.5°
only one other peoint was obtained before the gage broke, and that

point was not measured accurately.

3.H.2. Derived Restults As indicated in Fig. 11, the plot of log P

vs. 1/T is almost, but not quite, linear. The reasons for this are
most easily seen by rederiving a Clausius~Clapeyron-like equation in
a manner sililar to that of Brown7oo

One starts with the thermodynamic relation

dp/dT = AH/TAV (10)
which is vigorously valid fér liquid-vapor equilibrium, and makes
the substitution
AV = Vg - Vl (11)

where Vg is the molar volume of the gas and V; the molar volume of

the liquid. The next substitution is

V. = — 4+ B T (12)

where B is the second virial coefficient. This yields

g .. bp _ "Awm ITAY
T -y, AR 01
dr Ty -~ V) TV, (1'vg) T (1 Vg) (RT/P f B)
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Multiplying by =T /P yields
dp/P d ln p /\H
dT/T? d (1/1) (1-V/V,) (R4BB/T)

Making the further substitution P/T = R/Vgg which contributes negli-

gible error since it is only in a small correction term, yields

d ln p . JAY:|
d (1/T) (1mv1/vg) (R%BR/Vg)
>= "'"l_ ° AH L ,.1 a 1 . ' | (13)
R 13- Vg 1 4+B o
v SV
g g

This formula is to all intents and purposes rigorous (since for our
purpose B need not be defined as a constant). Alternatively the de=
rivation can proceed from the Van der Waals' instead of the virial
- form of the equation of state; this yields the same ekpression9 with
| b - a/RT substituted for-the second virial coefficient, B.
Equation (13) indicates that the slope of the log p vs. 1/T curve
will'be'constaﬁt if all four of.the factexrs on the right-hand side of
the equaticen are independent of P and T. Integration of (13) will

then lead to an equation of the ferm

log P = =A/T 4 B
However, we know that the second factor will not be constant, but will
instead decrease with temperature. In fact, it can be shown by so?higm'

e that

ticated reasoning

a Odu/ar =0c | . (1)

where ZSCP is the difference between the heat capacities at constant

215 095




~ 92 =

pressure of the liquid and gas; the error in this equation is of the
same order as the last two factors in (13), as discussed below. Esti-
mates of Cp for botb ITiquid and gaseous tellurium in this temperature
range are availaﬁle32; they amoﬁnt to 18,00 cal/mele deg for the lig-
uid, and 8.92 cal/mele deg for the gas (two gram-atoms per mole in

each case). Hence, d AH/dT = =9.08 cal/mole deg (probably accurate

to 4 0.2 cal/mele) and we expect the heat of vaporization of tellu-
' ,

rium to vary by over 2000 calories per mole over a temperature range
of 250°. 1In spite of this, one previous investigator26 has fitted an
analytic expression te his vapor pressure data by least squares techni-
ques and computed a heat of vaporiZation; over this temperature range,
to which he assigns a probable error of 70 calories!

If the heat of vaporization varies with temperature at a con=
stant rate over the temperatuﬁe range of interest, and if the last

two factors of (13) are constant, integration of (13) give an equa-

tion-of the form

log P= =«A/T 4+ B =C log T (15)

We may estimate the magnitude of the, third and fourth factors in -

(13). ¥y is approximately 50 cc, while V_ is approximately 16 Amagat

g
units, or approximately 400,000 cc, at the highest temperature measured
(whereAT is about four timéé 273°k and P is about one fourth.atmospheric)°
Thus, the third factor varies f;om 1.0000 to about 1.0001. The second
virial cegfficient is certainly negative, since the Boyle ﬁoint of all
known substancesyiso as it should be on theoreticél grounds, well above

the critical temperapurel8f

, and these measurements are certainly well .
below; hence the fourth factor, like the third, is greater than one,
and we may guess that, if tellurium vapor behaves.like other gases whose

L2405 095
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viriel coefficients (or Van.def;ﬁ;els' constants) are known, this
factor is not much gfeater theﬁff:6Q01 at 855°C. As the temperature
increases, however, Vg will fai}tvefy rapidly, and these factors will
rise more and mcfe rapidly, eventueii§ more éhan compensating for the
decrease in the second factof. TlltméD the curve of log P vs. 1/T may
‘be expected to be concave downwarg at low temperatures, and to have
gradually decreasing curvature unfil?eéentually it inflects.

This behavioer has, indeed, been found where vapor pressure deta
of sufficient accuracy have been available over a sufficiently great
range, the inflection point occurring75 at 0.80 to 0.85 times the
critical temperature. We do not, of course, knowlthe critical tem-
perature of tellurium, but in tﬁe abgsence of better information we
may use Guldberg's ru1e18-e and estimate that it is 1.5 times the
boiling point, or about 1900°K. In any case, we expect the curva-

. ture to decrease with increasing temperature and, at some tempera-
ture well above the boiling point, to become zero. Te account for

this, an additional term must be added to (15), and a convenient one-..

is a linear term in T, yielding

log P = ~A/T +B -:C log T + DT (16)
An analytical expression of the form of (16) has been fitted

to the vapor pressure data. This expression is

log P = =10,663.14/T 4 6u ,73140 - 18.61687 log T + 0.00341783 T an
where P in in mm Hg, T is in degrees Kelvin, and all logarlthms are
to the base 10. The agreement of this function with the data is ex-
cellent, as indicated in Table III, whefe\itxis:shOWn that, if an
ellowance of 0.1° is made; most of the pressures computed from (17)

agree with the observed pressures within 0.1 mm, and none disagrees by
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so much as 0.3° and 0.3 mm.* Equation (17) also indicates a pres-
sure of 0.17 mm at the triple point, which is compatible with ex-
trapolated results of measurements on the vapor pressure éf solid
tellurium (see Appendix 2).

it.is clear from Fig. 11 that the plot of log p vs. 1/T is con-
cave downward at low temperatures and almost linear at temperatures
from about 750 to 850°C. The exact curvature and slope at low‘temm
peratures cannot be determined, because of the large percentage error
at low temperatures occasioned by the constant 0.1 mm error, and the
uncertainty of the triple-point pressure. Nevertheless, it is clear
that the curvafure is of épproximately the right maghitude° From
analytical differentiation of (17), - dH/dT varies from slightly
more than 12 cal/mole deg at the. triple point, toc 9.08 at slightly
over 600° and to zero. at about 910°C. The increase in curvature at
low temperature is undoubtedly an aritfact due to the simple (linear)
term introduced in (16) and (17) to correct for derivatives higher
than the second. Had a‘more.complex equation been used, the data
could undoubtedly have been fitted equally well with an expressioh
which indicated curvature approximately constant at about 9 cal/mole
deg at the lower temperaturg$i However, the decrease in curvature
at'higher temperatores is 15 no sense an artlfact althoﬁgh the
curvature at 800-850° may be sllghtly gzeater than indicated by (17).
Equatxon (13) 1s‘tge£modynam1cally rlgozous except for terms of very

high order; equatlon (14) is also rlgorous except for factors similar

* This largest disagreement is due to inadequacy of the analytical
expression, since the data never deviate from a smooth curve by
so great an amount.

i
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to the last two in (13). r Since the effect of thé finite volume'of"
the liquid can be proven negligible, the decrease in curvature can
only be due to one of the following causes: the vapor-pressure data
are wrong; the specific heat of the liquid has changed by a factor
of two in a temperature range of some 250°; or the gas is behaving
in a non~ideal fashion.

The f;rst cauée is rejected on two grounds in addition to faith
in the accuracy of the data: 'the excellent agreement with thg &ata
of Brooks and the fair agreement with the data of Giorgi (see Appendix
2); and the fact that Brooks' data are sufficiently precise to'show
tﬁat the curvature is, in fact, too small, Quite independently of
the present work . The second cause is aimgst inconceivaﬁles although
some small increase might be explained by the bfeaking of the chains
which exist38 in liquid tellurihm near the melting point. We are lef;'
with the conclus;on ﬁhat the deviations of tellurium vapor from ideality
in the temperature range 750° to-850° are greater by én,order of magni-
tude than we wguld have anticipated. It seems very unlikely, as dis«.
cussed earlier, that these deviations involve disseciatien. Their
nature is not clear, but they can be summed up by saying that the Van
der Waals' constants (or secogd'and higher virial coefficients) are

very much larger than we would have expected.

In view of the above, tabulations of heat eof vaporizatien and

An experimental error which caused the observed vaper pressures teo

top large by an increasing amount at high temperatures weuld explain
the apparent decrease in curvature. Such an experimental error might
arise from the presence of a common volatile centaminant in the telluk
rium in both Byooks' and the present research. However, the only
imaginable centaminant, TeO,, has toe low a velatility33(0,10 mm at
733°C, the triple peint; 0,33 mm at’ 7807; 1,70 mm at 855°),
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extrapolation te the boiling point are both dangerous. Extrapo-
lation of kl?) to 760 mm yields a boiling point of 993.6°C. Al-
‘though‘this extrapolation goes through an inflection point, the cur-
vature in‘this region is so small that linear extrapolation of the
experimental data from 725° to 855° yields a boiling point only 1.5°
lower. Nevertheless, it seems advisable to assign a probable error
of several degrees to this boiling point. As for the heat of vapori-
zation, this is commonly computed from (13) by ignoring the last two
fau:t:o:x:*s-wi.’,e;.,9 NAH = =R d 1n p/d (1/T)=~but it is clear that this will
give values of AH which are £oo high at high temperatures if d 1n P/d
(1/T) is computed from'(l'?)° It therefore seems safest to state that
AH is computed from (17) to be 28,384 cal/mole at 875°K, that d.A\H/dT
is about =9 cal/mole degs.and then assign a probable error of several
hundred cal/mole to the resilting values.

By cross plotting9 pressure may bé plotted against composition for ' _ !
various temperatures, as in-Figo 12, The extrapolation to low tempera=~
tures is made from the plot of log P, which is almest linear. Although N
the curves in the liquid-solution region (high Te concentrations) are
drawn through a very small number of poir;,tsD they are believed to be
reliable, as discussed in Sec. %,Eog in connection with Fig. 16. The
dotted line in Fig. l2a is a Raoult's law line for NiTep dissolved in
Te, for T60°C. Each of the other curves falls below the corresponding
Raoult'sllaw curve by about the same  percentage. The conclusion is
that th@se solutions’deviéte negatively from Raoult's law--or to state

the same thing differéntlyg'each nickel atom is solvated by slightly

more than two tellurium atdms of which two (or slightly less) are closely‘

bound.

W)
fonh
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- The partial molal free energy, as computed from Equaéion ), i§
tabulated in Table 1V and plotted in Fig. 13 as a function of temper5~
ture. Tﬁe slopes of ;hese curves may be read from this graph, and are
also tabulated in Table IV; they are the partial molal entropies. The
data in this table and graph apply. in each case to two gram-atoms of
tellﬁrium passing from liquid tellurium to nickel tellur%de (or a solu-
tion of nickel in tellurium) at the same temperature.

Equations of the form of (15) have been fitted to .the data for
the dissociation pressureé of ;he nickel tellurides, for convenience

in interpolation. The appropriate constants are:
€ : :

Compesition Temperature,’C A : B - C
NiTel°7 600-780 18,044.8 65.28115 | 15.51935
NiTel 9 -712.5 41,584.3 268.7524 75.20797
NiTe; g 713-480

‘ 27,487.55 190.08879 53.70914
NiTes o 675-780
;.NiTez 0 . 600-T700
‘ 12,168.46 65.01199 17.12047
NiTeq 600-682 ,
NiTeg ‘ 682 12,541.2 59.48815 15.13609

" The two-phase region has been fitted by two equations, neither of which

has particular theoretical significance, for convenience.

The slopes of all the above equations are equal to the heats of

Avaporization or dissociation (AH = 4.580A-1.987CT), or, if one prefers,

to the partial molal enthalpy of tellurium in the appropriate nickel
telluride. However, this partial molal quantity refers to gaseous tellu-~
ridmg.and is therefore not strictly comparable to the partial molal en-

tropies and free energies tabulated above.
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Table 1V
Partial Molal Entropy and Free Energy of Te in Nite

1

| COMPOSITION  TEMPERATURE, °K  OGp,, cal/mole™™  ASp,, cal/mole™! deg~l

NiTe; 5 " 1040 _ 6175
S 1060 5935

NiTej o 975 4898 -20.8
1000 4378 =20,2
1025 - 3874 -19.8
1050 3400 -18.9

NiTe; g4 900 2375 / - =2kl

‘ 925 1803 -

950 1259 =20, 7
975 . 782.7 ~16.9
985.6 ) 630.7 ‘
1000 748.3 8.50
1025 982.4 11.0
1050 1318 1,7

NiTe, - 875 ' 115.3 2.85

° 900 200.9 : 3.78

925 301.2 k.36
950 115.8 4,94
955,1 . 437.7 ;
975 . 553.1 .30
985.6 : 630.7
1000 ' , 748.3 ‘ 8.53
1025 982.7 11.0
1050 . 1318 ) .7

NiTe, | 875 115.3 - : 2.85
900 - 200.9 3.78
925 301.2 4,36
950 - alb,2 . b,9k
975 . . : h35,2 0.070
1000 L5, 5 0,378
1025 u53.4 0.995

’ 1050' 4192.3 1.85



~IV.  OTHER EXPERIMENTAL WORK

h.A. HEAT OF FORMATION

The heai of formatién of stoicﬁiémetric NiTe was measured.man&
gears ago’® by dissolving nickel, tez‘l'lﬁlfium,« and nickel telluride in
a'mixture of Bromine and wéter‘and ;easuring the heats qftsoiution.

The present research was carried only to the point of showing'th;t
the same me;hod.would be applicable to‘the compounds here considered,
and some prgliminary experimental design. |

If finely divided and continually shaken, small amounts of nickel
tellurides will dissolve completely in.dilu;e'HCI saturated with bromine
in a few minutes at room temperature. Ipcreééing the'temperature did
not appear to help, perhaps because of loss of bromine through volatili-
zation. Excess bromine also_aébeared nét to help; the problem may have
beén one of dissolviﬁg_thé tellurium bromides formea. These problems
would probably. have been'§6$uble, although the corrosive-aﬁd volatile
nature of bromine wéuld have ﬁecessitated caré.

The usual method of performing heaf of formation experiments is
to-méke separate measuréments on the heat of solution of each elementﬁ
and each of the compounds. It woyld appear to be more accurate, how-
ever , to make the measurements on'theAgomppund.and‘on the appropriate
mixturé of elements, so tha£ the fiﬁal solutions would be identical and
no corrections'would be required for heats of dilution and the like.
This would require some addition;l megsurements if one were to rum a
seriés of coﬁpounds éﬁch as thé.nickei tellurides.

Unfortﬁna&aly9 lhe'heat éf sélutioﬁFO is about.ten times the heat
- of reaction, so that one must.determine the'heat of reaction by the

difference between large numbers. The heat of reaction then further

-3 - . 215 107
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becomes one of two large numbers (the other is ﬁhe free energy of
reacﬁion) whose difference is comﬁuted to determine the entropy
desired. An unsophisticated error analysis showed that heat of
solution would have to be determiﬁea to about # 0.01% accuracy,
‘which seemed forﬁiddiﬁgly difficult, and the‘wérk was therefore

dropped.

4.B, TRIPLE=-POINT TEMPERATURE OF TELLURIUM

Interest was directed to the melting point of tellurium for

t

twp,reasons: -the desire to draw the phase diagram of nickel and

tellurium; and the desire to extrapolate the vapor pressure of
tellurium to the triple peint. Accurate data were availablel‘1 on
the vapor pressure of solid tellurium from 320° to 410°C, and it
seemed that this‘data could be confidently extrapolated to 450°,
the triple point, to provide a point on the curve of liquid vépor
pressure. An examination of the literature (Table V) showed extra-
ordinary disagreement on this value. Furthermore, two recent pub-

38,42

lications s both based on measurements of extremely pure tell-
urium, gave values which were 7° apart. There seemed to be no
reason why this figure could not be tied down once and for all within
a few tenths of a degree at most, except for the fact that tellurium
tends to supercool and it is therefore very diffiCult to obtain a

* &
freezing point . . '

* In private communication Prof. Lark-Horovitz asserted that the
supercooling made_ét impossible. to obtain an accurate freezing-
point. His value3® is based on discontinuities in electrical
properties at the melting point. - : '
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TABLE V

- Year

1879
1880
1894

1901

1902
1905
1906

1907

1909

1909
1910

1912

1922

1926
1929
1930
1941
195k
1957

- .

' MELTING POINT OF TELLURIUM

109

525
h52,455
420

450

w6

428

'hso

438
452
k55

1437

452%
453
46
451.1
452.0
449.840.2
52

e

&u9.5i0.3
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The melting point of tellurium was determinéd in the same way
that the melting point of.zinc was détermined.v A emall silica thermo-
couple well was sealed axially info é 15-mm silica tube, as shown in '
Fig. l4. Since the pure tellurium which was available (semiconductor
grade, 99.999@% puré9 from American Smelting and Refining Co.) was in
large piecesstand it seemed undesirable to grind it, it was melted into
the melting-point tube. For this purpose a 15 mm silica tube more than
two feet long was sealed to the top of the melting-point tube, as shown
in Fig. 14, and then was connected to a highmvécuum line with Apiezon
W black wax. After a goed vacuum had been obtained and the siliga had
been flamed to outgas it, the tellurium was melted and ran down into
the mélting-point tube. It was then boiled vigorously (to the appear-
ance of the green color of telluripm vapor) to eiiminate possible
volatile contaminaqts*,.and sealed off. It was then placed in the
furnace.

The melting point was firsé?aetermined approximately by rapid
heating, and then redetermined more slowly. Melting occurred.over a
pericd of 30 minu;es9 and over a temperature range which increased
irregularly from 449.4 to 449.7°. The furnace was then cooled to 4h7°
and held there, with occasiopal shakirig9 ﬁntil crystallization commenced,
which-required a little more than an hour. . The sample temperature rose
to 449.5° and remained there for 20 minutes, after which it fell again
to the furnace temperature.

Most of the discrepancies indicated in Table V' can be explained.

Many of the measurements were semiquantitative (Carnelley and Carleton-

% See footnote, page 63
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Williamsu39 for exampleg'were fortunate to get within 10° of the
correct melting point by the method they adopted). Impurities may
have played a part in some of the low ;/alues9 but most of these were
probably due to supercooling, and to the fact that the investigators
were measuring the melting point of tellurium incidentally to thermal
analysis designed to elucidate the phase diagram of'binary systems
containing tellurium; in fact, several of the references mark the
observed value as ''start of crystallization". In’dther cases né
indication is given as to how the temperature scale was established;

if one uses an unannealed and uncalibrated Pt vs Pt-Rh thermocouple,
one can easily be off by several degrees (the thermocouples used in
the early part of this research had a correction of almost #° at 450°).
This is probably the explanation of Epstein's_errbrs since it is
difficuit to believe that 99.999999% tellurium has a melting point 4°°
lower than 99.999% tellurium, or that a gross discontinuity in elec-
trical properties would appear 4° below the melting point and the prop-
erties would then be continuous at the meltihg point,

L6 ,h9,59

Of the remaining entries in Table V, three agree with this

result. 0n357 disagrees by 1.6° and cannot be explained. Jaegef and

)
Menke”?™

apparently had serious temperature measurement errors which

are discussed in detail by a subsequent investigator of the same binary
25, - $q £ 58 : .

:gystem”’”. The work of Simek and Stehlik”  was very careful, and their

relative temperatures must be considered accurate. Thus, their con-

clusion that hydrogen and carbon dioxide lower the melting point 0.15°

and 0.20° rvespectively per atmosphere of pressure should probably be

accepted. Fortunately, however, the journal in which they reported

allowed them space to describe the thermocouple calibration in detail.
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This makes it possible to notice (as Kracek’? has alsb remarked) that
their operation of their sulfur boiler was almest certainly in e}roro
énd when the sulfurwpoiht calibration is ignored and the.cdfreétions
made only‘fof their calibrations at'the zinc and antimony peoints,. their
result is in good agreement with the present one.

The work of Kracek59 appears to be the moest accurate of all.
Since his result of 449.8° is perhaps more reliable than the present

result of 449.5°, one might accept as the "best" value Lo, 7°,

L.c. TRANSITION IN SOLID TELLURIUM

A transition in solid tellurium at 350°C was reported22 many years
ago, on the basis of apparent discrepancies in dfop calorimetry results.
This result was not adequately supported in the first place, has not
been noted in more recent caiorimetry239 and iﬁs absence was noted in

8

the measurement of the melting point of tellurium’® and in.the vapor
pressure of solid telluriu ulc No evidence of it has appeared in the
careful electrical'measurement§38 made by a number of recent investi-
gators. It was therefore reasonably certain that this transition did
not exist, but it seemed warth,ﬁhile te prove it, using the apparatus
described above. For this purpose, the sample was taken from the
melting point“down to 300° and back up to 400° very slowly, taking
readings on. the thermocouples at timevinterQals corresponding to not

more than 0.3°. No evidence of any transition or other anomaly was

foufz_,do

L,P; QUANTITATIVE ANALYSIS
An attempt was made to analyse a sample of nickel telluride for

total' centent of nickel and tellurium, both .te check the composition
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and to determine oxygen by difference to see_if the sample had become
oxidized.

Quanéitative analysis for nickel within 0.1% is, of course,
eagy. Tellurium, however, is more diﬁficultu Most of the procadurgs
repofced are designed forAdetermination of tellurium in the presence
of selenium. Whether a better method could be found for this situ-
ation, Qhere selenium is known to be abeenﬁ9 is not known. A routine
method®0 vas used, in which thertellurium is reduced to the metallic
state with sulfﬁr dioxide and weighed as metal. 'The results were in- .
variably slightly high (oiidation of.telluriuﬁ during drying?)‘and in-
consistent, and results accurate to better than about 0.5% could not
.ﬁé'achievedo One recent investigator '© was satisfied with + 3%,

although these analyses were an intergral part of his results.

L.E. PHASE RELATIONS

At the start of this reseafcho nothing was known abéut the ﬁelluw
rium-rich region of the nickel/tellurium phase diagram except that the
melting point of tellurium waé about 450° (see above); that the sélid‘
gsolutions underwent some sort of melting phenomena3 at about 900°;
and that the boundary between ;he solid solution region and the two-~
phase region (solid solution plus solid tellurium, with possibly a
little nickel dissolved in the tellurium) lay very close? to the
stoichiometric composition NiTe, at 450°, and probably at all tem=
peratures below that, since phase changes or recrystallization appeared
not to take place2 in reasonable tiAeslat lower ﬁemperaturea° |

It was necessary to know some;hing about the phase diagram in order

to choose wisely the compositigns-on which vapor pressure measureménts

should be made. Unfortunately it was also necessary to know something
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about the phase diagram in order to invegtigate tha phasé diaéramg
and the experiments described h@relwere f@fedoame& te failure be-
cause they were based on false conjecfures as té the nature of that
diagram.

The first’experiments were cooling curves. Some nickel tellu-
ride was sealed in vacuo into a silica ampule provided with a reen=

‘'

trant well for a thermocouple,. It was then beated to 900° in a
furnace in a beaker full of insulator, then removed gnd allowed to
cool in air. The dinitial cooling was very fast, and by the time
all the connections were made, the first reading was taken at about
700°. It is now known that neothing interesting happens below this
temperature .except at comp@sitions between NiTel,9l and-NiTe1°999
compositions which were net méasuredD other than the freezing of
the tellurium.

In the first'experiment on the vapor pressure of NiTe, g, it .
wag noted that the vapor pr;ssure of this substance waslless than
that of pure teilurium at all temperatures high enough for the vapor

_pressure to be measureable; however, when the apparatus was cooled
and removed from the furnace, a few minﬁte crystals of tellurium
were found adhering te the silica a few millimeters above the éamp1e,
These crystals ﬁ@re analysed by x-ray diffraction and féund to be
pure tellurium. .Thi$ indicated that at some temperature above about
4L00° (belew which the tellurium would distill too slowly) and below
about'500° (above which the vapesr préssuré-was demonstrably lower
than that of pure ﬁellurium)o NiTeguo'was in the two-phase region.
1t was falsely assumed that the lowered vapor pressure of NiTes o as

compared with pure tellurium indicated that at higher temperatures
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.this composition was in the solid-solution region, and that the

phase diagram looked like Fig. 15a.

/ : .
e (1) Te (1) |
+sol'n v ' _ "4Sol'n
Solid [~ —1 ugQ° . Solid)._ =i 450°
Sol'n/ . , £ - Sol'y - >
Te (s) Te (s) »
4Sol'n . / 4Sol'n | ™.
R S ) o
- .<h§}?e2 .. Te : - NiTe, Te
a. ‘ : b.
: FIGURE 15
HYPOTHETICAL PHASE DIAGRAMS (EXAGGERATED)
To confirm this, the regioen from NiTe2 o to NiTe2 3 was investi-

gated by x-ray analysis. Samples wé?e prepared in evacuated silica
ampules, heated to 900°C, and quenched in cola water. The samples
were recc;vered9 powdered in a moriaf and pestle (which is very
difficult because of the mica-=like crystalline habit of NiTee)g and
studied.

For this purpose, pure nickel was necessary. It was prepared
from C.P. nickel sulfate by precipitation of the oxalate with pure
oxalic acid and freshly prepared ammonia water. The oxalatevwas
washed by decantation, then transferred wet to a silica boat and
placed in a Vycor tube where it was'Aecomposed in a stream of dry
hydrogen at 250.to 350°. The furnace was then heated to 1000° while
the hydrogen (which had been passed through a Deoxo unit éo free it

of oxygen) was continued, in order to reduce the nickel oxide to
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nickel. This nickel was mixed with pure tellurium in the correct
steichiometric prqp@rti@ns; Unfortunately the nickel and tellurium
did not react completely withinvauneasohable'time at 900°; and so the
experiment was repeated, using appropriate mixtures of nickel tellu-
ride and tellurium, which did react quickl&jand completely. Pure
tellurium and pure NiTe, o were also analysed by x-ray diffraction.
The result of these éxperiments wasg that liﬁes of both téllurium and
nickel telluride appeared in all samplesg including a quenched sample
of stqichi@matry NiTegoo which was used as a check. It was assumed
from these results‘that the phase diagram was as in Fig° 15b. Actu-
ally, the phase diagram is as in Fig. 165 and NiTeéod is in the two-
phase region at all temperatures. where pressure measurements were
made; the reduction in vapor pressure is. due to“thélsolubility @f
nickel in liquid tellurium.

It tpfned out ;hatlppg vapor pregsure measurements themselves
were a powerful toel for investigating Fhe phase diagram, and Fig. 16
was drawn from these m@asuf@ments} Bach of the curves of Fig. 16 has
been drawn through only twe peints. Nonetheless, they are considered
quite reliable., These curves were drawn in conjunctien with these of
Fig. 12, and their reliability is interdependent. Thus, the peint on
the liquidus cucve at 90% tellurium and‘682° is probably accurate to
& 1°; no other point is known except the eutectic. But the vapor
éressure of composiﬁi@n@ él@ng this curve is known {since this is the
vapor pressure measured for both NiTe, and:NiEég)g and the ratieo of
this vapor pressure to that of pure tellurium indicates that the curve
must behave as shown, since this ratio shéws approximately the same

approximation to Raoult's law at all. temperatures. Similarly, the
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point on the solidus curve at 65.5% tellurium and 712%° is probably
accurate to & 1°, and the behavior of the golidus curve between this

temperature and the eutectic must be as shown, because the ratio of

the vapor pressure of NiTe to NiTe shows approximately this be-

1.9 2.0
havior. ‘The sclidus curve point at 62.9% is cbtained by extrapolating
the log P vs. 1/T curQeg for NiT@1°7 and for the two-phase regien un=
til they intersect. This point is uncertain by pechaps 10°,

As shown in the main part of Fig. 16, the swlgbility of nickel
in tellurium at the melticg goint is zero, but ag the<inset shows, the
phase behavior in this region is not quite degenerate. The melting
point of a dilute solution of NiTe, in tellurium was determined exactly
as described in Sec. 4.B. 200 mg of NiT@2 was added to 18 g of tellu-
rium and the mixture vigorously boiled in vacuum to effect solution.
The egress of gas was restricted, so that the pre@sﬁre increased suf=
ficiently to make the green color of telluriem vapor plainly visible.
This represents at least 20 mm of pressure, which corresponds to 682°C,
at which temﬁeratur@ the selubility of nickel in tellurium is known to
be‘t@n'at@ndé percent; hence the golution should certainly have been
saturated after cooling te the melting point. The undissolved NiTeg
could be presumed te settle to the bottom, since its d@nsity62 is over
7 and that of tellurium is about 6.

Tmmediately before ﬁaking the melting peint, the thermecouple was
calibrated by taking the melting point of the tellurium sample described .
in Sec. 4,E° Thusg, the melting point difference may be presumed accu=
rately ﬁeasured° The eut@cfic temperature thus found was 1.0° lower

than the triple point of pure tellurium. The cryoscopic comstant of

tellurium has.baen.determin@dsl to be 520 degrees per mole solute per
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100 grams telluriumy hence ; freszing-point depression of 1.0°
" corresponds to 0.0025 nickel and 0.9975 tellurium as the atomic
fractions of the eutectic‘compositionn

The accuracy of this relative temperature measurement is not in
doubt, and it seems very unlikely that Sufficienﬁ impurity could have
been present to affect the eutectic tempevature. It is pessible,
hoewever, that the solution was neot saturated, and in this case the
true eutectic temperature might be a trifle lower and the true eu-

tectic composition slightly richer in nickel.

L.F. A VAPOR-PRESSURE THERMOMETER

The vapor pressure cf‘NiTeE.O is plotted in Fig. 17 as a function
of temperature. It can be seen that up to about 6506 this curve has
the familiar quasi-exponential form typical of vapor pressure curves,
but that at about 750° it inflects. This behavior caused a godd deal
of worry during this research, and variousg theoretical attembts were
made to explain it, including crossing of phase boundaries, exﬁram
crdinary corrections to the Clausius-Clapeyron equation, etc. The
actual explanation is, of course, simple: NiTe, o 1s in the two-phase
region over the entire temperature range @f Fig. 17, and the pressure
being measuréd is that of a saturated solution of nickel in liquid
tellurium. As the temperature rises;'two opposing tendencies operéte
on the vapor pressure: the nermal effect, expressed in the Clausins-
Clapeyron equation, of incréasing the pressure; and the effect of dis-
solving more nonvolatile solute, thereby decreasing the pressure. The
point of interest here\ig that from about 700° to 800°, pressure and

temperature are related almost linearly, with dP/dT varying between
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. one fixed point.
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0.24 mm/degree at the ends of the range and 0.27 in the center.

Vapor pressure has often been used as a property for determing
temperature. Several of the fixed points on the international tem-
perature scale are based on the temperature at which the vapor pres-
sure of some pure substance (e.g. oxygen, water, sulfur) reaches-760
mm. This pressure is convenient, but not particularly/rational;'at
this pressure, dP/dT is high for all substances, but a good deal
higher for low-boiling than for high=boiling substancés° In fact,
dP/dT is too high for use in a vapor-pressure thérmometer9 because
an increase of a very few degrées takes the pressure beyond the range
measurable with the same apparatus. On the other hand, a moderate de-
crease of temperature makes dP/dT so small that the vapor pressure is
no longer a sensitive measure of temperature. Thus, although vapor-

pressure. thermometers have been extensively used18d

» they have been
useful only over a very small ﬁemperature range. -

This situation could be improved by using, instead of a pure sub-
stance, a saturated solution with an excess of solute, as represented

by NiTe The thermometer would consist of an isothermal block, as

2.0°
described herein, with two holes: one for the vapor-pressure apparatus,
which would act ag the thermometer; and the second for the subject of

the experiments. The composition would not have to be accurately known,

gince vapor pressure is independent of composgition in the two-phase re-

gion. Such a thermometer would not require calibration in the ordinary
sense (since unlike a resistance thermometer or thermocouple, the cali-
bration is not variable from one thermometer torapother) although it

would of course be desirable to check the thermometer an;nst at least
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’

‘%NiTeg would not be particularly valuable for such a thermometer
because dP/dT is too small; if pressure-measuring precision were 0.1
mm, the temperature precision wéuldube only 0.4°C. However, there
seems no reason why other sililar mixtures could nét be found with
greater values of dP/dT. If, for example, the solubility of nickel
in selenium (which is not known) were abeout the same:asathat in
tellurium, fﬁe dP/dT values would be ample te give ; temperature
precision of about 0.02°C. Similarly, if some substance were found

which dissolved in tellurium as nickel does, but 200° higher, this

also would providelthe'dgéired type of dP!dE relationship ever a

long temperature range. The same idea seems extensible te low-~tem-

perature thermoqet;y (where vaporaéresspre thermometers have found
their,principal use iﬁ_the past) if nonvolatile {or comparatively
nonvolatile) substgnées can be found which disselve endothermically
in Liquefied gaées.

"The construction of such'a thermometer has not proceeded be-

yond the ''gedanken" stage.
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V. SUMMARY AND CONCLUSIONS

The original objective of this research was to gathe? éuffiw
cient data to determine the zero-point entropies of‘the nickel tellu-
.rides as a function éf composition. This objective is far from ha&ing
been feached. Low~temperature heat capacities (to about 350°K) have :
been obtained on all of the compounds from NiTe; ; to NiTe, ;, and the
correspoﬁding heat capacities on the elements are available. High-
temperature heat capacities remain to be run. 'Partial molal -free
energies and partial molal entropies of tellurium have been obtained
for the tellurium-rich compesitions at temperatures from T780°C down
to about 600°C, with the accuracy becoming peorer at the lower tem-
peratures. ‘To.obtain integral free energies or entropiés of reaction
reQuires data on the partial molal free eﬂergy of nickel at any one
composition and at varicus temperétures. If and when these data are

‘obtained, with equivalent accuracy, the zermfﬁoint eﬁtropies can be
determined.

As a direct by-product of this work, the dissociation pressures
of the nickel tellurides have been determined up to 780°C. 1In the
course of this work the vapor pressure of tellurium was determined,
originally as a check on th@Aapparatuso However , theSétmeasurements

'

'are more accurate than previous measurements on liquid tellurium; they

have alsoc been extended to higher temperatures (855°C “ Thus the
‘boiling point and heat of vaporization of tellurium are now moré accu=
- rately known than before (although less precision is claimed for the

heat of vaporization than by previous investigators).
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The triple~-point temperature of tellurium has begn reédetermined
experimentally, and the discordant literature on this subject critic-
ally examined. The precision of the result is éufficienﬁ to justify
the distinctioﬁ between triple-point temperature and "mélting point";
it is also sufficient to justify an additional significant digit in
the value of this censtant repo;ted in reference books.

The thermodynamics, and by inference some of the chemistry, of

the nickel tellurides investigated is now well understood, and in

particular the phase diagram from 60% to 100% tellurium is now clear.,
Because of this .understanding it is pcésibleg for example, to state -

66

that the conclusions drawn from recent measurements on the electrical
properties of these compounds afg Almwst certainly wfong (see‘Appendix);
Finally, an old method for measurement of vdpor pressures aﬁ high‘
temperatures has been-adaptéd to the present system, but in additioﬁ
has been impréved and ﬁéheralized.so that it is dvailable over a wide
variety of conditiogs aﬁd can achieve greater accuracy than ever before°

More than a dozen papers a year are being published on vapor pressures

and dissociation pressures in this temperature range; of the recent

papers examined, none was comparable in accuracy te the present work,

and at least one was less accurate by a facter of 1000.
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APPENDIX
Critical Discussion ef Litgrature

1. Nickel Telluride Nickel telluride was first prepared by-
40

Fabre seventy years ago by reacting the elements at high tempera-

ture. He reported that he had preduced the stoichiometric compound
NiTe, but it now seems possible that the stoichiometry may not have
been perfect. He<measufed the heat of solution of the comppund in ,
bromine water, énd from these results the heat of forma_t:ion56 can be
calculated.

During the early 20th century, nickel tellprides’were prepéred
t:.w:i.ce6l967 by wet methods (froﬁ nickel salts such as'sulfate, and -
sodium or hydrogen telluride). Both authors reported that. the pro-

duct was NioTe, (or in the notation of this document NiTel'S)b and

3
that on heating in vacue it yielded NiTe, but they may héve‘been ex-
pecting stoichiometric compounds. Thus, the mineral mellonite, which
coﬁsists of nonstoichiometric nickel telluride of apparently variable
proportions, has_been frequently reported to h;ve one or andther pfé-
.cise stoichiometry.
The heat capacity of steichiometric nickel Eelluride was measured
at several temperatures by drop calorimetry by Tilden179 at about the
turn of the century. As mentioned at the beginning of Sec. 2, Tilden
was apparently a very careful experimenter; and both the stoichiometéy -
and phermal.data are probably trustworthy.

The crystal structure of NiTe was elucidatedh in 1927, but the

crystal structure of N1T329 the continuous transition, and the re=-

sulting interest of the system was not discovered until 19381° Shertly
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thereafter, Klemm62 made detailed-measurements on the entire series of

compounds by means of x-ray diffraction, pycnometry, and magnetic sus~.

ceptibility. In the light of later workgs'and as also indicated by

the irregularities of the data, these results must -be considered as

having only qugiitative value, although Klemm is usually a careful
experimenter.
Over the next several years there was only one experimental paper,

65

namely a short series of magnetic measurements - omn the stoichiometric

compound NiTe. -There were: also: some theoretical papers, such as .those
B 63 o i

of Ehrlith " and Klemm ~, in which the trédnsitien chalcogenides were

examined as ‘a whole, and in which the continuous transition in the

nickel tellurides (and to some extent in others of these compounds)

was -discussed. Insofar as these applied to the nickel ‘tellurides,

62

they were based on Klemm's paft1§ invalid data"".
s With%ﬁythe past two years, quantitative méasurements extending
over widq“£anges of stoichiometry have béen undertaken by a least
five groups of iqvestigatofs'in as many countries, and with -the ex- - - i
ception of the collaboration of Grénveld:with this endeavour, they
have been.entirely\independent°
The Japanese work3 consists of an éxténsiva series of magnetic
measurements over tﬁe entire composition range from nickel to tellurium |
and over the temperature range from =200 to ovef 900°C. Unfortunately,
mgasureménts were made only on certéin prechosen compositions, so that
thé complex phase behavio:2vin the neighborhood of NiTe0°7 was missed-
entirely, as was the phase behavior, of more interest to this investi~
gation, ;n.phe ;ellurium#ricﬁ‘region of the diagram. They did observe
a phenomenon which they attributéd to "mel@ing” ét about- 900° in the re-

gion from NiTel°5 to NiTe, 4 but it is not possible to locate these
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points within 100° from the data they present, and it is not.clear . :
whether they are reporting iiquidus or solidus lines; or a mixturei.-
of the two. The work, which was received a fev months after this
investigation was started, was pérticularly usefﬁl in indicating the
lack of any transitions in the region ef this investigation; it is
likely that secondworder4transition39 if present, would be picked

up by careful magnetic studies.

The Russian work66lconcerns measurements of thermal and elec-
trical conductivity and thermeelectric potential at.room tehperature
for compositions ranging from below NiTe; o to above NiTe2,0° Theré
are also cryptic references to other work, such as a mention of the
heat capacity of NiTep. This work is suspect for a numbef of reasons.
The curves which are drawn do not in fact pass through the points which
are supposed to support them. Furthermore, the data show nicely sym=
metrical peaks at both NiTe an& NiTe,. Yet from our present qnderw
standing of the phase behavior (which was presumably not available
to thesé authors) the phase break on .the nickele-rich side is much
closer to NiTe; ; than NiTey g5 and it should be nongymmetric, since
there is a two-phase region on one side and a one-phase region on the
other, Similarly, there is a two-phase region on one side of NiTep g
and a one-phase region on the other9 so that the peak should be non-
_éymmetric° Finally, the evidence from very careful - work on other com-
parable compounds (for example, the bismuth tellurides69) supports the
fact, which is also iﬁdicat@d on theoretical grounds, that the type:
of phenomena which they report-=that is, .extrema in thermoelectric
potential and electrical cenductivity at steichiemetric composifioan

should be related to composition changes away from "intrinsic' which
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are smaller.by several orders of magnitude than these which they havé
reported. Pending subsequent confirmation, therefore, this paper shoﬁld
probably be considered useful enly in giving qualitative indications.
Thus, the knowledge that the electrical resistance is approximately 10-)+
ohm cm fo: these nickel tellurides is valuable in assessing their nature.

68

The Austrian wor is a careful roentgenographic analysis, over
the composition range NiTe to NiTe,, and from room temperature to 800°,
This work is particularly useful in supplementing the wcrk of Barstad
and'erdnvold at higher temperatures.

. The Norwegian work® is a very precise set of measurements covering
the entire composition range from nickel to tellurium at room tempera-
ture, with some measurements at other temperatures; careful crystallo-
graphic studies have been made by x-ray di.ffréction9 and there are

alse some magnetic measurements. This werk has not yet been publighed,

but mest of the results were made available to the author.

- 2. Vapor Pressure of Tellurium The vapor pressure of liquid

=

tellurium was first measured by Doolan and Partington™ , and subSe;
quentiy by Scﬁneid@r and Schuppgs9 by the transport method; tﬁis
,metho& involves passing a known quantity of inert gas over the sample,
which is held at known and constant temperature, and measuring the
quantity of vaporized material which is transported away from the
sample. The method is subject to a number of systematic errors, and
the pressures of Doolan and Partington are censistently low; while
those of Schneider and Schu?p ave consistently high. Within each the

scatter of the data is less than the systematic errors, and each gives

a straight line in the plet of log P vs. 1/T.
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A very accuraﬁe se;ies of measurements was made by-Brooks26 a few
years ago, using a method very sililar to that used in this research=~-
in fact, his method was basicélly copied at the start of this research.
The principal source of error in his measurements was due to shifts in
the null position of the pointers, which were considerably greater in
Brooks' work than in the present work. The scatter of Brooks' data is
several times as great as in the present work, and so Brooks did not
-detect the slight curvature in the 1§g P vg., 1/T plot, and fitted his
data with a linear analytic expression. Brooks' pressures are slightly
higher than those of the present measurements, but this difference is
small~=certainly within his error and possibly within the error of thé
present experiments. Thus, his extrapolation to 760 mm pressure gives
as the boiling point 989.8°C & 3.8°, while the present data (extrapo-

‘lated over a slightly shorter range) give 992° & 1° for linear extrapo-

lation (see Sec. 3.H.2.).

A very recent series of measurements (< has not yet been published.
It measures the vapor density directly, by radicactive tracer niethbds9
and the vapor pressure is computed on the assﬁmptions that the gas is
diatomic and perfect. The scatter of the results is somewhat greater
than that of Brooks, énd the pressures are consistently slightly higher.

The author also checked the number of atoms per tellurium molecule. He

states that ''the values were all slightly higher than 2.00, indicating a

possible constant error°°°probably associated with the analytical de-~

termination of the telluriumec-'" (see Sec. L.D.). .

A very clever, and apparently accurate, series of measurements
L1

was made some years age in Japan — on the vapor pressure of solid

tellurium from 320° to L410° by effusion methods. Two distinct methods
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b ' were ﬁwd simultaneously. One measured the loss of weight in the
sampie beat, due to effpsion9 while the other,measured~the reactive.
force (by means of a to;sion balance). One of these methods re-
quires‘knowledge of the molecular weighf to effect the calculation;
while the other dces ndt; conversely, having computed the vapor
pressure from one set of data, the molecular weight can be computed
from the other. 7This was the basic purpose of the experiment-~to
determine(the number of atoms in the telluriuﬁ vapor molecule=--and
the conclusions from this experiﬁent were that the number is 2.00 <
0.05. The pressure data are remarkably self-consistent; in fact, ‘
they are too consistent, éinée the pressures are éiven only to two
gignificant digits, but the linearity of the log P vs. 1/T plot is
congiderably better. For example, at 330°C the pfessure is 0.001L

- mm, and at 399.5°C it is 0.030 mm. All of the temperatures are at, or
almost at, 10° intervals, in this fashion. Furthermore, although the
experiments check each other, there were some common parameters in
the ﬁwo.which could have introduced common systematic errors. How=
ever, these results appear to be the best available for obtaining
(by‘extrapplati@n) the triple-point pressure, which is a useful point’
»éince it effectively extends thg vapor pressure measurements down-
ward an extra 100° or more. Using the formula log P = -7691.552/T =
9.912, and T = 722.8°K as the triple-point temperature yields p = )
0.187 mm as the t:ipleépoint pressure. But the curve should be con-
cave downward @ﬁe to décrease iﬁ heat of vaporization with increase of
temperétureaésee Sec. 3?H02)9 and a curvilinear extrapolation yields

about 0.17 mm, the exact-éxtrapolation-being somewhat doubtful because

of the precise linearity of the data zreported.
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THERMDDYNAMIC PROPERTIES OF NONSTOICHIOMETRIC NICKEL

TELLURIDES AND OF TELLURIUM
By Robert E. Machol

ABSTRACT
g _

The system nigkel/telluriuﬁ is of infg;§§t because of the con-
tinuous and homoggneogs transition betwgeg:NiTe anvaiTeQ, which have
different crystal structures. As part of a thermodynamic‘syudy of
these comp&unds, an attemp;,was madgvto gather Qata which would depér-
mine éerowpoigt entropigs'aéAa.fupctign gf,cqﬁéoéition.A'gértAof,the ,
necessary data have begn ggphereé,»andﬁin 3ddition!a(numb¢r of other
pertinent or interesting prqgertiés of ﬁhe“nickgl gellurides, anq of
tellurium, have been'investigétgd.

. Specific heats from 4° to 350° K have been measured on Nite; 1,

ANiTe1°5, and N;‘.'l‘e2 0,’and'thg thermodynamic functions of thegé and

all intermediate compositions may be considered accurately known ' - b
over this temperature range. The metliod employed was conventional
precise adiabatic calorimetry in an existing. apparatus.

The melting peint qf.téllurium has been rgdetermined and the

_highly discordant literature critically reexamined; the ;riplevpoint44

may now be stated with: some confidence t@,be.&k2.7° 4 0.2°C,
The dissociation pressures of compositions ffép NiTel 5 to e
NiTe, o have been.acéurate}meeasuged«a;ageﬁperatures.ﬁp'to 780°C

in order to-determ;ne‘the~par;ial_molal,f:ee»energies.and entropies

of tellurium in these compounds. These measurements have incidentally ('
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elucidated the phase behaviour in the tellufium-rich'region, showing‘a

high solubility of nickel in liquid tellurium at elevated teﬁpera;ures;

and incongruent melting of the solid solutioms suchAthat'telluriﬁm-fich
solid solutions aré unstable at elevated temperatures.
To obtain these measurements, an old method of measuring vapor

pressures at high temperatures--namelj the use of a silica bourdon

_gage~-has been modified and improved, so that it is capable of very

high accuracy (0.1 mm Hg and 0,1°C) over a wide range of conditions and

'up to at least 855°C ana probably much higher, . Improvements consisted .

of methods of effectively outgassing the apparatus, of purifying the

sample, of making the pointeré~visib1e so that accuracy and consistency

of pressure measurements were possible, and of ensuring}hombgenei;y and

accuracy of measurement of sample temperature.

The vapof pressuré of tellurium was measuredAoriginally to check
out the apparatus. 'The final results were more accurate thén”those of
previous investigatoré, and sufficiently p:ecise to require the use of

a four-parameter equation. The results are represented by

log P = =10,663.14/T + 64.73140 - 18.61687 log T + 0.00341783 T .

where P is.in mm Hg and T is in degreés Kelvin. Theoretical study of

the data has indicated that deviations from ideality of tellurium vapor

appear at a much lower pressure than one would predict from the behavior

of more familiar gases. Since this cannot be due to molecular dissoci~
ation, it must mean that the van der‘Waals' cons;ants;(or second an&
higher virial coefficients) are-unusually'high. By extrapolation, the’

boiling point of tellurium is computed to be 993.6 + 2°C, and the heat
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of vaporization to be 33,850 - 908 t cal/mole {one mole equals two

gram-atoms) , with an accuracy of plus or minus several hundred calories,

v

from the tfiple point to t = 850°, or perhaps 950°C. This figure may

£

Ny ] . . S
LY be considered more accurate, though stated with less precision, than
those of previous investigators. . -
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