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Chemistry. - The Exact Measurement of the Specific Heats of Metals at 
High Temperatures. XXIII. The Calorimetrical, Electrical and 
Thermoelectrical 8ehaviour of Ductile Titanium. I. By F. M. 
JAEGER, E. ROSENBOHM and R. FONTEYNE. 

(Communicated at the meeting of March 28. 1936). 

§ 1. Several elements of the fourth group of the periodical system 
manifest the phenomenon of allotropism : carbon is cubic (diamond~ 

structure), like silicon, germanium and (grey) stannum; the other form of 
carbon is ditrigonal (graphite). Of silicon only one form is known, as the 
other two, considered for some time as "new" modifications, we re established 
by later work to be identical with the diamond~like form already mentioned. 
While stannum (white) still has two other allotropie phases, which are tetra~ 
gonal and rhombic respectively, titanium, zirconium and hafnium for a long 
time were merely known in their close~packed hexagonal forms ; later~on a 
cubic body~centred modification of zirconium was, moreover, found 1) to exist 
at higher temperatures (870° e.) and doubtlessly in the case of titanium 
there is above ca. 880°-905° e. a corresponding, body~centred f3~form 2).1t 
seems feasible, therefore, to suppose the probable existence of such a cubic 
modification at higher temperatures also in the case of hafnium, although 
no direct evidence could hitherto be gathered in this respect. Of both lead 
and thorium only one cubic, face~centred form is known to exist. 

The data relative to the specific heats of the elements of this group, with 
the exception of those of titanium and hafnium, are pretty weIl known at 
this moment. As to the values of the mean specific heats of titanium, the 
verdict in the literature is that they are "variabie"; NlLSON and PETTER~ 
SON 3) as weIl as HUNTER and JON ES 3) determined some values of Cp at 
temperatures up to 450° e.: 

NlLSON and PETTERSON: HUNTER and JONES: 

Cp = 0,1125 between 1000 and O°e. Cp = 0,1462 between 100° and O°e. 
cp = 0,1288 211 ° and Oae. Cp = 0,1503 187°,5 and O°e. 
cp =O,1485 301°,5andO°e. cp =0,1516 2540 andOoC. 
Cp = 0,1620 440° and OOC. Cp = 0,1563 333° and OOC. 

1) W. G. BURGERS, Physica, 1. 561 (1934); Zeits. f. anorg. Chem., 205, 81 (1932). 
2) In the mean time, this is fjnally demonstrated by J. H. DE BOER, W . G. BURGERS 

and J. D. FAST; see Proc. Royal Acad. Amsterdam. 39, 515 (1936) . 
3) L. F. NILSON and O. PETTERSON, Zeits. phys. Chem., 1. 28 (1887); M. A. 

HUNTER and E. C. JONES, RENSSELAER Polyt. Inst., I, 11 (1911); cf. Joum. Amer. Chem. 
Soc., 32, 330 (1910); J. DEWAR, Proc. R. Soc. London, A, 89,158 (1913); P. NORDMEYER 
and A. L. BERNOUILLI, Ber. Deuts. phys. Ges., 9, 175 (1907). 
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whieh involve a rather queer shape of the cp~t~curve and an extra~ordinarily 
rapid increase of the atomie heats with the temperature. The atomie heats 
thus determined do, however, not show the low va lues at ordinary tempe~ 
rature, like they are observed in the case of diamond and silicon. 

The values mentioned above are, indeed, rather strongly divergent. 
DEWAR, moreover, determined, the specific heat Cp between -253° and 
-196° C. at 0,0205; NORDMEYER and BERNOUILLI found Cp = 0,0824 
between -185° and 20 ° C. 

From a rather old determination of the e1ectrical conductivity of (still 
impure) titanium by KOENlGSBERGER and SCHILLING 1), the conclusion can 
be drawn, that also in this case, as in that of zirconium 2), on cooling the 
metal from higher temperatures to lower ones, strong retardation~phenomena 
may occur; so that, besides the possibility emphasized by the German 
authors of a trimorphism being present in this case, we could, according 
to our previous experiences, expect to meet here again with an abnormal 
calorimetrical behaviour in the same or in an analogous way as in the 
cases of beryllium. chromium. zirconium. cerium. etc. 

§ 2. By the kindness of Prof. G. HOLST and of Dr. J. H . DE BOER of 
PHILlPS' /ncandescent Lamp Works at Eindhoven, we had at our disposal 
the very beautiful preparation of purest ductile titanium, obtained by VAN 
ARKEL and DE BOER 4) after their well~known method of the thermal 
dissociation of Ti/4 and precipitation of the free metal upon a negatively 
charged, extremely thin tungsten wire: the highly lustrous metal was 
present in the shape of coherent masses of partially orientated, big, pseu~ 
domorphic crystals. This preparation, in pieces of about 1 cm length and 
0,3 cm diameter, was placed in a vacuum platinum crucible of the form 
always used in our calorimetrical measurements. Moreover, for our 
determination of the e1ectrical resistance and of the thermoelectrical force 
(against pure gold) , the results of whieh are communieated in the following 
papers, - Dr. DE BOER provided us with titanium wire of about 0,3-0,6 mm 
diameter, drawn from the same material; to him and to Prof. HOLST we 
wish once more 10 express our sine ere thanks. 

Titanium melts at 1795° or somewhat above 1800° C. 5); its crystals 
remain lustrous and apparently unaltered when exposed to the air. However, 
the metal has astrong tendency to condense gases at its surface, 
especially oxygen and nitrogen; as we will see, th is fact is of great 

1) J. KOENlGSBERGER and K. SCHILLING, Ann. d. Phys., (4) , 32, 179 (1910) . 
2) F . M. JAEGER and W. A. VEENSTRA, Rec. d. Trav. d. Chim. d. Pays-Bas, 53, 

917 (1934) . 
3) F. M . JAEGER and E. ROSENBOHM, Rec. d. Trav. d. Chim. d. Pays-Bas, 53, 451 

(1934); Proc. Royal Acad. Amsterdam, 37, 489 (1904); F . M. JAEGER and W . A. 
VEENSTRA, loco cito 

4) A. E. VAN ARKEL and J. H. DE BOER, Zeits. f. anorg. Chem., 148, 345 (1925). 
5) G. K. BURGESS and R. G. WALTENBURO, Joum. Wash. Acad. Sc., 3, 371 (1913); 

Zeits. f. anorg. Chem., 88, 361 (1913) . 

29* 
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importänce with respect to the results obtained and for this reason it is 
absolutely necessary to make all experiments with it in as perfect a vacuum 
as possible. The a-form, stabIe at lower temperatures (beneath about 
905° C.), is hexagonal 1 ); its close-packed structure has the parameters: 
ao = 2,95 Á; Co = 4,69 Á and the density is 4.49. The {3-form, stabIe 
above 880°-905° c., is doubtlessly cubic, with a body-centred cell and 
a parameter ao of about 3,3, Á. Hitherto, however. we were not able to 
obtain a measurable X-ray spectrum, because of the fact that, as the power 
of diffraction of the metal is very weak, the time of exposure must 
be very long (20-25 hours); and as even in our high-vacuum camera 
(about 0,001 mm pressure) the th in wire, - as a consequence of tra ces of 
oxygen being inevitably and continually present, - always during its 
exposure gets covered with an extremely thin superficiallayer of Ti0 2 and 
TiO, only the spectrum of the oxides was predominantly observed. 

But certainly the {J-modification will appear to be isomorphous with 
that of zircone 2). Af ter heating at 950° c., the structure of the wire is 
so thoroughly changed and it has become so brittle, that it cannot be used 
a second time and in no way can bear being touch ed. As in the prevailing 
circumstances a great excess of the metal is present in contact with the 
small traces of oxide formed, eVidently a series of partial reductions take 
place at these high temperatures, leading La. to the formation of the mon
oxide T iO, - the diffraction lines 3) of which (cubic, face-centred cell with 

1) A. W. HULL, Phys. Rev., 18, 88 (1921); R. A. PATTERSON, ibid., 25, 581 (1925); 
26, 56 (1925). 

2) This is, in the mean time, confirmed by J. H. DE BOER, W . G. BURGERS and 
J. D. FAST of the PHILIPS' Incandescent Lamp Works, who found a body-centred cublc 
cell with: ao = 3,32 A.U. They used a wire enc/osed in the original vessel in which it 
was formed, so that it had never been in contact with any trace of oxygen; in this way 
the troublesome production of the oxide was completely avoided. The transition-tem
perature was found at 882' ± 20' C.; see their paper in these same Proceeding·s (see p. 515). 

3) H . BRÄKKEN, Zeits. f. Kryst., 67, 547 (1928). Here it must be remarked, that the 
structure of this oxide probably is the same (NaC/-type) as that of TiN and TiC and, 
according to BRÄKKEN, is built up by atoms, rather than by ions. The parameter is very 
near to that of the (body-centred) cell of {I-zirconium and, therefore, most probably to 
that of tl-titanium; but the three substances are not isomorphous. As to the other oxides 
of titanium, Ti02 was observed as rutiIe, the form stabIe above 1040' C., which 
already above 650' C. is produced with measurable speed from brookite, - the form 

stabIe in the interval of 860°-1040° C., 860° C . being the transition-point for anafase -:.. 
brookife. Ti203 (or: TiO . Ti02) is trigonal and isomorphous with corundum: AI20:\; 
Ti304 (or TiO. Ti203) is cubic, face-centred and has a magnetite-(spinell-)structure. 
Ti305 (or Ti02. Ti203) was observed by FRIEDEL and GUÉRIN, Bull. Soc. Chim., (2), 
23, 289 (1875); Compt. rend. Paris, 82, 569 (1876); its crystal-structure is unknown. None 
of these compounds evidently is isomorphous with the metal itself, although the 
possibility is not excluded that, to some extent at least, they may yield with it solid 
solutions of feebIe concentration. The oxides all seem able, in the presence of a great 
excess of titanium, to be partially reduced into lower oxides or mixtures of them, if the 
temperature is sufficiently increased. This fact seems to be of importance with respect 
to some phenomena to be dealt with afterwards. 
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aO = 4,24 A) were found present on the film with the reflections: (111), 
(200), (220), (311). (222). (331), (420), (422) and (333), besides others 
not weIl determinable. As to these reduction~processes mentioned, we 
afterwards will return to them, in connection with some other observations 
made in the course of our experiments. 

§ 3. Calorimetrical Measurements. The measurements of the quantities 
of heat given oH by the va cu urn crucible were made with all precautions 
and the indications of the thermocouples, as weIl as the right condition of 
the calorimeter, were continually checked by alternating determinations of 
Cp of pure and stabilized platinum. The weight of the platinum crucible was 
28,106 grammes, that of the titanium enclosed in it : 8,590 grammes. 
Originally a distinct retardation in the heat~development was observed, 
the maximum temperature of the calorimeter~block being reached only 
14-32 minutes af ter the introduction of the crucible into the instrument; 
th is interval first increased every time on approaching the minor discon~ 
tinuity~temperatures at 298° and 555° c., but it remained practically 
constant at that of about 817° c., as long as the true allotropie transition~ 
temperature at about 880°-906° C. was not surpassed. Af ter heating 
above that temperature (up to about 950° C.), however, the interval 
mentioned suddenly dropped to 4 Y2 minutes and at all other temperatures, 
even the lower ones, it then remained practically, but not completely 
constant, - a slight hysteresis~eHect still remaining observabIe. Notwith~ 
standi'ng this , however, all values previously observed remained almast 
unchanged and proved at all temperatures to be quite reproducible within 
some tenths of a percentage. Consequently in this case the experim~ntal 
values observed appear to be almost independent of the retardation 
phenomena and both categories of data can, therefore, practically be 
separated from each other, in contrast with our experience gained in some 
previous cases. The data thus obtained are collected in Table land 
graphically represented in Figs. 1 and 2. 

§ 4. If these data of Q 20 ° are plotted against the temperature, small 
discon,tinuities in the Q20~t~curve are revealed at temperatures of about 
297°-300°, at 398°-400°, at about 554°, at 640°, at 8170 C. Originally 
they were thought to be accidental errors , but soon they proved to be 
almost perfectly reproducible, - be it on heating or on cooling and 
practically, but not quite independently of the fact, wh ether the retardation 
phenomena are still present or have beforehand been eliminated. The 
minute diHerences af ter and before the heating at 950° C. may be seen 
from the tab Ie. We soon will prove, that · their reality can also be 
corroborated by means of other methods (see the following paper). 

A careful control by means of X~ray analysis , however, proved that 
within this whole temperature~interval from about 150° to 900° C. na 
change of the structure of the metal occurs, - in full agreement with the 
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TABLE 1. 

I Quantities of Heat delivered by I Gramme of Titanium between tO and 200
. c . 

I Time necessa- I 

Series- Final tempe- Increase of 
Heat Q20 de· ryforreaching S .ft 

. Mean peel C 

Number Temperature rature t' of 
veloped by I the maxImal 

temperature . f Heat ëp be-
of the tin °c.: the Calori. !:::. t of the 

Gr. of Tlta- temperature 0 

nium between the Calorime- tween t
O 

and 
Exp.: meter: Calorimeter: tO and 200 C.: ter block (in 20° c.: 

I Minutes): 

0 0 0 

29 219.745 21.321 I. 361 25.788 1.5 0 .1 2911 

11 266.51 21.522 1.507 32.150 16 0 . 13162 

3 266.63 21. 170 1.455 32.456 15 0.13160 

12 271.215 21.710 1.695 33.071 H 0.13163 

13 279.60 21 .616 1.601 31 . 361 15 0 . 13236 

H 296.68 21.H6 1.431 36.763 15 0.13287 

19 298.681 21. 611 1.653 36.840 17 0 . 13220 

32 298.792 21. 605 1.646 36.790 1.5 0.13196 

i 299.16 21.557 1. 512 36.647 18 0.13128 

22 299.28 22.155 2 . 198 36.8123 19 0.13181 

15 301.63 21 . 790 1.832 37.200 16 0.13209 

16 307.61 21. 866 1.910 38.015 11 0.13218 

17 320.013 21.105 I.H9 10 .01i5 16 0.13336 

5 320.27 21.725 1.710 10.017 20 0 . 13337 

7 369.685 21.905 1.890 17.100 21 0.13188 

39 381.1Q3 21.967 2.017 18.153 1.5 0.13321 

38 381.86 21.301 1.368 18 .173 1.5 0.13286 

37 392.10 21.543 1.588 19.155 1.5 0.13280 

36 101.382 21. 963 2.006 51.028 1.5 0.13380 

6 119.27 21.919 1.901 51 . H2 22 0.13560 

8 199.81 22.352 2.337 66.522 21 0.13863 

18 521.19 22.352 2.395 70.025 15 0.13880 

31 5H.H2 22 .089 2 .130 72.726 1.5 0 . 13867 

23 5H.192 21.898 I. 911 72.821 27 0.13881 

25 519 .386 21. 812 1.851 73.158 26 0 . 13876 

9 551.06 22.035 2 .020 73.211 32 0.13792 

I 26 551.17 22.538 2.577 73.678 26 0.13871 
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TABLE I. (Continuation). 

I Quantities of Heat delivered bij I Gramme of Titanium between rO and 20° C. 

Time necessa-

Series- Pinal tempe- Increase of 
Heat Q20 de- ry for reaching 

MeanSpecific veloped by I the maximal 
Number Temperature rature t' of temperature Gr. of Tita- temperature of Heat Cp be-
of the t in °C.: the Calori- !:::. t of the nium between the Calorime- tween t O and 
Exp.: meter : Calorimeter: 

tO and 20° C.: ter block (in 20° C. : 

Minutes) : 

° ° 0 

24 554.25 22 . 283 2.320 74.478 26 0 . 13941 

21 562 .768 21 . 879 1.922 75.913 22 0.13986 

20 574.39 22.058 2.090 77 .566 20 0.13991 

53 623 .466 22.226 2.178 85.082 4.5 0.11099 

10 630.038 22.116 2.101 86.510 22 0 . 11017 

42 66i.80 22 . 154 2.096 91.442 i.5 0.11181 

40 682 .87 22.556 2.556 9i.il0 i .5 0.142i2 

43 692.14 22 . 172 2.112 95.670 i.5 0.1423i 

il 710.78 22.201 2.148 99.130 i.5 0.14351 

27 719 .227 23.394 I 2.i33 100.443 22 0.14365 

i4 730 .09 22.257 2 . 197 102.357 i.5 0.14415 

i9 757.758 22.501 2.i63 107.390 i.5 0.11556 

50 779.72 22.i91 2.i51 110 .935 i.5 0.14602 

1 801.20 22.760 2.745 117 .073 14 0 . 14986 

2 801.25 22 .712 2.697 117.050 14 0.14983 

52 801.08 22.498 2.i50 115.2iO i.5 0.1475i 

51 808.36 22.i20 2.371 116.650 4 .5 0.14796 

48 818.99 22 .606 2.568 119.18 i.5 0.14916 

46 839.293 22.418 2.358 123.23 i . 5 0.15041 

i7 851.i17 22 .58i 2 . 5i6 126. 52 4.5 0 . 15217 

54 869 .807 22 .002 2.272 133.29 i.5 0 . 15685 

3i 887.72 22.900 2 .926 111.390 i.5 0.16295 

35 917.90 23.010 3.045 151.169 i.5 0.16797 

30 936 . 50 22 .881 2.921 155.718 i.5 0 . 16991 

iS 1029.35 22 .93i 2.874 170.10 i.5 0.16852 

28 1063.50 23.036 3 .075 175 .816 i.5 0.16849 

33 1202.42 22.887 2.933 197.50 i.5 0.16703 

55 I 
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experiences of previous investigators 1) . However, if the metal is heated 
above 9500 C., certainly another spectrogram appears, besides that of 
TiO or of rutile; but as already mentioned in the above, its interpretation 
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Fig. 1. Quantities of Heat given oft bet ween t O C. and 20° C. 

hitherto proved to be very difficult, owing to the faintness of the lines 

1) R. A. PATTERSON, loco cit., just as we, did not find any change of the structure 
between -180° and 850° C. 
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and the lack of sufficient sharpness of the latter (see, however, note 2) on 
pag. 444. 

In Fig. 2 we have, instead of Q, plotted the mean specific heats Cp against 
the temperature, for the purpose of better being able to demonstrate the 
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Fig. 2. Mean Specific Heats cp of Titanium bet ween 1500 and 12000 C. 

said anomalies, which in this way may be very clearly seen from the 
zigzag shape of the curve 1) . If for the moment, we leave them out of 
consideration, because they are eVidently caused by an accessory 
phenomenon, - th en the curve as a whole still preserves its rather 
particular character in so far as beween the points C and D there some~ 
wh ere is an inflection~point and, after this, the curve rises in an unexpect~ 
edly steep way between F till a little before S, where a sudden break in it 
appears, corresponding to the apparition of the p~modification. Here a new 
branch begins, corresponding to the field of stability of the cubic p~form . 

The quantities of heat Q200 ' delivered by 1 gramme of titanium between 

1) The small hysteresis-effects remaining af ter heating at 950 0 c., especially at 
300 0 C. and at 550 0 c., are not represented in this figure , but may be seen from the 
numbers in Table I, Perhaps they are in some way connected with another effect 
occurring between 1500 and 250 0 C. (see the thermoelectrical properties of the metaI. in 
one of the following papers) . 
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the temperatures of 2000 and 8170 C. can readily be expressed by the 
formula 1) : 

Q2QO=0.08724. t+0.18926 .10-3 • t2-O.271055 .10- 6 • t3+0.151877 .10-9 • t4 

Therefore. the true specific heats Cp by: 

Cp = 0.08724 + 0.37852. 10-3 • t-0.813165 . 10- 6 • t2 + 0.607508 . 10- 9 • t3
• 

and the atomie heats Cp by: 

Cp = 4.1964 + 0.018208 . t - 0.39114.10-4 • t2 + 0.29223.10-7 • t3. 

Of course. these formulae may not be used at lower temperatures than 
2000 C. 

If the correction for the interval between 200 and 00 is taken into 
account, the values of Cp will. of course, be slightly superior to those 
calculated from this formula for temperatures between 2000 C. and 8170 c.; 
but. as may be seen from the following numbers, the Cp~t~curve, although 
showing a very steep temperature~gradient, does not seem to indieate the 
occurrence of such small values of Cp at ordinary temperatures as are 
found in the cases of boron, carbon and silicon: 

Temperature t in 0 Cent. : 
I 

Speeilic Heats cp: I Atomie Heats Cp : 

I 
2000 I 0.13528 6 .507 

300 
I 

O.IHOI 6.927 

400 0.14743 7.092 

500 0.14916 7.175 

600 0.15285 7. 352 

700 0.16215 7.800 

I 800 0.18069 8.692 

817 0.18509 8.901 ~ 
§ 5. The range from about 8170 to 905 0 C. being a "transition~interval" 

preceding a true allotropie change, needs special consideration. As long 
as the temperature of measurement did not surpass 9200 c., the retardation 
of the heat~development was always observed in this interval. '- as of ten 

1) The values of Q20 calculated from the formula are: at 200 0 c.: 23,0931 cal.; at 
300 0 C .: 37.1173 cal.; at 400 0 C .: 51 .7184 cal.; at 5000 C .: 66,5459 cal.; at 600 0 C: 
81,6136 cal.; at 700 0 C .: 97,2999 cal.; at 800 0 C .: 114,3483 cal. These values are in fairly 
good agreement with those observed, with the exception, of course, of the intervals in the 
vicinity of the discontinuities at the temperatures 297 0

, 5540
, etc. 



451 

happens in cases of slow allotropie changes in the vicinity of the transition~ 
point. 

This character as a "transition~interval" reveals itself. indeed. if one tries 
to calculate the values of the " true" specifie heats Cp and the corresponding 
"atomie" heats between 8500 and 9000 C. from the directly observed data 
for Q20 o. According to the specially chosen way of calculation 1). the 
"apparent atomie heats" prove somewhat to vary. but in every case they 
amount ta quite impossibly high values: 14.87 to 17.73 cal. at 8500 c.; 
22.0 to 22.9 cal. at 8800 c.; and 24.2 to 26.9 cal. at 8900 c.; at 9000 C. 
they even reach 26 to 33.5 cal. . according to the special temperature~ 
intervals used in the calculation. 

These values. therefore. do not any longer allow a sound theoretica I 
interpretation. but they merely indieate that a state of structural disturbance 
has set in. caused perhaps by a particular intermediate phase composed 
of the two modifications in undefinable proportions within this interval 
of the temperatures. As above905° C. the field of existence of the then 
sta bIe f3~titanium is certainly reached. the true atomie heat of whieh. -
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Fig. 2. True Atomie Heats ot Titanium between ISO· Bnd 1200· C. 

1) If t' = (t-8S0). Cp can e.g. be calculated from the formula: Cp = 14.87 + 
+ 0.27S . t' - 0.00104 . (t')2 . At 90S· C .• Cp then certainly amounts to more than 
35 calories. 
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just as in the case of iron, - proves to be independent of the tempera tu re 
and to be equal to 7,525 cal., - the whole curve for Cp of titanium in 
function of the temperature has the shape represented in Fig. 3. 

The typical shape of the Cp~t~curve, being thus determined, with its 
inflection~point in the neighbourhood of or somewhat lower than 600 0 C. 
(Cp = 7,25), evidently has a close resemblance to that found in the case 
of beryllium 1) and suggests a slow transformation going on in the solid 
phase within the interval of temperatures considered and proceeding with 
an ever more increasing speed, till at about 906 0 c., after the transition~ 
point is surpassed, Cp suddenly fa lIs oH to the constant and much lower 
value of 7,525 cal. of the ,8~modification. This change doubtlessly must be 
considered as partially connected with the remarkable hysteresis~eHects 
also met with, as we will see, in the study of the electrical resistance and 
of the thermoelectrical behaviour of the metal. Later~on we will consider 
those phenomena more closely in connection with the question as to the 
significance of the small discontinuities in the Q~t~curve mentioned above. 

Groningen, Laboratory for Inorganic and 
Physical Chemistry of the University. 

1) F. M. JAEGER and E . ROSENBOHM, Rec. d. Trav. d. Chim. d. Pays-Bas, 53, 460 
( 1934). The difference with the case of titanium, however, is, that with beryllium the 
retardation-effect precisely increases with augmenting temperatures, whilst in the case of 
titanium it practically disappears af ter heating above 950 0 c., -at least in so far as the 
calorimetrical measurements are concerned. The inflection-point is better localized at 
about 600 0 C . than at about 420 0 c., because it certainly is influenced by the discontinuous 
change occurring between 1500 and 250 0 C. 


