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Mcas ure nwnt s of' heat capac it y, e lec tri ca l res is tivit y, he mis ph e ri ca l tuta l a nd norm a l s pec tra l 
e mill a nces of' ta nt a lum a bove 1900 K by a pul se hea tin g tec hniqu e are desc ri bed. Dura ti o n o f' an 
individual ex pt'rim e nt , in whieh th e s pec im e n is he at ed f'rom room te mpe ra ture to nea r it s me ltin g 
puint , is less th a n u ne second . Tempe rature meas ure me nt s are made wi th a ph()toelec tri c pyrom e te r. 
Expe rim ent a l quant ities are reco rd ed with a digita l data acq ui s itio n sys tem. Time reso lution 0 1' th e 
e ntire sys te m is 0.4 ms . Res ult s on the a bove p ro pe rti es of' ta nt a lum in th e range 1900 to 3200 K are 
r(' port ed a nd a re co mpared with those in th e lit e ra ture. Es timat ed in acc uracy of' me a s ure d properti es 
in the above te mpe rature ran ge is 2 tt) 3 pe rce nt 1'0 1' hea t capac it y, 0.5 pe rcent fur e lec tri ca l res is tiv it y, 
3 pe rce nt fo r he mi s ph er ica l to ta l c m ill ance , and 2 pe rce nt for no rm a l spec tr'a l e millance. 

Key words : E lec tri ca l res istivit y: (' mill ance : hea t capac it y: hi gh·speed meas ure me nt s: high te mpe ra· 
ture : tant a lum: th e rm a l rad ia ti o n prope rti es : the rm ody nami cs. 

1. Introduction 

Conve ntional methods of meas urin g heat ca pacity , 
elec tri cal resistivity , and othe r th ermophysical . prop· 
e rti es at hi gh temperatures e mploy " drop", steady­
s tate, and quasi steady-s tate techniques in whi ch th e 
s pecim en is exposed to high te mperatures for long 
pe riods of time, ran ging from minutes to hours. Exten­
s ion of these techniques to te mperatures above 2000 K 
creates problems res ulting from in creased heat trans­
fer , chemical reactions, e vaporation , diffusion , loss of 
mec hani cal strength, e tc. To overco me these limit a­
tions, thi s laboratory has recently de veloped a hi gh­
s peed measurement technique in whi ch th e s pec im en 
is heated and pertinent quantities required for the 
de te rmination of properties are measured in short 
times. The duration of an individual experim ent , in 
whi ch the specimen is heated from room te m pe rature 
to near its melting point , is less than 1 s. A milliseco nd 
resolution photoelectric pyrometer is used to meas ure 
th e specimen temperature. The recordings of experi­
me ntal quantities are made with a hi gh-speed digital 
data acqu isition system, which has a time resolution 
of 0.4 ms. The application of this techniqu e to meas ure­
me nts on molybde num has been published [II.' General 
revi ews on hi gh-s peed methods for th e measurement 
of' the rmoph ysical prope rti es of electrical condu ctors 
have bee n present ed rece ntly [2 , ] 71. 
*This wor k was s uppo rt ed in part by the Propuls ion Divis ion of the U.S. Air Force Offi('c 

uf Scic nt ifJ(: Besearch under ('onlru(' t ISSA- 69-OOO 1. 
1 Figures i ll brac kets ind ica te the litera ture references at the e nd of Ihis pape r. 

1 

In th e present study the technique was used to 
de termin e the heat capaci ty and elec tri cal res is tivity 
of tan talum in the te mperature ran ge 1900 to 3200 K, 
and the he mi sp he ri cal total and normal spec tral 
e mittan ces up to 3000 K. 

2. Method 

Th e me thod employed in thi s study is based upon 
rapid resis tive heating of the speci me n by the passage 
of hi gh c urre nts and meas uring th e pertinent quanti­
ti es with appropriate time resolution. Th e req uired 
quantities are the power imparted to th e specimen and 
the te mperature of the specime n, both as fun ctions of 
time. Imparted power is obtained from measure ments 
of curre nt flowing through the specimen and the po­
te ntial differe nce across the "effective" 2 specimen as a 
function of time . 

Th e relationship for heat capacity is obtained from 
power balances for the specimen during the pulse 
heating and the following free cooling periods. The ex­
pression for heat capacity, which was derived in an 
earli er publication [1], is 

Cp 
ei-wAs(P- T3) 

n(dT/dt)" 
(1) 

! "Effecti ve" refers to the portion of the spec im e n between the kni fe-edge vu ltage probes. 



where 

Cp = heat capacity in J mol - I K- I 

e = potential difference across the effective 
specimen in V 

i = current through the specimen in A 

E = hemispherical total emittance 

(J" = Stephan-Boltzmann constant (5.6697 
X 1O- 8Wm- 2[(-4) 

As = effective specimen surface area in m 2 

T= specimen temperature in K 

To = room temperature in K 

n= amount of effective specimen in mol 

(dT/ dt) II = heating rate in K 5- 1 

The hemispherical total emittance, E, which appears 
in the radiation loss term of the heat capacity rela­
tion, is determined from data collected during the free 
cooling period. Derived from the power balance rela­
tionship during the cooling period and eq (1), the ex­
pression for E is 

where 

eL 
E =---------

(J"As(T4 - Tn (l + M) 

M=- (dT/dt)1I 
(dT/dt )c 

(dT/ dt) c = cooling rate in K S-I 

(2) 

(3) 

Equation (2) is used to compute values for E at selected 
temperatures, which are used to obtain a function for E 

in terms of temperature. Then, E values from this func­
tion are substituted in eq (1) to obtain heat capacity 
over the entire temperature range. 

Data from the heating period is also used to calcu­
late the electrical resistivity with the aid of the equation 

where 

RAe 
p=-

l 

p = electrical resistivity in n m 

R = resistance of effective specimen in n 
Ac = specimen cross-sectional area in m2 

l = effective specimen length in m. 

(4) 

The normal spectral emittance, En , A, is obtained 
from separate pulse experiments in which radiance 
from the surface of the specimen is measured. The 
relation for En, A is 

Ls 
En , A = Lb (5) 

2 

where 

Ls = radiance from surface of specimen as observed 
by the pyrometer. 

Lb = blackbody radiance from sighting hole In speci­
men as observed by the pyrometer. 

In all the above equations, geometrical quantitIes 
are corrected for the presence of the sighting hole , 
and the quantities related to radiation from the sight­
ing hole are corrected for scattered light and departure 
from blackbody conditions. 

3. Apparatus 

A functional diagram of the measurement system 
used in this study is shown in figure 1. The details of 
the system were described in an earlier publication [1]. 

The specimen was a tube approximately 100 mm 
long with a small rectangular hole fabricated in the 
wall at the middle of its length to approximate black­
body conditions. The knife-edge probes, which were 
used for potential measurements, were made of tanta­
lum and were placed 50 mm apart on the middle por­
tion of the specimen. The portion between the probes, 
defined as "effective" specimen, was free from signifi­
cant temperature gradients for the duration of an 
experime nt. The specimen and the associated com­
ponents were contained in a vacuum chamber. 

The specimen temperature was meas ured with a 
high-speed photoelectric pyrometer [12], which per­
mits 1200 evaluations of the specimen temperature 
per second. The pyrometer alternately compares the 
radiance from the blackbody hole in the specimen to 
that of a reference lamp. 

Electrical signals corresponding to voltage, current, 
and temperature were recorded with a high-speed 
digital data acquisition system, which consists of a 
multiplexer, analog-to-digital converter, and a core 
memory together with various control and interfacing 
equipment. At the end of each experiment, the data 
were retrieved and recorded in printed numeric form 
and on punched paper tape via a teletypewriter. During 
this retrieval period, data were also sent to a time­
sharing computer for immediate processing. 

Electrical signals corresponding to voltage, current, 
and temperature were also monitored simultaneously 
with oscilloscopes. 

4. Measurements 

Measurements were made on four tantalum speci­
mens. The first two specimens were used for experi· 
ments in the temperature interval 1900 to 3000 K. 
To optimize the operation of the pyrometer, this tem­
perature interval was divided into three ranges with 
three experiments per range. These nine experiments 
are referred to as a series. The temperature ranges 
were: low, 1900 to 2250 K; medium, 2100 to 2600 K; 
and high, 2350 to 3000 K. 
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FIGURE]. FunctionaL diagram oj the compLete high-speed measu,rement system, 

Two co mplete series of experim e nts we re co ndu cted 
on the first specimen (Ta- l ). During th e seco nd seri es, 
two additional experiments we re co ndu cted, one in the 
low range and one in the hi gh range, to meas ure the 
surface radiance of the specim en. Be fore th e s tart of 
th e first se ries of experim ents, the specime n (Ta- l) 
was subjected to approximately 30 heatin g pul ses (i n 
the range 2200 to 3000 K) to a nneal the specime n a nd 
to de termine the optimum heating rate for eac h te m­
perature range. At the e nd of the first seri es of experi­
me nts and before the s tart of th e seco nd series, the 
spec im en was pulse heated 15 tim es to 3000 K One 
experiment per temp erature range was conducted on 
th e seco nd specim en (Ta- 2) without any prior heating 
pulses. 

To obtain heat capacity and electrical resistivity 
in the tem perature ran ge 2950 to 3200 K, two other 
specim e ns, (Ta- 3) and (Ta-4), were used. 

The duration of the current pulses ranged from 280 
to 520 ms de pending on the te mperature. The average 
heating rate of the specime n was 5700 and 3700 K S - I 

at 2000 and 3200 K, respectively. At these te mpera­
tures, radiative heatlosses from the specim e n a mounted 
to a pproximately 3 and 22 percent of the input power, 
res pec tively. All of the experiments we re condu cted 
with the specimen in a vacuum e nvironm e nt of 
approximately 10- 4 torr. 

Th e data on voltage, c urre nt , and te mpe rature were 
used to obtain third degree polynomial fun c tions for 
eac h quantity in te rms of time, which the n provided 
the input informatio n for th e equations of sec tion 2. 

During the e ntire set of ex pe rime nt s, the pyrometer 
was calibrated fiv e times again st a tungs ten filam ent 
standard lamp, which in turn was calibra ted against 
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the NBS T e mpe ra ture Stand a rd. Th e digital recording 
sys te m in cl udin g the d iffere nti al amplifi e rs was cali­
bra ted three times durin g the e xperime nts. Th e de­
tai ls of th e cali bration procedures are give n in an 
earli e r publi ca tion [J]. 

Prior to th e s tart of th e experime nt s, th e optical sys­
tem of the pyrome te r was modified to reduce the e ffect 
of li ght scattered from the area around th e sightin g hole 
in the specim en. In the present system thi s e ffect is 
approxima tely one pe rcent. The blac kbody qua li ty of 
the specime n sighting hole was estimated to be 0.99 
using De Vos' [13 ] method. The te mperature data 
from th e pyrome ter were corrected for both scatte red 
li ght and departure from blackbody conditions. The de­
tails of the meth ods e mployed for these corrections a re 
gi ve n in an earli er publication [1]. 

Th e nominal dimensions of the tubular tantalum 
specime ns were: length = 4 in (101 mm), out side diam­
eter = 0.25 in (6.3 mm), a nd wall thickness = 0.02 in 
(0.5 mm). The outer surface of each specimen was 
poli shed to reduce heat loss du e to thermal radiation. 

Specimen characterization was made on one speci­
men (Ta- l) by the following methods: photomicrog­
raphy, che mi cal analysis , and residual resistivity ratio. 

Photo micrographs of the specimen before and after 
the entire se t of ex perime nts are shown in fi gure 2. It 
may be seen that considerable grain growth has ta ke n 
place as the result of pulse heating the s pecime n to 
high te mperatures. 

Chemical analyses were made of the specim e n be­
fore and after the entire set of experime nts. Co mpari­
son of results does not indicate any detectable c ha nge 
in impurity content. A list of the nature and co mpos i­
tion of impurities in the specimen is give n in ta bl e 1. 
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FIGURE 2. Photomicrographs of the tantalum specimen before (upper 
photograph) and after (lower photograph) the entire set oj 
experiments. 

TABLE 1. Impurities in tantalum specimen 

Impurity 

AI 
C 
Ca 
Cr 
Cu 
Fe 
M" 
M~ 
N 
Nb 
o 
W 

Composition ppm 
(by weight) 

< 5 
60 

< 5 
< 10 
< 5 

70 
< 5 

10 
20 

500 
50 

< 200 

710 < Total < 940 

The residual resistivity ratio of the specimen (ratio of 
e lectrical res istivity at 273 K to that at 4 K) before and 
after the entire set uf experiments was 22 ± 1. The fact 
that the value of this ratio remained unchanged indi­
cates that the specimen did not undergo any major 
chemical or physical changes. 

The total mass of the specimen was determined be­
fore and after each series of experiments. The "effec-
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tive" mass of the specimen was calculated from the 
total mass by ratio of the geometric surface area be­
tween voltage probes to total surface area. Length 
measurements at room temperature were made with a 
micrometer microscope to the nearest 0.03 mm. The 
thickness of the cylinder wall was calculated from the 
mass, surface areas, and density. 

Density of tantalum at 298 K was obtained by the 
water displacement method in a pycnometer. The re­
sults of three determi nations gave a value of 16_65 
X 103 kg m- 3 with an average deviation of 0.03 percent­
This compares favorably with the reported value of 
16.6 X 103 kg m- 3 [16]. 

5. Experimental Results 

This section presents the results on the thermophysi­
cal properties determined from the measured quanti­
ties. All values are based on the 1968 International 
Practical Temperature Scale [14]. The final results on 
properties at 100 degree temperature intervals are pre­
sented in table 2. In all computations, the geometrical 
quantities are based on their ambient temperature 
(298 K) dimensions. The experimental results (indi ­
vidual points) on properties are given in the appendix 
(tables A- I to A-5). 

TABLE 2. Heat capacity, electrical res~stway, hemi­
spherical total and normal spectral emittances of 
tantalum 

Tempe ra- c" p" E;\ 

ture. K J mol - 1K - l lo-sn m 

1900 30.66 75.56 " 0_288 
2000 31.]9 78.80 " .293 
2100 31.71 82.00 ".298 
2200 32.25 85.14 " .302 
2300 32.83 88.23 .307 
2400 33.46 91.26 .312 
2500 34.17 94.24 .316 
2600 34.97 97.17 .321 
2700 35.89 100.04 .326 
2800 36.95 102.86 .330 
2900 38.16 105.63 .335 
3000 39.55 108.34 .340 
3100 41.39 111.00 
3200 44.48 113.60 

" Based on ambient te mpe rature (298 K) dimensions. 
h Ext rapolated from highe r te mperature re su lt s. 

5.1 . Normal Spectral Emittance 

Ex, A 

" 0.413 
.411 
.409 
.407 
.406 
.404 
.403 
.401 
.400 
.400 
.399 
.398 

To calculate the normal spectral emittance, two 
experiments were performed to measure the surface 
radiance of the Ta- l specimen during the second 
heating series. The measurements were made at the 
effective wavelength of the pyrometer interference 
filter (650 nm; bandwidth 10 nm). The normal spectral , 
emittance was calculated using the radiance data 
from each surface experiment together with the data 
from a previous or later regular blackbody experiment 



accordin g to eq (5). Since the s pecimen's true te mpe ra­
ture could not be measured directly in a s urface expe ri­
me nt , the times at whic h the res istan ce of th e s pecim e il 
in the two adjacent experime nts we re equal were 
tak e n as the times of equal te mpe rature. 

A seco nd degree polynomial fun ction [or normal 
spec tral e mittance was obtained by leas t squares ap­
proximation of the experime ntal res ults. Th e s ta ndard 
de viation (of an individual point) is 0.3 pe rce nt. The 
fun ction that is valid in th e temperature ran ge 2000 to 
3000 K is: 

EII , A = 0.4892 - 5.644 X 10- 5T + 8.734 X 10- 9T2 
(second series) (6) 

Nor mal s pectral e mitta nce co mputed usin g the above 
equation is give n in tabl e 2. The experim e ntal res ults 
are presented in figure 3. 
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5.2. Hemispherical Total Emittance 

The he mispheri cal total e mittance of the Ta-l s pec i­
me n was co mputed with the aid of eq (2) us ing tempera­
ture data taken during both heating and initial free 
cooling peri ods in an experime nt. 

A linear function for he mispheri cal total emittance 
for each heating series was obtained by leas t sq uares 
approx imati on of the individual values. The s tandard 
deviation of the points from the fun ction for the fir s t 
and second heating series were 0.7 and 0.5 percen t, 
res pec tively. The function s that are valid in th e te m­
pe ra ture ran ge 2300 to 3000 K are: 

E = 0.2197 + 4 .146 X lO- Of (firs t se ri es) (7) 

E = 0.199] + 4.687 X 10- Of (second series)_ (8 ) 

He mi sphe rical total emitta nce co mputed using eq (8) 
is give n in table 2. The ex pe rimental result s are pre­
se nted in fi gure 4. 
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FI GU HE 4. Hemispherical total em.ittance of tantalum. 

5 .3. Heat Capacity 

A third degree pol ynomial funct ion for hea t capa cit y 
in te rms of te mpe rature for eac h heating seri es on 
Ta- l was obtai ned by leas t squares approx im ation of 
res ult s [rom individual ex pe rim ents. Th e s tandard de­
vi a ti on of th e points from th e fun ction fur the firs t and 
seco nd heatin g seri es we re 0.19 and 0.17 pe rce nt , re­
s pec tively. A imilar fun c ti o n was a lso obtai ned for th e 
co mbin ed res ult s of experim e nts in the fir s t and sec­
ond se ri es with a s ta nd ard deviation of 0-18 pe rcent. 

Figure 5 shows th e dev iations of th e exper im ental 
res ult s from th e s mooth fun c ti on for th e co mbin ed heat­
ing seri es. The fi gure a lso s hows t he deviation of the 
funct ion for each individu a l heating series from the 
heat capacity function for the combin ed series. Com­
pared to the fun c tion for the co mbin ed series, the 
ave rage differe nce between the functions for the fir st 
and second hea ting series is a bout 0.1 percent , wh ich is 
smaller than th e measurement reso lution. Therefore, it 
may be concluded that the measured heat capacity 
shows no signi fi cant difference between the two heating 
se ries. The fun ct ion for th e combin ed ser ies that is 
valid in the te mpera ture ra nge 1900 to 3000 K is: 

cp=-6_549+4.583 X 1O- 2T 
- 2. 01 3 X 1 0- 5P + 3.325 X 1O- 9T:J (9) 

where T is in K and Cp in J mol- I K - I. Heat capacity 
up to 3000 K co mputed using the above equation is 
given in table 2. In the co mputation s of heat capacity, 
th e atomic weight of tantalum was taken as 180.95 [15 1_ 

Without any prior heating pulses, three experiments 
were conducted on a second tantalum specimen 
(Ta- 2). Figure 6 s hows the diffe rence in meas ured 
heat capacity be tween Ta- l and Ta- 2. The base line 
in fi gure 6 represents the s mooth fun ction for heat 
capacit y of Ta- l give n by eq (9). The max imu m devia­
tion be tween the heat capacity res ults of th e two spec i­
me ns occurs at the lowes t tem perature and is less than 
1 percent. The tendency for the heat capac ity of Ta- 2 
to approach that of Ta- 1 as the te mpera ture in creases 
may be due to annealing effects as the tem perature 
ran ge for the Ta- 2 specime n was in creased. 
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FIGURE 5. Deviation of heat capacity results for tantalum from eq (9). 
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FIGURE 6. Difference in heat capacity and electrical resistivity be· 
tween two tantalum specimens. 

Base line represents result s for Ta-l given by eqs (9 ) and (10), 

The preliminary results on heat capacity of tantalum 
up to 3000 K were reported in an earlier publication 
[3]. In this study the measurements were extended to 
3200 K by performing one experiment each on Ta-3 
and Ta-4, and averaging the results. Hemispherical 
total emittance needed to correct heat capacity above 
3000 K was obtained from the extrapolation of the 
experimental res ults at lower temperatures. The results 
of measurements above 3000 K are given in table 2. 
At 3000 K the heat capacity for this extended tempera· 
ture range is approximately 0.1 percent lower than the 
value given by eq (9). 

5.4. Electrical Resistivity 

The electrical resistivity of the Ta- l specimen was 
determined from the same experiments that were used 
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to calculate the heat capacity. A second degree poly· 
nomial function for each heating series was obtained 
by least squares approximation of results from indio 
vidual experiments. The standard deviation of the 
points from the function for the first and second heating 
series are 0.03 and 0.02 percent, respectively. 

In contrast to the heat capacity results, the electrical 
resistivity showed a small but significant difference 
between the two heating series; the results of the 
second series being lower than those of the first. The 
combined data from both heating series were fitted 
to a second degree polynomial function. Figure 7 shows 
the deviations of the experimental results from the 
smooth function for the combined series. The ' figure 
also shows the deviation of the function for each in­
dividual heating series from the electrical resistivity 
funct ion for the combined series. The average differ­
ence between the functions for the first and second 
heating series is approximately 0.15 percent. The 
function for the combined series that is valid for the 
temperature range 1900 to 3000 K is: 

p = 3.671 + 4.292 X 10- ZT- 2.677 X 1O- 6 T2 (10) 

where T is in K and p in 1O- 8D m. Electrical resistivity 
up to 3000 K computed using the above equation is 
given in table 2. 

The difference between the results on Ta-l and 
Ta-2 is presented graphically in figure 6. In contrast 
to heat capacity, electrical resistivity did not converge 
as Ta-2 was exposed to high temperatures. 

The results of experiments on Ta-3 and Ta- 4 were 
used to compute electrical resistivity above 3000 K. 
These are included in table 2. At 3000 K electrical 
resistivity obtained from Ta-3 and Ta-4 was approxi­
mately 0.3 percent lower than the value given by eq (10), 
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In addition, the elec tri c al resis tivity of Ta- 1 was 
measured at 293 K under s teady-s tate conditions. The 
res ultant value was 14.0 X lO-sflm. 

6. Estimate of Errors 

Res ult s on imprecision 3 and in accuracy 4 of meas­
ured and computed quantities are give n in table 3. 

TABLE 3. Imprecision and inaccuracy of measured 
and computed quantities 

Qu antit y 1m precis ion 
(pe rcent ) 

T e mpe ra ture.. .. ........ 0.02 (0.5 K) 

Voliage........ . .. .. .. . .... 0.02 
C urre nl... ....... .. . .03 
Powe r. .. ... ... ... ... . . . .. . .04 
Resis tance.. . ... . .04 
Le ngth ........ _. . ... . . .. .. .04 
W eighL .... . .. ... .. ..... .. .01 
De ns it y............... . .. .. .03 

Heat Ca pac it y.. .5 

Hes is ti vit y ... .. . ... ... ... .04 
He m. Tot a l Em it · 

lan ce ..... .. .7 
No rm. Speclral Emil -

la nce.... .. . .3 

In acc uracy 
(pe rce nt ) 

{ 0.2 (4 K) al 2000 K 
0.3 (10 K) at 3200 K 

0.05 
.06 
.08 
.08 
.08 
.1 
.1 

{ 2 a l 2000 K 
3 a l 3200 K 

0.5 

3 

2 

:I Imprec ision rders tu the s t andard de viation of an indiv irl ual poin t as comput e d from 
the difference between meas ured and ca lc ula ted va lues . 

4 In accuracy re fers to the es tim ated maximum error ( rando m and sys tematic) approxi­
matel y equivalent to two s tandard dev iatio ns. 

7 

Numbers li s ted under imprecis ion were obtained from 
a leas t squares analysis of experime ntal results_ Num­
bers li sted under inacc uracy we re es timated consider­
in g th e contribution of variOllS ite ms that introdu ce 
random a nd sys te matic e rrors in the pertinent quanti ­
ti es. These ite ms are li s ted below: 

(a) In te mperature measurements: pyrometer repro­
ducibi lit y, scattered li ght correc tion, light source 
alinement, radiation stand ard lamp, blackbody quality, 
specim e n te mpe rature uniformity, magne ti c fi elds_ 

(b) In elec trical measure ments : s kin effect, induc­
tive effects , thermoelectric effects. 

(c) In interpre tation of results: s pecim en evapora­
tion , the rmionic e mission, time sync hronization , meas­
ureme nts of length and weight. 

Details regarding the estimates of errors and their 
combination are given in another publi cation [ll­
Specific items in the error analys is we re reco mputed 
whenever the prese nt condition s differed from those 
in the earlier publication_ 

7. Discussion 

The heat capacity and electrical resistivity results of 
thi s work are compared graphically with those in the 
literature in figures 8 and 9, respectively. Numerical 
comparisons are given in tables 4 and 5_ It may be 
seen that present results agree favorably with all 
others at 2000 K and also at higher temperatures, with 
the exception of heat capacity results of Hoch and 
Johnston [8]. Estimates of errors in papers cited lead 
to an estimate of inaccuracies in previously reported 
heat capacity and electrical resistivity of approxi-

l 
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mately 5 to 10 and 1 to 3 percent, respectively, in the 
temperature range considered. Measurements of the 
electrical resistivity of tantalum corresponding to 
293 K, as well as values reported in the literature, are 
given in table 6. 

The results for hemispherical total and normal spec­
tral emittances of this work and those in the literature 
are presented in figures 10 and 11, respectively. Be· 
caU5e of the strong dependence of emittance on sur­
face conditions, considerable deviations exist in the 
results of various investigators. 

'C 35 Heat capacity results at high temperatures are con­
siderably higher than the Dulong and Petit value of 3R. 
Some of this departure is due to Cp - Cv and the elec­
tronic terms. However, they do not account for the en­
tire departure. Heat capacity above the Debye 
temperature may be expressed by 

>­r-
U 
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5% 
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Cp = A - T2 + CT + Llc (11) 

FIGURE 8. Heat capacity of tantalum reported in the literature. 

where the constant term is 3R (24.943 J mol- 1 K - l), the 
term in T-2 is the first term in the expansion of the 
Debye function, the term in T represents Cp - Cv and 
electronic contributions, and the quantity Llc repre­
sents excess in measured heat capacity at high tem­
peratures, which is not accounted for by the first three 
terms. The coefficients B (4.88 X 104 ) and C (2.59 
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FIGU RE 9. Electrical resistivity of tantalum reported in the literature. 
FIGURE 10. Hemispherical total emittance of tantalum reported in 

the literature. 

TABLE 4. Tantalum heat capacity difference (previous literature values minus present work values) in percent 

Temperature, K 
Inves ti gator Ref. Year Method 

2000 2200 2400 2600 2800 3000 3200 

J aeger and Veenstra ...... . 7 1934 drop a + 1.2 
Rasor and McClelland ..... 5 1960 pulse + 1.3 + 1.4 + 1.9 + 2.4 + 3.4 + 5.0 + 2.0 
Hoch and Johnston .. ....... 8 1961 drop - 3.8 -5.6 - 7.6 - ]0.4 - 14.0 
Lowenth al. .. . . ............ .. . 4 1963 modul. - 0.8 - 1.0 - 1.3 
Tay lor and Fin ch ............ 6 1964 pulse - 0.9 -1.6 - 2.2 - 1.9 - 0.8 + 0.9 

a Ex trapolated from 1873 K. 
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TAB I.E 5. Tantalum electrical resistivity difference (previous literature values minus present work values) 
in percent 

T e mpera ture , K 
Investigator Re f. Year 

2000 2200 2400 2600 2800 3000 3200 

Worthing .................... .. ...... ..... ... 18 1926 + 2.3 + 2.1 +2 .1 +2 .2 + 2.4 
Malter and Langmuir ... ..... . .... ... . .. .. 19 1939 - 1.2 - 1.3 - 1.5 - 1.6 - 1.8 - 1.9 - 2. 0 
Pe le tskii and Voskresens kii ...... .. .... 21 1966 + 0.2 - 0.1 - 0.1 + 0.1 + 0.4 
H;;rz ................. , .... ..... .. ............ . 20 1966 - 1.0 - 0.8 - 0.4 + 0.1 + 0.9 
Neimark and Voronin ... .. ..... . ....... .. 22 1968 + 0.4 + 0.2 
Pe trov et al.. ................... . ...... . . .. . 23 1968 - 2.1 

TABLE 6. Electrical resistivity of tantalum at 293 K 
(literature) 

Invest igator Ref. Year Resis ti vity 
10- BOm 

Worthin g. . ... . .. ... . .. .. . .... .. . . .. . .. .... 18 1926 14.2 
Malt e r and La ngmuir... .... . . .. ........ 19 1939 13.5 
W hite and Woods..... . ...... . ..... . ..... 25 1959 "13. 1 
Tye... . .. .... ..... . ... ... . ......... ..... . .. 26 1961 14.5 
Hii rz ... . . . .. .... .. .. .......... ... .. ......... 20 1966 13.4 
P e ie ts kii and Voskresens ki i ....... . .. . 21 1968 13.7 
Nei mark and Voronin.... . .. ...... . . .. .. 22 1938 15.0 
Present work. .. ......... ... ........... ...... . .... . . . . ......... 14.0 

" Ideal res is tivit y. 
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FI GU RE 11. No rmal spectral emittance of tantalum at A'= 650 nm 
reported in the literature. 

x 10- 3 ) were obtained from data on heat capacity at 
low and moderate temperatures (at 250 and 1000 K) 
given by Hultgre n et al. [11]. 

Using eq (11) and the heat capacity results of thi s 
work, the quantity Llc was co mputed for te mperatures 
above 1900 K. The results are tabula ted in table 7. The 
es timated uncertainty in the computed Llc may be as 
high as 1 J mo)- lK- l. Thi s was obtained from the 
combin ed uncertainties in the coeffi cie nts in eq (11) 
and the measured heat capacities. 
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- 1.8 -1.4 - 0.8 - 0.1 

TABLE 7. Excess heat capacity Llc in equation (11) 
and estimau d vacancy contribution to heat capacity 
of tantalum 

T t.c C"ac 
K .J moi - 'K- ' J ll1 oi- 1K- I 

2000 1.08 0.003 
2200 1.62 .01 
2400 2.31 .04 
2600 3.30 .10 
2800 4.76 .21 
3000 6.84 .41 
3200 9.70 .73 

Although the mechani s ms of vacancy generation 
becom e important at high te mperatures, it was not 
possibl e to attribute the hi gh values e ntirely to vacan­
cies. To demonstrate thi s, a crude estimate of the 
contribution of vacancies to heat capacity was made 
using the following equation [1]: 

where 

NA = Avogadro's number 

k = Boltzmann cons tant 

Ef = vacancy formation e nergy 

(12) 

A = constant which is obtained from vacancy concen­
tration at the melting point. 

If one assumes that vacancy formation energy is 
approximately proportional to the melting point and 
considers the value of 3.3 eV reported by Schultz [9] 
for tun gs ten, one obtains 2.9 ± 0. 5 eV for the va· 
caney formation e nergy for tantalum. There are 
no accurate measure me nts on tantalum related to 
vacancy concentrations. Results of quenching experi ­
ments on various refractory elements [9, 10] have 
indicated that vacancy concentrations are probably 
in the range 0.01 to 0.1 percent at their melting points. 
Estimates corresponding to a vacancy concentration 
of 0.1 percent at the melting point and a vacancy 
formation e nergy of 2.9 eV are given in table 7. The 
results indicate that vacancy contribution is small, 
less than 0.7 J mol - 1K- 1 (upper limit) at 3200 K, and 
does not account for high heat capacity values_ A 



possible contribution of higher order terms in the 
electronic heat capacity may partially account for 
high values of heat capacity at high temperatures. 

If the entire deviation of measured heat capacity 
from the sum of 3R and the linear term at high tem­
peratures is represented by an expression similar to 
eq (12), one could obtain after rearrangement 

In (T2t.C) =In l-~' 
T 

(13) 

This equation indicates that a plot of the left side 
versus liT should yield a straight line with slope equal 
to -So From the data on tantalum in the range 1900 to 
3200 K, a straight line with a standard deviation of 0.8 
percent was obtained. However, the parameters ob­
tained through this fit do not seem to have any physical 
significance. As a crude analogy to vacancy concen­
tration, the computations yielded a value of 1.4 e V for 
energy and 4.2 percent for concentration at the melting 
point. Both of these values seem to be unrealistic for 
tantalum. 

In order to give a simple expression for the heat 
capacity of tantalum over a wide temperature range, 
an empirical term in T5 for the quantity t.c in eq (11) 
was substituted. The coefficient of this term was ob­
tained from the results of the present work in conjunc­
tion with the values given by Hultgren et al. [11] at 
temperatures below 1000 K. Then, eq (11) for the range 
300 to 3100 K becomes 

cp =24.943 4.88 X 104 + 2.59 X 10- 3T 
P 

+ 2.85 X 10- 17T5 (14) 

where T is in K and Cp in J mol - I K - I. Average devia­
tion of the individual points from the function over 
the temperature range considered is 0.4 percent. Equa­
tion (14) is presented graphically in figure 12. 

The T- 2 term in eq (14) corresponds to a Debye (J of 
approximately 200 K for tantalum. This value is some-
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what lower than the generally accepted value of 247 K 
[28]. Such a deviation may be expected since in the 
above analysis only data above 250 K were considered 
while determinations reported in the literature were 
based on more elaborate treatment oflower temperature 
data. 

It was interesting to note that the difference in heat 
capacity between Ta-l and Ta-2 was reduced from 
approximately 1 percent at 1900 K to 0.2 percent at 
3000 K. The convergence of the results as Ta-2 was 
exposed to high temperatures indicates the difference 
in the initial states of the two specimens; Ta-l was 
preheated while Ta-2 was used as received from the 
manufacturer prior to the start of the measurements. 

There was a small, but significant difference in 
electrical resistivity between the two heating series of 
Ta- 1. The second series results, which were lower 
than those of the first by approximately 0.15 percent, 
indi cate that the specimen had undergone additional 
annealing during its exposure to high temperatures. 

Unlike most metallic elements, the electrical resis­
tivity of tantalum, in the range of present measure­
ments, showed a negative departure from linearity in 
the curve of electrical resistivity against temperature. 
A small Fermi energy is believed to be responsible 
for some of this negative departure [27J. 

The experimental results reported in this paper have 
further substantiated the feasibility of accurate meas­
urement of heat capacity and electrical resistivity of 
electrical conductors above approximately 2000 K by 
a pulse method of millisecond resolution. The results 
also indicated that under proper surface and environ­
mental conditions the technique allows the measure­
ment of hemispherical total and normal spectral 
emittances. 

The authors extend their appreciation to M. S. Morse 
for his contribution in connection with electronic in­
strumentation, which is a vital part of the entire 
measurement system. 

ALL FOUR TERMS 

--_----FIRST THREE TERMS 

FIRST TERM 

500 1000 1500 2000 2500 3000 
TEMPERATURE, K 

FIG URE 12. Heat capacity of tantalum according to eq (/4). 
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8. Appendix 

TABLE A-I. Experimental results on heat capacity and electrical resistivity of tantalum-J a 

Series 

Range Run 1 

T c,' p 

1900 30.75 75.68 
1950 30.92 77 .29 
2000 31.12 78 .89 

Low 2050 31.35 80.48 
2100 31.60 82.05 
2150 31.88 83 .62 
2200 32.20 85.17 
2250 32.56 86 .72 

2100 31.73 82 .10 
2150 31.97 83 .69 
2200 32 .22 85.25 
2250 32.49 86.80 
2300 32 .77 88.33 

Med. 2350 33.08 89 .85 
2400 33.41 91.35 
2450 33.76 92 .85 
2500 34.15 94.33 
2550 34.58 95 .80 
2600 35.05 97.26 

2350 33.12 89.82 
2400 33.45 91.33 
2450 33.80 92.83 
2500 34.16 94. 32 
2550 34.54 95.79 
2600 34.95 97.25 

High 2650 35.38 98.70 
2700 35 .85 100.13 
2750 36.35 101.55 
2800 36.89 102.95 
2850 37.49 104.33 
2900 38. 15 105.70 
2950 38.88 107.05 
3000 39.72 108.39 

" Te mpe ratu re in K. 
Heat capacity in J mol- ' K- '. 
E lec trical res istivity in IO- 8!1m. 

First se r ies 

2 

c" p c" 

30.67 75 .68 30.75 
30.88 77.29 30.94 
31.11 78 .89 31.14 
31.36 80.47 31.36 
31.62 82.05 31.61 
31.91 83.61 31.88 
32.22 85.17 32.18 
32.55 86.72 32.52 

31.80 82.08 31.65 
32.02 83.66 31.92 
32.25 85.22 32.20 
32 .50 86.77 32.49 
32.77 88.30 32.78 
33 .07 89.82 33.10 
33.39 91.33 33.42 
33.75 92.82 33.77 
34.15 94.31 34.13 
34.60 95.79 34.52 
35.11 97.25 34.92 

33.12 89.82 33.19 
33.47 91.34 33.51 
33.83 92.85 33.84 
34.20 94.34 34.18 
34.58 95.81 34.55 
34.98 97.27 34.93 
35 .40 98.71 35.34 
35 .85 100.13 35.78 
36.34 101.54 36.26 
36 .87 102.94 36.77 
37 .46 104.32 37.34 
38.11 105.69 37.97 
38.86 107.04 38.68 
39.72 108.38 39 .48 

Second series 

3 1 2 3 

p c" p c" p c" P 

75.70 30.73 75.51 30.73 75.52 30.83 75 .51 
77.30 30.92 77.12 30.92 77. 13 30.98 77.14 
78.89 31.14 78.72 31.16 78.73 31.16 78 .74 
80.47 31.39 80.31 31.41 80.33 31.38 80 .33 
82.05 31.65 81.89 31.68 81.91 31.63 81.90 
83.62 31.94 83.46 31.96 83.48 31.91 83.46 
85. 18 32.25 85.02 32.24 85.03 32.22 85.02 
86.72 32.57 86.57 32.51 86.57 32.58 86.58 

82.07 31.76 81.94 31.74 81.95 31.79 81.94 
83.64 31.99 83.51 31.98 83.52 32.02 83.52 
85.19 32.24 85.07 32.24 85.07 32.26 85 .08 
86.74 32.51 86.62 32.51 86 .62 32 .52 86 .63 
88.28 32.80 88.16 32 .80 88.15 32 .80 88.16 
89.80 33.12 89.68 33 .11 89.67 33.10 89.69 
91.32 33.46 91.19 33.44 91.18 33.43 91 .20 
92.81 33.82 92 .68 33.80 92.68 33.79 92.70 
94.30 34.21 94.17 34.20 94.17 34.18 94.19 
95.76 34.63 95.65 34 .63 95.65 34.60 95 .66 
97.23 35.09 97.12 35. 10 97.12 35.08 97 .13 

89.82 33 .21 89.66 33. 19 89.69 33.23 89.65 
91.32 33 .53 91.19 33.50 91.20 33.55 91.18 
92.82 33.87 92.70 33.83 92.70 33.89 92.69 
94.30 34.23 94.19 34.18 94.19 34.24 94.18 
95.77 34.60 95.67 34.56 95.66 34.60 95.66 
97.23 34.99 97.14 34.96 97.13 34.99 97.12 
98.67 35.40 98.58 35.39 98.57 35.40 98.56 

100.10 35.85 100.01 35.85 100.01 35 .85 99.99 
101.52 36.33 101.42 36 .35 101.43 36.33 101.41 
102.92 36.86 102.82 36.89 102.83 36.86 102.81 
104.30 37 .44 104.20 37 .47 104.21 37.44 104.19 
105.67 38.08 105.57 38.10 105.58 38.09 105.56 
107.02 38.81 106.92 38.79 106.94 38.83 106.91 
108.35 39.65 108.25 39.55 108.28 39.69 108.25 
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TABLE A-2. Hxperimental results on heat capacity 
and electrical resistivity of tantalum-2 

Range T Cp P 
K J mol - 'K- ' 1O - 8[1m 

1900 31.02 76.29 
1950 31.20 77.90 
2000 31.40 79.50 

Low 2050 31.64 81.09 
2100 31.90 82.66 
2150 32 .20 84.22 
2200 32.52 85.78 

2100 31.88 82.72 
2150 32 .11 84.29 
2200 32.36 85.85 
2250 32.62 87.40 

Med. 
2300 32.90 88.94 
2350 33 .21 90.47 
2400 33.54 91.98 
2450 33 .90 93.48 
2500 34.30 94.98 
2550 34.74 96.46 

2350 33.2 1 90.43 
2400 33 .54 91.96 
2450 33.88 93.47 
2500 34.23 94.97 
2550 34.6 J 96.45 
2600 35 .00 97.92 

High 2650 35.42 99.37 
2700 35.88 100.81 
2750 36.37 102.23 
2800 36.90 103.63 
2850 37.49 105.02 
2900 38. 15 106.39 
2950 38.89 107.75 
3000 39 .73 109.08 

TABLE A-3. Experimental results on heat capacity 
and electrical resistivity of tantalum- 3 and tanta­
lum-4 

Tantalum- 3 Tantalum-4 
Te mperature 

Cp p ep p 
K J mol - 'K - ' 1O - 8[1m J mo l- 'K - ' 1O - 8[1m 

2950 38.88 106.82 38.67 106.64 
3000 39.42 108.14 39.48 107.96 
3050 40.15 109.45 40.42 109.28 
3100 41.12 110.75 41.50 110.58 
3150 42.43 112.04 42.77 111.87 
3200 44.22 113.32 44.31 113. J5 
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TABLE A-4. Experimental results on normal spectral 
emittance of tantalum at A. = 650 nm 

T 
K f S , A 

1999 0.414 
2038 .411 
2076 .409 
2115 .408 
2154 .406 
2192 .406 
2231 .405 
2269 .405 
2307 .406 
2458 .405 
2528 .404 
2597 .402 
2664 .401 
2730 .400 
2794 .399 
2857 .399 
2917 .398 
2975 .398 

TABLE A-5. Experimental results on hemispherical 
total emittance of tantalum 

T 
K 

First Series 

2324 
2324 
2328 
2328 
2640 
2640 
2650 
2650 
2961 
2961 
2975 
2975 

Seco nd Seri es 

2319 
2319 
2325 
2325 
2646 
2646 
2655 
2655 
2980 
2980 
2994 
2994 

E 

0.315 
.314 
.319 
.319 
.326 
.330 
.329 
.328 
.342 
.341 
.345 
.344 

0 .307 
.305 
.311 
.309 
.321 
.321 
.325 
.324 
.338 
.338 
.340 
.340 
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