
Chemistry. - On the Accurate Measurement of the Specific Heat of 
Solid Substances between 0° and 1625° C. 11. The Specific Heat 
of Platinum and Tungsten. By Prof. Dr. F. M. JAEGER and Dr. E. 
ROSENBOHM. 

(Communicated at the meeting of October 29. 1927). 

§ 1. As first results obtained in the measurements made by the method 
described in our previous paper 1), we con;tmunicate in the following pages 
the data acquired in the case of the metals platinum and tungsten. 

In the first place the specific heat of pure platinum was determined. The 
material used consisted of the purest platinum exempt of iridium, as used 
by HERAEUS for thermo-couples and resistance-thermometers. A crucible K 
(see the previous paper Fig. 6) made of this metal. was closed by a cover 
furnished with a small hooklet h; moreover, a smaII tube m was fixed in 
this cover for placing the junction of the thermo-couple in it in such away, 
that this junction stood in the centre of the crucible. The latter was filled 
out with ten or twelve little spheres of the same metal. the total weight of 
the platinum thus being about 52.7 grammes. The vessel was suspended 
in the space of the furnace where this has no appreciabie temperature
gradient by means of an iridium-free platinum-wire d and heated to the 
desired temperature. When the temperature had remained constant during 
a long time, the platinum-wire d was at its lower end suddenly melted 
through by the aid of astrong electric current passing through it, which 
current was introduced the contacts zand the strong (2 mm.) platinum
wires x. The thus detached crucible passed the MARQUARDT-tube GG' and 
was caught in the calorimeter. Wh en the measurement was made, the 
weight of the crucible was every time redetermined, because the melting 
of the wire d eventuallycaused some liquid platinum to fall on thecover 
and because, moreover, at very high temperatures there is always some 
danger of a diminuition of the weight of the crucible bya slight volatilization 
of the metal in presence of the oxygen of the air. The results are coIIected 
in the following table land compared with those obtained by WHITE 2), 
who worked with another material and also used another kind of apparatus (a 

liquid-containing calorimeter) . The values of Cp necessary for the comparison 

are calculated by means of WHITE'S formula: cp = 0.03175 + 0.0000032 t. 
From our measuremeIits the values Q were derived, representing the total 
amounts of heat delivered between tO and 20° C. For calculating these 

1) F. M. JAEGER and E ROSENBOHM, These Proceedings. 30. 905. (1927). 
2) W. P. WHITE. Phys. Rev. (2) . 12, 436. (1918). 
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quantities also between t O and 0° c., GAEDE' s measurements 1) of Cp are 
made use of, which results can be represented, according to MAGNUS 2) , 
by the equation: Cp = 0.031054 + 13.6 . 10-6 • t - 0.028.10-6 • t2 ; 

20° 

from th is equation the value : 0.62373 is deduced for I cp' dt, so that 

the mean value of c" between 0° and 20° C. is calculated to be: 0.031186. 
In th is way the va lues Q o of the next column are calculated from the 
values Q . From three measurements of Qo, for in stance from those at 
301 ° ,933° and 1546° c., we have calculated the values Q'o of the next 
column, by means of the formula : 

Q'o = 0,03162 t + 0,00000308625 t2 + 0,000000000077751 t3
, 

which formula represents the vaJues of the total amounts of heat delivered 
between t O and 0°, in a really excellent way. 

From this formula the true specific heat cp at each temperature can be 
then calculated by the equation : 

dQ' 
Cp = dt 0 = 0,03162 + 6.1725.10- 6 t + 2,3325 . 1(}-IO. tl. 

This formula cannot be used beneath 150° c.; the deviations. it is 
true , are even then only smal!, but considerably greater than the degree 
of accuracy here attained. which is about: 0.1 % 3). 

The obtained values of the true specific heat under constant pressure have 
been graphically represented in Fig. 1 up to 1620° c., as weil as those 
from WHITE'S measurements up to 1300° C. and those obtained by 
MAGNUS at corresponding temperatures. Notwithstanding the fact th at 
WHITE used a different apparatus. his value, - for which he emphazises 
an accuracy of about 0.3 %, - appear to be nearly completely identical 
with ours: the greatest differences. which occur between 950° and 
1100° c., are no more than the uncertainty of 0.3 % mentioned, while they 
are, for the rest, not greater than 0.15 % or 0.20 % of the tot al values. 
This complete accordance of the results can he considered as a proof of 
the perfect correctness of the method used here and of the results obtained. 
Contrary to WHITE, who represents his results by means of a straight line, 
we have used for that purpose a feebly bent curve, . convex with respect to 
the temperature-axis. The va lues obtained by MAGNUS up to 850° c., 
appear to differ somewhat more ; more especially his cp - t-function, -
which, as with WHITE, is assumed by him as a linear one, - appears to 
have a rather strongly deviating direction towards the higher temperatures, 

I) W . GAEDE, Phys. Zeits. -t, lOS, (1902). 
2) A. MAGNUS, Ann. d . Physik, -t8, 998. (1915). 
3) MAGNUS ca\culates the true specillc heat Cp between 1300 and 8500 C. by means of 

a linear function: Cp = 0,03159 + 5,8468 . 10-6 • t. As in the temperature-Interval con
sldered here, - which has about the double extension, - the curve devlates already con
siderably from a straight Hne, we have preferred to make use of an equation with 3 constants. 
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TABLE I. 

Mean and True Specific Heats under constant Pressure for Platinum 
between 0° (respectiveIy: 150° C.) and 1604° C. 

~_U~ G_U;'; 1û~U~ .. 1û Flnal ~ëäg,..r9 "<:""; o ..'!! 6.1 .....; fa ra 
...r:::: [00 u- ., 

O~N~ .... "'0 Po. ~ uo en =' ..<: .. 
temp. Increase of Weight G Mean o$"O~ o~"t:S '" 8 ~U Temp. t Mean i'l0-g ~ 4"0 r: 0 ..... _ 0 ~ . ~ of ca- tempera- of the specilic r: ",,, §O "' ê. .... .- ° (corr.) specilic heat 6"t:S o'" 8 6"t:So 8 ~ ..... 

in oe. :. lorimeter ture f:"t heated heat 
Cp (WHITE): 

8., ..... 8 S., ..... 13 g]ca..o~ 0.4" 
co ti c:: E cG ti 5 e c:: 1-t d . ~ ., lil 

and observed : platinum: cp: _>~O> 
co 6) ~ ... 

~ ~ tiiÈ~CJ ->.,0>8 
platinum 19~ ~- 4"., - J:!;':::: ~- 0 ... 

c"O ........ ~~"~J:: f-t ~"t:S~.B f-t ~.B ...Q-

100° . 20° - - - 0.03186 _. - - -

210° .7 20°.35 0° . 22994 52.712 0.03247 0.03242 6. 1808 6.8154 6.8000 0.03293 

300° 20° - - - 0.03271 - - - -

301°.05 20°.59 0°.33984 52 .709 0.03265 0.03271 9. 1572 9.7993 9.8008 0.03350 

408° .3 20°.62 0°.47467 52 .706 0.03299 0 .03305 12 .7900 13.4330 13. 4300 0.03418 

500° 20° - - - 0 .03333 - - - -
504° .8 20°.81 0° .59864 52 .742 0 .03330 0.03336 16 . 1172 16 .7662 16.7583 0.03479 

577° .9 20°.93 0° .69352 52.734 0.03353 0.03360 18.6750 19.3277 19.3183 0.03526 

700° 20° - - - '0.03399 - - - -
707°.4 20°.91 0°.86486 52 .714 0.03393 0.03401 23.2926 23 .9447 23.9471 0.03610 

747° .8 21° . 14 0°.91930 52.717 0 .03406 0.03414 24.7500 25.4093 25.4039 0.03637 

869° . 1 21° .04 1°.08404 52.742 0.034045 0.03453 29 .2140 29.8701 29 .8632 0.03716 

900° 20° - - - 0.03460 - - - -

933° 21°.39 1° . 1734 52.737 0.03464 0.03473 31. 5786 32.2457 32.2504 0.03758 

945° .7 21° .33 1°.1903 52 .722 0.03468 0.03477 32.0576 32 .7228 32 .7286 0.03767 

1068° 21°.70 1°.3625 52.725 0 .03507 0.03516 36.6942 37.3709 37 .3849 0.03840 

1100° 20° - - - 0.03523 - - - -
1109° .8 21°.60 1°.4238 52.749 0.03522 0.03530 38.3200 38.9936 38.9989 0.03876 

1218° 21°.80 1° .5817 52.743 0.03559 0.03565 42.5670 43 .2469 43.2324 0.03948 

1300° 20° - - - 0.03592 - - - -

1302° 21°.97 1° . 7057 52.755 0.03588 0.03599 45.9260 46 .6111 46 .5724 0.04005 

1309° 21°.91 1°.7162 52 .752 0.03589 0 .03594 46 .1933 46 .8514 46 .8526 0.04010 

1374° 21°.96 1°.8137 52.767 0.03610 0.03614 48 .8079 49.4675 49.4741 0.04054 

1464° 22° .17 1°.9509 52.795 0.03637 0.03643 52 .40400 53.1314 53 1498 0.04116 

1546° 22° .27 2°.0721 52.736 0 .03665 0.03670 55 .80445 56 .5390 56.5467 0.04172 

1601° 22°.41 2°.1653 52.704 0 .03685 0.03688 58.2830 58 .9819 58.9790 0.04212 

The true specific heat at t O C. was, between 1500 C. and 1604° C., calculated from the equatioD : 

cp:;: 0.03162 + 6.1725.10-6 . t + 2.3325.10-10. t2• 

69 
Proceedings Royal Acad . Amsterdam. Vol. XXX. 
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in comparison with ours. At 600° C. the divergences of his va lues with 
WHITE'S and ours are already 1 %, at 850° C. about 1.5 %. Although 
probably these deviations are caused partially by inaccuracies in the 
temperature~measurements, - for MAGNUS has made use in his furnace 
of platinum containing iridium, which makes the indication of the thermo~ 
couples always more or less erroneous as a consequence of contamination, 
and, moreover, he has placed the hot junction of his thermo~element not 
in the crucible, but beside it, - it is, however, impossible that this should 
be the only cause. The inaccuracy in the temperature~indication would 
th en be no less than 40° to 75°, which cannot be supposed to have been 
the case. It is more probable that these differences are connected in some 
way with accidental impurities of the metal used. 

Treu Speci{ic 
Heat Cp 

0.00150 

0.04100 

0.03950 

0.03'00 

0.03650 

0.03l00 

! , ! I, I , 

I~O' ... JO,' 4l0' 600' 710' 

• Whife 
JOtgerin /loóen6ohm 

• #0!lnu/J 

Temperature 
,,11 ! 1 !! !I ,! I, 

900' 1050' 1/00' Ill0' lIDO' 1650' 

The true speci{ic heats Cp and c. of Platinum between 2000 C. and 16500 C. 

Fig. 1. 

The curve for the specific heat of platinum thus obtained appears to 
fit very weIl with that representing the data at lower temperatures 1) ; as a 
consequence the specific heat of platinum can now be considered as being 
exactly known from about - 255° C. up to 1625° c., i.e. within an interval 
of temperatures ranging over almost 1900°. 

§ 2. It is a remarkable fact that up to 1600° c., there is na indication 
whatsoever of a retardation in the increase of the atomie heat under 

1) F. SIMON and W. ZEIDLER, Zeits. f. phys. Chemie, 123, 196, (1926). 
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constant pressure Cp: this is found at 500° C. to be: 6.785 cal., and at 
1300°. c.: 7.816 cal., while at 1610° C. it is even found to be: 8.235 
calories, without approaching any limit evidently. Thus, if the specific heat 
at constant volume c. is calculated 1) from the general thermodynamic 
equation: 

_ 0,02345 . (3 a)2 • T 
Cp - Ci> - d " . . 

the considerable deviation from the theoretical value remains likewise. In 
rhis formula (3a) is the cubic expansion-coefficient, T is the temperature, 
d the specific weight and " the compressibility in kilogrammes pro cm 2 , 

- all quantities to be taken at the same temperature T. The values of 3a 
are calculated from HOLBORN and DAY's formula; those of " ue deduced 
from the data of BRIDGMAN 2) and of GRÜNEISEN 3); the last mentioned 
investigator has emphazised a probably linear dependenee between " 
and t. Perhaps this extrapolation of the experimental data up to higher 
temperatures is not wholly allowable; but as in each case " increases 
with the temperature, our conclusions will not be altered by eventual 
deviations in this respect, because the correct va lues of" can only lie in such 
a direction, that the difference between cp and c. would appear even 
smaller, than is supposed in the following considerations. We have used 
BRIDGMAN'S data for platinum-wire, which are exactly intermediate between 
those of GRÜNEISEN and BRIDGMAN'S values for platinum in bars, being 
somewhat smaller than GRÜNEISEN's numbers; the differences are, 
however, only very sm all and the dependenee of "on t in all three 
series of experiments seems to be about the same. 

In this way the following data are obtained for the specific heat at 
constant volume c. and for the true atomie heat C. of platinum between 
100° C. and 1625° C. (TabIe 11, p. 1074). 

The values of c. are also represented graphically in Fig. 1. It becomes 
clear in this way, that we cannot speak with certainty of any approaching 
of c. to a maximum value; it is, moreover, cIear that the value: C. = 
= 0.03049, corresponding to an atomie heat of 3 R = 5.963 calories, is 

I) M. PLANCK, Thermodynamik, 2nd Edit .. Leipzig, (1905), p. 118. The equation follows 

(au) (Ou)2 immediately from the general thermodynamical relation : cp - C. = - T op . aT 

1 (au) 1 (au) if it he rememhered, that : ;; oT = 3a and ,,= - ;; . op . IE" is expressed 

in kilogrammes pro cm2• (= 981 . 103 dynes) and the calorie = 4,183. 107 ergs is adopted 
as heat-unlty, the constant of the formula gets the value: = 0,02345. From the values 
of c., th us deduced . those of c. can he found immediately by multiplication wlth the 
atomic weight. 

2) P. W. BRIDGMAN, Proceed. Amer. Acad. of Arts and Sciences, 58, 183, (1923). 
3) E. GRONEISEN, Ann. der Physik, (4), 33, 1264, 1268, (1910); for" .106 we have 

used the values: at 100° C.: 0,367; at 5000 C.: 0,401: at 1000° C.: 0,442: at 
16000 C.: 0,492. The specific weight of platinum at 15° C. is: 21,34, 

69* 
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already attained below 0° C. The last fact c1early indicates that. the 
supposition of ten made, of an "emission of electrons", cannot be considered 
as explaining 1) of the surpassing of the value: 3 R. 

TABLE 11. 

Temperature True specific True atomie heat True atomie heat 
heat at constant under constant pres- at constant volume 

in °C.: volume cv: sure Cp: C. : 

1000 0.03142 6.293 6.130 

2000 0.03202 6.414 6.250 

3000 0.03256 6.537 6.355 

4000 0.03306 6.662 6.454 

5000 0.03353 6.785 6.~45 

6000 0.03386 6.912 6.610 

7000 0.03421 7.037 6.678 

8000 0.03448 7.165 6.731 

9000 0.03476 7.293 6.785 

10000 0.03500 7.421 6.831 

11000 0.03527 7.552 6.884 

12000 0.03550 7.683 6.930 

13000 0.03570 7.816 6.969 

14000 0.03591 7.949 7.010 

15000 0.03610 8.081 7.046 

16000 0.03626 8.216 7.079 

17000 
~] ~ 0.036il ~ 8.353 ~ 7.108 
~ ~ 

17550 &11 0.03651 8.427 7.124 

Another supposition is, that the abnormally great va lues of the specific 
heats in such cases would possibly be connected with some "heat of 
transformation" of the metal studied, which would be superimposed upon 
the quantity of heat given out by the hot body. But this supposition cannot 
stand the test either. We may remind the reader that no indication of an 

I) E. GRÜNEISEN, loc. cit.: F. RICHARZ, Zeits. f. anorg. Chemie, 59, 156, (1908); A. 
EINSTEIN, Ann. d. Physik, (4), 22, 180, (1907); P. DEBIJE, ibidem, (4), 39, 789, (1912); 
M. THIESSEN, Verh. d. d. phys. Ges .. 10, 950, (1908). 
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allotropie transformation in the case of platinum was ever found. although 
the metal has been studied in this respect with the greatest care by the best 
investigators in accordance with its prominent importanee as material in all 
constructions necessary for precision~measurements (gas~thermometry; 

electrie resistance~thermometry; thermo~electric measurements; etc.) . 
But. moreover. the exchange of heat in our calorimeter. takes place so 
rapidly. that. in the case of a slawly proceeding allotropie transformation 
there is no possibility whatsoever of the superposition of any appreciabIe 
heat~effect upon that caused by the cooling of the hot object. within the 
very short interval of time considered here. - this being only a few 
seconds. It is of interest. in this respect. to remember that such heats of 
transformation in the solid state. are usually only rather small quantities. 
while here deviations need be accounted for. whieh at higher temperatures 
represent 19 % and more of the values calculated. Even in the highly 
improbable case that the supposed transformation would have taken place 
with such extreme velocity. that it would have been completely finished 
within the few seconds in whieh the total heat~exchange between the heated 
object and the calorimeter has occurred. - a case in which a distinction 
made between a really "unary" and a "pseudo~unary" system would no 
langer have any real signifieance. - such great amounts of heat could not 
possibly have been given of in excess for all that. Moreover. in this case 
and in that of tungsten. where the same phenomenon is repeated. we have 
heated samples · of the pure metals during a long time at constant 
temperatures and than quenched suddenly in cold oil or mercury; the 
samples thus treated were then studi'ed by means of X~rays. But in the 
spectrograms thus obtained before or af ter the heating and quenching. 
na alterations whatsoever. be it in the intensity or in the place of the 
diffraction~lines. could be observed. Thus. for instance. the spectrogram 
(af ter HULL~DEBIJE; Cu~a-radiation) of a sample of the purest. pulverized 
platinum. which was heated at 1200° C. during several hours and then 
quenched in oil of 15° c.. appeared to have the same diffraction~images 
with the same relative intensities. and the same grating~constant ao. as a 
sample whieh had not been heated beforehand. 

And this complete identity of the spectrograms wasalso stated in the 
case of tungsten. heated at 700° C. during several hours. in comparison 
with that of a sample at room~temperature: no indieation whatsoever 
could be found of any change in structure or in density of the metal 
considered here. Therefore. the hypothesis mentioned before. must. in our 
opinion. totally be rejected. 

Such discrepancies between the experimental data and the theoretieal 
views as stated here. have in a few cases been found already by earlier 
investigators; but bij the present. very accurate measurements up 
to 1600° c.. these facts are now put beyond any doubt and cannot be 
ascribed any longer to experimental errors. Neither appears there to exist. 
as GRÜNEISEN (loco cit.) first pointed out. a constant ratio between the 
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linear expansion-coefficient a and Cp as. in the case of platinum. may be 
seen from the following data: 

Temperz.ture in °C.: I Ratio ~. 106 : 
Cp 

0° 285.6 

300° 276.7 

800° 270.4 

1300° 264.7 

1600° 261.0 

Evidently the ratio mentioned diminishes gradually with increasing 
temperatures. and this diminuition appears to be no linear function of the 
temperature. 

E 

§ 3. As in these measurements and the others it appeared ta be 

Fig. 2. 

necessary to reduce the measurements 
TIl between tO and 20° c.. to such 

between t O and 0° c.. - it was 
necessary. therefore. to extend the 

E method of measurement of Cp also 
between 20° and 0° C. For this 
purpose a separate calorimeter of 
simp Ie construction was made use of. 
which instrument is schematically 
reproduced in fig. 2. 

In a cylindrical vessel E. made of 
enamelled iron. and filled with small 
lumps of ice. a vessel Zn is placed 
coaxially. This vessel is made of 
plated zinc and shut by a lid D. 
equally filled with ice. A tube of 
porcelain. which can be closed by a 
stopper S. passes th is cover as weIl 
as a stirrer rand a calibrated 

BECKMANN-thermometer Th. which has scale-divisions of 0°.001 C. 
Within the vessel Zn and separated from it by two supports f and e. 

made fromebonite. a double-wa lied vessel A B of plated copper is placed 
coaxially with E and Zn; the wall A is internally. the wall B externally 
polished as perfectly smooth as possible. B contains 200 grammes of water 
W. into which the stirrer rand the BECKMANN-thermometer are immerged ; 
the heat of the object introduced is given out to this water. A and Bare 
both cIosed by means of ebonite covers Q and R. which have a coaxial 
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central perforation, the cylindrical channel of which can be shut by means 
of a stopper V. 

The object to be investigated is heated within a test~tube, which is 
placed within a waterbath with double walls and of such a construction, 
that it can be completely reversed at the moment, that the object heated 
at an accurately fixed temperature between 0° and 100° c., is dropped 
without any loss of heat into the porcelain tube of the calorimeter; and so, 
by instantaneous opening of the stoppers S and V, is introduced into the 
water of B. The required determinations take place in the wellknown way, 
as followed in the case of the usual calorimeters containing a liquid: the 
degree of accuracy reached is, although not so great as in the case of the 
big metal~calorimeter, plainly sufficient for determining the only small 
correction necessary for reducing the measurements to 0° c., in stead of 
to 20° C. 

§ 4. In the second place the specific heat of pure tungsten was deter~ 
mined by us in the same way. We had at our disposal the crystallized metal 
in a perfectly pure condition in the form of a thick prismatic bar; for it, 
and for some other metals we are obliged to Dr. HOLST and Dr. DE BOER 
of the laboratory of PHILIPS' Incandescent Lamp~Manufacture at Eindhoven, 
to wh om we once more wish to offer our sincere thanks also here again. 

The measurement of the specific heat of tungsten at higher temperatures 
appeared to involve many difficulties, which are chiefly caused by the 
fact, that the metal at temperatures exceeding 600° c., is very easily 
oxydized. The oxydation~product formed, which at lower temperatures is 
chiefly WOg, is above 900° C. by loss of oxygen gradually transformed 
into a dark, indigo~blue mixture of oxides, which, in its turn, at still higher 
temperatures is transformed into a pale greenish, beautifully crystallized 
mixture of other oxides, the composition of which are undetermined and 
which , moreover, at temperatures surpassing 13000 c., appear to be so 
volatile and consequently to sublime so rapidly, that up till now, all 
measurements had to be stopped at 13000 C. The sublimate thus generated, 
vehemently and very rapidly attacks the protective tubes of hard porcelain 
of the thermocouples and the parts of the furnaces containing silica and 
alumina; it was, therefore, also impossible to make use of a porcelain 
lining in the platinum crucible, in which the metal was heated here. Up to 
1300° c., - this being the highest temperature in this case, to which the 
measurements of Cp with tungsten could be extended, - platinum happily 
appeared not to be attached, however, by the heated metal. nor by one of 
its oxides; therefore, the said protective lining could, finally, be completely 
omitted here. The tungsten was brought into the shape of a compact, conical 
mass, weighing more than 52 grammes and exactly fitting into the platinum 
crucible; this lump was then cut into two halves parallel to a median 
plane, which, in the direction of the axis, were both provided with a half~ 
cylindrical excavation, thus forming together a channel through which 
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passed the prolongation of the platinum hook; by the aid of which the 
crucible was suspended in the furnace. Moreover. along the inner wal1 of 
the crucible. in one of the halves of the tungsten~piece also a cylindrical 
furrow was cut. in which fitted a smalI. thin platinum tube. fixed to the 
cover of the crucible and destined to hold the junction of the thermo~couple. 
In each measurement successively the following data were accurate1y 
determined: a. the weight of the platinum crucible with its cover before 
and af ter each experiment; b. the weight of the tungsten before the 
experiment; c. the increase of weight of the tungsten af ter the experiment. 
as a consequence of its oxydation ; d. the final weight of the remaining 
tungsten and that of the oxides formed in the experiment. being both first 
separated from each other as completely as possible. 

The specific heat of W0 3 at lower temperatures was also measured. 
Soon it became clear. however. that by loss of oxygen. besides this oxide. a 
number of lower oxides of unknown composition is formed (W20 5 • 

W0 2 ?). forming together the components of a mixture at each 
temperature in equilibrium and recognizable by particular colours. ranging 
from pale yellow to dark indigo~blue. intermedially. passing through 
yellowish grey and a dull green hues; above 1300° C. this mixture is 
finally transformed into a beautifully crystallized. pa Ie greenish and highly 
volatiIe mass. As the composition of the intermixed oxides and their mixing 
ratio are unknown, the correct ion of the observed data, necessary as a 
consequence of the oxidation of the metaI. could only be applied by 
measuring preliminarily the specific heat of the mixtures of oxides. 
obtained by heating the tungsten~oxide during a long time at exactly the 
same temperatures as those at which the specific heat of the metal was 
determined, so that equilibrium was really established. As in the 
measurements executed with the metal. every time the total quantity of 
the mixture of oxides formed was determined, it was possible to apply the 
smal1 correction looked for, as soon as the specific heats of the equilibrium~ 
mixtures of the oxides were known. 

In the fol1owing Table 111 the results are put together, obtained in the 
measurement of the specific heats of W0 3 and of the yellowish green 
mixtures of oxides between 500° and 900° c.; those, of the specific heat 
measurement between 1000° and 1300° c.; of the blue mixtures of oxides, 
produced above 925° c.. and, finally, the data concerning the specific heat 
of the yellowish green mixtures of oxides between 20° C. and 2°.70 C:, 
which last numbers were obtained by means of the apparatus reproduced 
in Fig. 2. Although not complete, these data are fully satisfactory for the 
said purpose. Calculations show. that between 0° and 900° C. the true 
specific heat cp of the yellowish green mixtures of oxides at each 
temperature tO can be readily expressed by the formula : 

Cp = 0.0503755 + 0.13644. 10-3 • t- 0.0490476.10-6. t2. 

If this formula be applied for the calculation of the mean specific heats 
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TABLE 111. 

Determination of the mean specific heat of the yellowish green and of the blue 
mixtures of tungsten-oxides between 0° and 1300° C. 

A. Yellowish-green mixtures of oxydes. 

I. Mean specific heat between 2°.70 C. and 20°.38 C. : Cp = 0.0558. 1) 

2. Measurements above 500° C.: 

Weight (in grammes) of Final Furnace-
Meanspec. 

platinum crucible (g) and of temperature tempera- 6t Cpt·mPt+cox·mox: heat ~ of 

the mixture of oxides (p) : of the ture: the mixture 
calorimeter : of oxides: 

g=23.2696 ; p= 8.1810 20°.48 516° 0°.5063 0.7756 + 0.6757 0.08259 

g=23.2696 ; p= 8.1816 20°.73 721° 0°.7625 0.7907 + 0.7556 0.09235 

g=23.2720; p= 8.1861 20°.99 908° 1°.0141 0.8043 + 0.8192 0.10007 

B. Dark blue mixtures of oxides. 

g=23.1000; p= 15 .3448 2) 21°.78 1097° 1°.8024 0 .8124+ 1.5673 0 . 1021 

g=23. 1070; p = 15.3634 22° .16 1292° 20 .1842 0.8284 + 1.6140 0.1050 

of the blue mixture of oxides at 1097° C. or 12920 C. respectively, then the 
values calculated 3) in this way appear to be considerably greater than 
those observed. This means, that indeed, above 925 0 C. other solid phases 
have appeared in the dark blue mixture. for which th ere exists another 
connection between the specific heat and the temperature, than th at, which 
is valid in the case of the yellowish~green oxides. 

§ 5. With the aid of all these data, it was now possible to determine 
the specific heat of metallic tungsten up till 13000 C. as completely as 
possible. The respective data are collected in Table IV. 

I) In this experiment we used 12.7052 grammes of the yellowish-green mixture of oxides 
in a brass vessel weighing 4.6392 grammes. 

2) The crucible contains about twice the weight of oxides mentioned sub A , as a 
consequence of the much greater density of the blue oxides in comparison with th at of 
the yellowish-green ones. 

3) IE the total amount be taken into account. which is given out by the yellowish green 
mixture of oxides between 20° and 00 C .• - then for Qo. i.e. the total amount of heat 
glven out by I gramme of the mixture of oxides between tO and 0° C.. - the values 
are found: at 516° C .. 00 = 41.9115 calories; at 721°C .• 00 = 65.6567 calories ; and at 
9080 C .• 00 = 89.7466 calories. 

By experiment for the blue mixture of oxides a value of 00 is found of about 111 
calories by 10970 C .. and of 134.5 calories at 12920 C. But if the equation mentioned, 
in lts integrated form. remained valid also for the blue mixtures. then the data 116. resp. 
1 H calories are ca1culated. - which values are 4 to 7 % too high. 



TABLE IV. The mean and true specific heat under constant pressure of tungsten between 0° e. a-nd 1300° C. 

A. Measurements of the speciSc heat of tungsten between 0° C. and 85° e. 
Used 1.3054 grammes of the metal. For the mean specific heat Cp were found the following numbers: 

between 19°.45 C. and 0°.42 c. : Cp = 0.0271. 
between 53°.75 e. and 0°.79 e.: cp = 0.0276. 
between 83°.79 C. and 0°.46 e.: Cp = 0.0278. 

The true speciSc heat between 0° and 85° e. can be represented by: Cp = 0.02659 + 0.0000694 . t. 

B. Measurements between 300° and 1300° C. 

Final G=Weight of Q (cal.) Qo (cal.) 
Corr. "' t platinum Total amount Total amount 

True speciSc heat i Furnace- tempera- (increase g= Weight of CPt . mPt + Cw . mw + Mean specilic of heat deli- of heat deli- Q'o (cal.) 
ture of heat of vered by 1 gr. vered by 1 gr. Values of Qo Cp of tungsten tempera-

the calori-
of temp. tungsten + Cox . mox : tungsten Cp: 

tungsten tungsten Erom formula: at tO c.: turein oe.: observed) : p=Weightofmix- between tO and between t O and 
meter: ture of oxides 20° e.: 0° c.: 

306°.7 20°.48 0°.4656 G = 23.292 Gr. 0.7609+1.5492=2.3101 0.02958 8.4664 9.0327 9.0324 tO : Cp: 

g = 52.249 Gr. 100" 0.02876 

408° 20°.59 0°.6408 G=23.292 Gr. 0.7684+1.5804=2.3488 0.03025 11. 7192 12.2885 12.2837 200? 0.03006 

g = 52.249 Gr. 300° 0.03136 

505° 20°.71 0°.81441 G=23.292 Gr. 0.7756+1.6125=2.3881 0.03086 14.9452 15.5179 15.5099 400° 0.03261 

fJ = 52.249 Gr. 500° 0.03393 

602° 20°.95 0°.99262 G=23.270 Gr. 0.7819+1.6439=2.4258 0 .03146 18.2800 18.8593 18.8796 600° 0.03522 

g = 52.251 Gr. 700° 0.03651 

I 721° 21° . 16 1°.2222 G=23.265 Gr. 0.7906+1 .6576+0.0316= 0.03218 22.5211 23.1062 23.1650 800° 0.03782 
I 

g = 51.516 Gr. = 2.4798 900° 0.0391 4 

p = 0.342 Gr. 
909° 21°.54 1°.5866 G=23.268 Gr. 0.8044+1.6685+0.0659= 0.03347 29.7036 30.2992 30.3113 1000° 0.04047 

g = 49.898 Gr. = 2.5388 llOOo 0.04183 

p = 0.659 Gr. 
1097° 22°.06 2° .1094 G=23.281 Gr. 0.8188+1.7808+0.1866= 0.03469 37.2891 37.8991 37.9286 1200° 0 .04322 

g = 51. 399 Gr. = 2.7862 1300° 004463 
I 

p = 1.827 Gr. 
1292° 22°.80 2°. 4132 G = 23.312 Gr. 0.8357+1.6918+0.1714= 0.03587 45.5259 46.1563 46.3411 

g =47.196 Gr. = 2.6989 

p= 1.630 Gr. 
--



1081 

The va lues of Q'o can with sufficient accuracy be represented by 
the equation : 

Q'o = 0.0274412. t + 0.066336.10-4 • t2 - 0.030496. 10-8
• t3 + 

+ 0.016953. 10-11 • ti. 

The true specific heat cp of tungsten at each temperature of ta c.. can. 
therefore. be calculated from: 

Cp = 0.0274412 + 0.132672. 10-4 t - 0.091488. 10-8
. t2 + 

+ 0.067812. 10-11 • t3
• 

The values of cp calculated in this way are reproduced in Table IV in 
the last column; the coefficients of t2 and t3 have a small influence only. 
but cause the temperature-coefficient of Cp to increase gradually at higher 
temperatures. although only very slowly. 

In Fig. 3 these values are reproduced graphically in their dependence 
on t: the curve appears readily to be substituted for practical purposes by 
a straight line. thus cp being sufficiently' accurately expressed by the 
linear function : 

cp = 0.02744 + 0.0000132. t. 
The curve is only slightly concave towards the upper side of the figure . 

§ 6. The values of Cp determined here strongly deviate from those 
obtained formerly by other investigators by means of indirect methods. and 
especially by measurements executed with evacuated electric incandescent 
lamps 1). In a method originally proposed by CORBINO. later-on improved 
by WORTHING and GAEHR. and applied with some variations by SMITH 

and BIGLER. and by BOCKSTHALER. use is made of observations of the 
changes in radiation. in electrical resistance and in temperature of a thin 
tungsten-wire. in their dependence on the time elapsed since the moment. 
at which the current-intensity in the wire is suddenly altered. Although 
the method is ingenious in its device. it cannot give the conviction of 
its allowing the exact and reproducible determination of the values of Cp' 

In the equations valid here. cp enters only as a factor in a single term 
standing besides some others. in which a considerable percentage of the 
whole effect observed is expressed. Moreover. the method is very 
complicated and there are many sources of error; so that the lack of 
agreement of the data of different observers and even of the same observer 
at different temperatures. as weil as the mysterious discrepancies in the cases 
that the wire is either heated or cooled. in connection with the necessity of 
measuring the temperature of the wire at any moment by means of an 

I) M. V. PIRANI. Verh. d. d. phys. Ges. H. 375. (1912); O. M. CORBINO. Phys. Zeits .• 
13. 375 (1912); A. G. WORTHING. Phys. Review. (2). 12. 199 (1918); P . F. GAEHR. 
ibidem. 396; K. K. SMITH and P. W . BIGLER. ibid .. 19. (1922).268; L. J. BOCKSTHALER. 
ibid .• 2S. (1925). 677. 
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optica 1 pyrometer, etc., - are 50 many circumstances to rouse serious 
doubts about the reliability of the whole method and the results obtained by 
it. On the contrary, in our direct and thoroughly perfect determinations of 
the specific heat, experimental errors of any considerable size are excluded 
beforehand; 50 that they can only be considered as of secondary 
significance in the explanation of the differences mentioned above. 
Moreover, up til! 721 ° c., the oxydation of the compact, crystallized metal 
does not yet play a role of any importance, the correction for it being, 
therefore, negligible even at this temperature; the results obtained between 
0° and 20° C. by direct measurement are in full agreement with the best 
data found in literature and those above 721 ° C. are as perfectly fitting 
in with the values for cp determined below 721 ° c., as can be desired. 
We have the conviction, therefore, that the data gathered here by us by 
the aid of direct measurements, are to be considered as much more reliable 
than those obtained by the indirect methods described in the above. 

§ 7. On the other hand, MAGNUS and DANZ 1) have recently published 
the results of a number of measurements, - also direct, - of the specific 
heat of tungsten between 400° and 900° c., which, however, are in complete 
disagreement with ours. They find, it is true, also a linear dependence 
between cp and t ; but the straight line by which their results are represented 
graphically, is much less steep than ours, although their values are 
considerably greater, 50 that the said straight line of the German investigators 
in its whole extension is situated far abave that of Fig. 3. At 600° C. their 
value for cp is about 13 %, at 100° C. no less than 30 % greater than ours : 
moreover, they calculate, by extrapalatian, a value for cp at 0° C. of : 
0.03685, which is about 34 % too high in comparison with our value 
really measured at that temperature, - which value, as has been remarked, 
is in close agreement with that of other observers. In connection with these 
data, they find then, furthermore, the abnormally high values of the 
atomic heat Cp published by them: at 0° C. this value would already be : 
6.78. and attain even : 7.7 at 900° c. ; etc. 

In our opinion, the cause of this apparent incompatibility of results and 
of the abnormal va lues for Cp is easily understood, if the difficulties 
met with in these measurements, as described in the above, be remembered. 
In the first place an inaccuracy in the indication of the temperatures, as a 
consequence of the use of iridium-containing platinum in the furnace, may 
again have had some influence. But of much more importance is the fact, 
that MAGNUS and DANz have repeatedly made use in their experiments of 
heated tungsten in pawder- form. In the beginning of our experiments 
already it became quite clear to us, that the metal in powder-form is 
absolutely inappropriate to this kind of measurements : not only, that on 
heating equal weights of tungsten in powder-form and as a compact, crystal-

. 1) A. MAGNUS and H. DANZ, Ann. der Physik, 20, i15, (1926). 
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lized metallic bar at 1000° C. during 15 minutes, was in the first mentioned 
case totally converted into an oxydation~product, while in the second 
case it was only at its outer surface coated with a thin layer of oxides; but, 
moreover, we found that the metal in powder~form on being heated for a 
long time at so low a temperature as 300° C. only, was for oy far the 
greater part already oxydized, while the compact bar, being of the nature 
of one single crystal, was not yet attacked at all. Therefore, in using the 
metal in powder~form, MAGNUS and DANZ already af ter their first heating 
it at 600° c., must have experimented with a preparation, which for by far 
its greater part must have consisted of a mixture of oxides; and in their 
successive experiments, this must have been converted al most completely 
into those mixtures of oxides, which at the same temperatures exist in 
equilibrium with the metal. In their measurements, therefore, probably no 
metallic tungsten at all was present any more; thus, not only the ratio 
Wo: Wo~oxide was altered, as they suppose, during their experiments, 
but also the degree of oxidation of the mixture was changed. And that 
there is here not only a question of one single oxide W0 3, but of a 
complete mixture of several oxides, the composition of which depends on 
the particular circumstances during the heating, - has been fully 
demonstrated by us by a series of experiments. Already at 600° C. the 
results obtained appeared to be quite erroneous, if the quantity of oxide 
formed was calculated from the amount of oxygen taken up by the 
sample, under the wrong assumption, that exclusively W0 3 was formed 
in this case. It is exactly because of these experiences in the true nature 
of these oxidation~processes, that we finally passed on to determine the 
specific heats of the equilibrium~mixtures of these oxides separately and 
to measure not only the amount of oxygen taken up, but also the weight 
of the remaining metal and that of the mixture formed, for the purpose of 
applying the necessary corrections. The too high results of the German 
observers are fully comprehensible from the me re fact, that the specific 
heats of these mixtures of oxides are, at each temperature, much higher 
than those of the tungsten itself. It becomes also clear in this way, why their 
cp-t~line, obtained by an extrapolation towards lower temperatures from 
wrong values observed at higher ones, must be entirely be situated above the 
normal straight line: for the observed values used do not bear upon the metal 
itself, but on the much higher values for the mixture of oxides, - or for 
th is plus some remaining metal, - which at the same temperatures coexist. 
It is clear that this extrapolation must th en lead to values at lower 
temperatures, which are much too high, so that the straight line drawn in 
this way must have a much less steeper inclination with respect to the 
t~axis, than that obtained by us by direct measurements. Neither does the 
value of Cp at 0° C. published by the said authors agree with the value 
found by direct measurement at that temperature. 

§ 8. IE now we consider the dependence stated here of the specific 



1084 

heat of tungsten on the temperature, we can say that there appears to be 
present no indication whatsoever of an eventually occurring allotropie 
transformation of the metal between 100° and 1300° C. From the behaviour 
of tungsten towards elastie and stretching forces, some Ameriean 
investigators 1) of the General Electrical Company in Schenectady were 
induced, however, to assume the presence of a kind of transformation~points 
at about 560° C. and at 1375° c., at whieh temperatures the metal seemed 
to manifest certain discontinuities in its tensile strength, etc. considered as a 
function of the temperature. But in connection with those experiments, it 
remains highly doubtful. whether the mechanieal properties of the metal 
under these circumstances must be ascribed to a mere change in the mutual 
orientation of the microscopieal crystalline individuals with respects to 
each other under the influence of the applied external forces, or whether 
real "allotropie transformations" , - in the sense of the doctrine of 
heterogeneous equilibria, - are taking place here. The Ameriean authors try 
to corroborate their view by means of a partièular interpretationof their 
results of the measurements regarding the thermal expansion of the metal. 
These numerical results are, it must be l'emarked, in perfect agreement with 
those formerly obtained by WORTHING 2) and expressed by him between 
300° (abs. ) and T o (abs.) by means of the formula : 

LT = L300 11 + 4.44. 10-6
• (T -300) + 

+ 4.50 . 10-11 • (T -300)2 + 2.2 . 10-13 (T -300)31, 

in which LT is the leng th of the tungsten-bar at TO (abs. ) and L300 at 
300° C. abs. 

The dependenee of the linear thelmal expansion-coefficient a on t 
(in ° C.) , can, therefore, also be represented by the expression : 

a. 106 = 4.4402 + 0.09034 . 10-3 • t + 0.663 . 10-6 • t2 

Now the Ameriean investigators divide this curve into three separate 
parts, along whieh a and t would show a linear dependenee : between 
100° and 577° C. this coefficient would constantly be: a = 4.50. 10-6 ; 

between 577° and 1377° c., a . 106 would be: 5.20 till 5.70 ; while above 
1377° (up to 2220° C.) a would be: 7.27 . 10- 6 • Now it is clear, that it 
remains wholly questionable, whether such a division of a curve into recti
linear parts in this way, has any real sen se at all, and whether this has not 
occurred solely with the purpose to give an apparently stronger support 
to the premise, that the results of the measurements of the tensile 
strength as a function of the temperature must run parallel with an 
analogous localisation of discontinuities in the temperature-functions of 
other properties also of the metal studied. The exposition given is not 
suitable indeed, to convince the reader of the exactness of the view proposed. 

I) Phil. Mag. -t8, 245 (1924); cf. p. 245 and 246. 
2) A. G. WORTHING, Phys. Rev., (2) 10.638 (1917). 
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In every case it is quite certain, that in our results concerning the specific 
heat of tungsten and its practically linear dependence on tempera tu re, 
there can be na question of any discontinuity manifesting itself at 5500 

or 5700 c.; above 13000 C. the experiments were not continued because 
of the reasons already mentioned, so that a decision about the occurrence 
or non~occurrence of a transition~temperature above 13750 c., could as 
yet not be taken with certainty. Moreover, the ROENTGENographic study 
of the heated tungsten, as formerly described, gives full proof of the fact, 
th at na allotropic transformation occurs between 5600 and 7000 C. 

§ 9. By means of the same general relation as that mentioned in the 
case of platinum, we have calculated the values of c. at each temperature 
from those of Cp' For the calculation of the cubic expansion~coefficient 
of tungsten, we have made use of WORTHING's formula for the linear 
expansion, because this gives numbers identical with the measurements of 
the observers of the General Electrical Campany mentioned above. 
Moreover, measurements of the compressibility " are made by BRIDGMAN 1) , 
though only for two temperatures: 300 and 75 0 C. But in the first instance, 
it is, according to GRÜNEISEN' s arguments, highly impröbable, that 
appreciable deviations of linearity would be present here; moreover, the 
temperature~coefficient of " is only very small, and as a consequence of the 
small thermal expansion, the whole correction~term for (cp-c. ) has, in 
the case of tungsten, a small value only. Therefore, the principally 
unallowable extrapolation of the supposed linear ,,-t~function can only 
cause insignificanterrors, and the rea 1 values of c. can, moreover, he 
only somewhat greater, but cannot be smaller than those calculated here 
in this way: for the correct va lues of " can be only greater than those used 
here, so that, in that case, (cp-c.) would be still smaller, than it has 
been found to be here. 

If these considerations are taken into account, and if for the specific 
weight of tungsten in bars at 150 C. the value : 19.137 is adopted, the 
values of c. and the corresponding ones of the atomie heat: A. c., are 
calculated from our measurements of cp for a series of temperatures 
between 1000 and 13000 C. and put together in Table V. Moreover, the 
values of Cp and c. in their dependence on the temperature, are graphically 
represented in Fig. 3, from which the practically linear course of both 
curves is immediately seen. 

From these data it becomes clear, in the first place that, - just as in 
the case of platinum, - the maximum value of 3 R =5.963 calories is 
already attained at a relatively low temperature (about 4000 C. here) 
and gradually increases to 7.99 or 8.0 calories at 13000 C. As c. varies 
practically with t in a linear way, no indication is found of a gradually 

1) P. W. BRIDGMAN, Proceed. Amer. Acad. of Arts and Sciences, S8, 165 (1923): 
idem, Proceed. of the Nat. Acad. of Sciences, 8. 362 (1922) : 10. 412 (1924). 
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TABLE V. 

Values of the true specific heat of tungsten at constant 
volume and of the atomie heat: A. c. at temperatures 

between 00 and 13000 e.: 

Temperature in oe. : I c. (in calor.) : 
I 

Atomie heat C. 
(in calor.) ; 

0° 0.02730 5.023 

100° 0.02847 5.239 

200° 0.02976 5.476 

3000 0.03098 5.700 

4000 0.03229 5.941 

500° 0.03355 6.173 

600° 0.03475 6.394 

7000 0.03601 6.625 

8000 0 .03724 6.853 

9000 0.03850 7.081 

10000 0.03958 7.283 

11000 0.Oi066 7.482 

12000 0.04162 7.658 

13000 0.04347 7.998 

approaching a limiting value at higher temperatures. and in appearance 
th ere is probably no such limiting value at all. From these results in the 
case of platinum. as weIl of tungsten. the conclusion must again be drawn. 
that the modern theories of specifie heat postulating the existence of such a 
limiting value of 3 R. for the atomie heat at constant volume. cannot be right. 
BORN and BRODY 1) have tried to give such an extension to the 
considerations of the theory of quanta leading to those theories of specifie 
heat. as to make th is limiting condition unnecessary. 

Taking into account the unharmonic character of the oscillations at higher 
temperatures. at whieh the amplitudes of the oscillators become rather great. 
they are able to derive an equation for C. of the form: C. = 3 R. 
( 1-6 . a . R.T). in which a can ordinarily be negative. according to these 
authors. so that C. might eventually surpass the value of 3 R.. The factor 
a =a' + a". of which terms a' is always < 0 and a" > O. the sum of both 
being negative. therefore. if the absolute value of a' be greater than that 
of a". But a' is connected with the terms for the potential energy of the 

1) M. BORN and E. BRODY. Zeits. f. Physik. 6 (1921). 136. 
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system of the 3rd , aH with those of the 4th order, the factors represented 
by a' allowing more in particular for the therm al expansion of the substance. 
From this the conclusion must be drawn, that such a linear increase of Cv 

True Specific 
He!lt Cp 

O.OHOO 

150 300 450 600 750 

Temperature 

900 10SO 1200 13.50 

The true specific heats Cp Bnd c. of Tungsten between 00 C. Bnd 13000 C. 

Fig. 3. 

and t above the value 3 R, would occur principally with substances, whose 
thermal expansion is considerable. 

Our experiments teach us the opposite: exactly in the case of platinum 
with its very sm all expansion-coefficient and even more so in the case 
of tungsten, whose thermal expansion-coefficient is still smaller, we found 
the greater deviations. The ex ten sion of the theory mentioned, therefore, 
cannot yet satisfactorily account for the true behaviour of these substances 
at higher temperatures, which phenomena are now established here beyond 
all doubt 1 ) . 

Therefore, jf these phenomena should appear to be generally 
observed, it would be inevitable to modify the fundamental conceptions 

1) In a recent paper (Die NBturwissenschaften, IS, (1927) 825), A. SOMMERPELD points 
out, th at the electronic motion of the metal at higher temperatures, can probably contribute 
no more than about 1/100. R to the increase of C. above the siJpposed maximum value. 

70 
Proceedings Royal Acad. Amsterdam. Vol. XXX. 
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conceptions of the theory in such a way, that the limiting condition in 
it, discussed in the ahove, can he eliminated from it, although in that case 
no rational explanation of DULONG and PETIT's well-known empirical rule 
could any longer he given. 

We are occupied in extending these investigations also to other 
chemical elements. 

Groningen, Laboratory tor Inarganic and Physical 
Chemistry ot the University. 




