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High-tempe:rature heat contents of niobium were measured ·.ov'er ·:·:·. · . ·-' :; :' .:· 
• :. j •• ~~ • 

the temperature ·range 298° to. 1415° K, using a diphenyl ether calorim~.te,r. · 
.. ._ .. . ~ '. ·. ·-:}_ 

The results are well represented by the analytical expressions: f.,; .. •· .. _ .. ··: 
.· .. . . . ·: . ~ 

. . . 4 2 ' . 4 . . 1 . . ' : . . . . : ·. : : . :::. ' 
H0 - H0 

: · = 6. 564T- 1. 81 X 10- T + 5. 12 X 10 T-. - 2113 (.298°"' 500°K) ·. :. ··· . :.· . 
. T 298. 15 . · . . . . ·. . .· · ... ·. ··< .. · .. :·· .. <. ·:·:·· ... 

HT - H2sa. 
15 

= 5. 672T + 5. 06 x 1 o- 4T2 - 1736 (5000 -Hooo Kl ·. ·.. 
1
\r ;. . , ;' 

SOT·-. s298 ·~ and (F~.- H2
98

)/T ~ have been derivedand are tabulate'd at 

, . even 100° intervals. ' i ... 
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Growing interest in niobium as a high-temperature refractory metal 

plus the av:·ailability of a sample of high purity material have made ·it 

., i,'•· 
';. ·· .... 

' ' . ~ ' 

·.,. 

. •' ·• .······ .. 
; ; .. ' desirable to determine the high-temperature thermal properties of niobium · .. '. 

,• 
" . 

' · .. 

·.··· . . ' 

by means of heat content measurements. The only previously·reported ... 
measurements of the high-temperature thermal properties c;>f niobium ar~ .. ·. 

those by J~~ger and Veenst.ra (3}. 1934~ (HT - H295 ~· 6700 -1828° K), .. a11;d. 

by Lowerit~al (8), 1963, (Cp~ 1471°- 2259° K}. Th{s paper .reports the . 
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'·• results of heat. content ~easurements in the temperature range '2gao ·.·· .· ·. ·. ::· .. : .·:·::.::·:.(';~.:~··:··. 
.'• . ·.·· ,• '. ·. : 

.···: 
,; 

' l• 

• ... .•· ·. . .. · ~ ~.... :. . . .. 
. .... 

. ·;: 

. ~-:·:,'· ', ' ' < ··~ 

. . .• ·.' ~ ... ~ .. ~ .. · ··.''. · .. ·~··. 
. Electron-beam melted niobium supplied by the Temescal M·etallurgic~:~.l·,:. ;·;·:;·· ... :::.: 

. : . . <.:. ·:' '.'. ·: ~. : ... :.; .. 

'·. . EXPERIMENTAL 

·.•. 
·. · . ·Corporation was used in the study. The stated maximum impurity .levels · ~ : 

0

:· • ••• 0 • •• 

. . . . •. ,::::~f.:._::::.: ··;.~ :;. 

·.: '· 
· •. ;· ·: '. ·. 

··-' ¢: 0:. 
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:.· ; 

.· .. 
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.\ :·. 

·····. ' ,. 

' ... 

indicate the sample to have a purity of 99. 99+ percent Nb. . · .. ·.· '· 
• ~. • • ·::: ~ 0 .::·. j ~ 0 .... 

• 1 • • •' • •. 
0 

.:, > ,.'t • • o: · ",•~· 

Heat content measurements were made using a diphenyl ether Bunsen;.: .. :\}:;·?./:;··. 

'type drop calorimeter. The apparatus and experimental procedures·· h;)_ve·; <;···:.\·,: .... L ... ·.:· .. ·.:·::~:::·~::· 
. . • •. ·• ,·. l, •••.• t 

been described in detail previously (1, 6) and will be me.ntioned only brie·fly. :~.:·.'/·::~ .. ~.· ... : ... ·:::,. .. ;.:· 

here. The specimen, consisting of 1, 2 79 5 granis of niobium enclosed i,:. 
11
: ':; ::, •. :··.: •··. '-:.;:· 

. . . . "~.·.: .. ·.·\\ ·:~< :· <·· ..'.:.·:.->~!. 
0. 5016 grams of platinum foil, was heated in an argon atmosphere in a .. .r ... · ::. :. ··'·>: 

~ .; : . . .: ... . . . . ~: .... ~ .'i. : :· 
. . .. · ·.; ·. ·, ... ·· 

vertical tube furnace to a measured temperature, then dropped into the ' . ~ ·' . .. . . ·· .. •,· , . 

.. . calorimeter • Heat from the specimen entered a surrounding chamber . 

. containi~g liquid and solid diphenyl ether at its melting point~ 300 .. 0° K,: 

melting some bf the solid isothermally. The resulting increase in volume .. : ,·.; 

. ... . ': . 
. <.. . .. 

was measured by displacement of mercury from· the bottom of the calorimeter .. :: , . .... ·:. 
\: ·· .... ~ . -':' 

·chamber into a h<?rizontal calibrated capillary tube. The heat effect· was 

obtained from the measured volume change using the calibration factor 
' .. 

determined by Jessup ( 4) and routinely checked throughout the measurements·':.· ... · .. :·,,.,· · : 
. • , • t • ' ' • ,;i · .. • ' ·, '; I' ~ 

'> ., • •• . - ..... 
. ~<J.. :· •, .. ~ . ·~.. . by dropping a solid platinum specimen in the calorimeter (6). · Cqrrections 

' I ' ' ' • ' • 

.... 
: · .. 

,:r_'/ ... ' ·. ·: .... ·., 
.. · ..... ,... • . were made for the heat content of the platinum Gapsule and· the heat lost · · 

. . . . ,... · .. --- . ' . · .. .'~:.; ' 

during 1he .drop using.data previously reported (6},. and for the small·. 
. . '. . . . 

' • t •• -. ,. ~ • • •• ' • .·. · .. , ..:· · ... · 

difference ·between the c·~lorimeter. te.mpe.rature; 300° K,·. ~nd' the' 's.tandard 
. . . . . . . . . . . . . . . . . . . ' . . . .·. . . . . . . .. . . . . ..... . : ~ .. , .' ... ~ . ... . .:' : ::. '.,., . . 
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reference temperature, 29 8. 15° K, using the Cp· at 298. 15° K selected by·: 
.· 

.. . .. 
' . ·_:;: f :-: 

Hultgren et al. (2) from low-temperature data. 
·. . ·.l· <·. 

Starting with the runs at 995°K and continuing at higher tempera-:-:··;:_ '·. :-::·- >· . 

tures, the specimen gained small amounts of weight due to oxygen 
. .. . 

·: ...... . . ' .. · . 

absorption.. The total increase in weight, reached after the highest 
. · ... ··· .. ··· 

: ~ ... 
·. ~ ·. 

temperature runs (1415° K) was 0. 0021 grams, amounting to 0. 16 percent 
; 
.. 

by. weight. Correction was made for oxidation using the apparent heat 
: f • ' 

content of oxygen in niobium, calculated from heat- content data for 
. . . .· . 

N~o2 · (7) and Nb
2
o5 (5). After completion of the high-temperature runs,. 

two final runs (indicated in Table I } were repeated at.a lower temperature .. ·. · ·.· ·: . 

. II . 
in order ~o check the method of correction. The results, after correction,.:\ · ·' .-. . I. 

' . 
were in good agreement with the values found before extensive oxidation· · · 

had occurred. .,. 

·.. . ... 

RESULTS 

The experimental results, after correction for oxygen absorption,· 

are listed in Table I and are shown plotted in terms of the function 

._ (HT- H298• 15)/(T.- 298. 15) in Figure 1. The smooth curve drawn through 

the. measured values is well represented by the analytical expressions: : · 

. ' . . -4 2 ' HT ~ H298• 15 = 5. 672T + 5. o6 x 10 T - 1736 (5ooo- 14ooo K) 

The selected curve joins smoothly inboth Cp and (dCp/dT) with thelqw-
. ·, 

temperature -Cp· values selected by Hultgren et al. (2). The heat content 
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. . ... . ~ 

. :· '•., 

. . ' .. ~· . 

values of Jaeger and Veenstra (3), also shown plotted in Figure 1, are 

·· . · . on the average about 0. 5 percent lower than those found here •. Heat.' 

.. .. ... 

. ' · ... 

'· .. ·, ' 

·. 

.. 

···,\•'.' 
. ; ·, ~ 

,;, ·.: . 

· capacity values of Lowenthal ( 8), determined from optical emission 

measurements on electrically heated filaments in the range. 1471°-2259° K, <f>·! _' .. :. 
1 't :····· ·.• ·: ' • 

- ·~ : . . · "'h 

.·;' 

. · ... "' .··, 
·;.. ··· ........ ,·. appear to be about 3 percent high. 

.. ~ . 
Smoothed values of the thermal properties of niobium corre_sponding . 

~I:: ~ o • • 

-• -·. 
. . 

•. ' . ~ 
to the selected curve are tabulated in Table IL. Values of the free:ene·rgy,.· .. ,: ·<···,· ;: r:·. 

' . . . ~ . . .. ' ... ·. . : ' 

function are base.d on Si 98• 15 = 8. 70 ± 0. 1 

. · NOME~CLA TURE 

T 

. " 

.... . . · .. 
- ..... 

•'.'': .. '. " 

Temperature, •K ·. ·1\i. ./ '. >: 
Heat capacity at constant pressure, cal. /deg. g. atom .. ·. ' ···,. . 

_:.; .. : ·. _: ~·- .,. ·'. ~ .... 
. . •: ''" :,• 

·.Standard entropy ·at 298. 15°K,, cal. /deg·. g. atom . 
·~ ' . ~ . . 5298. 15 

•_t,.· ..... 
• •.' I ·• 

. '.' 
.~-,'i _. 

. .· ~. 

. '•' -: 

··, 
' . .. ,· · .. . ~-

r."' 

. ; 

,·,·. • .. ·. 

. . ,~ 

. . i 
SOT - S298. 15 

(~T - H298. 15) /T 

and temperature T ...... · .... 
t'-' ~ . . ... ·· ·•· 

. : . · ... -~ -:· .. ·~: .. ~·~:·/.' 

Entropy increment between 298. 15° K and :tempefature: t ~·.: :.~: .. ;·: 
. . ' . . ' . . ' ·; ~- '· '· . ~·.: ·.. : ' .... 

Free energy function with l:'espect to 29H •. l5° I( · . · 

,; 

: ' ~ ..• ·: . ~ • • ·. • .• : i -: 

... ~ .: ..... ~ ·. : .-'; ~:' .. 
,, ··: ... :-. 

: : :.·.: . . ·· .. ····.·' 
·: ~ ~- . : . . ' .. : . . 
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·,: ., ,' :'' 
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_.. :·· ~ . , .. 

•• - •• ,l '' • •• ~ .• '. 0 • ' '. . ACKNOWLEDGMENTS 

This work was conducted with the support of the U.S. ·Atomic ·Energy 
·-::·. ·.:., .. ~· 

.. Commission through the Inorganic Materials Research Division o{ the·: ·. 
.. ·- ····· . 

• '!.~. 4 t :. • :: • 

If • ,' • ::•:: •. > 
... · Lawrence ;Radiation Laboratory. The authors wish to thank Dr~ K. K. Kelley .... :·::: . :,·::. 

. . . ' . ' .·: ' . . '"<i.···<:~ :·'::::: 
and.Dr. Leo Brewer for helpf1;1l discussions, and Dr. Victor Zackay {or.··::·.·:·.~:·: .. :.:::·;~·-

. .··. ·.. ·. .. .. _: : :o -~.-;-;:·~-}t . · ·providing th~ sample. 



: ., 
·:.' 

-s:. UCRL-11190 
... , ,• . ':; .. · ·· . .-. ~ .. ~:-.., 

!.';.:' ~. : .• 
·' 

'• 
·, 

. LITERATURE CITED 

.. 
..... . .. · Phys. Chern. Metallic Solns., Natl. Phys. Lab. Symposium ·N~. 9, 

Vol. 1, Paper lH, HMSO, London, 8 pp. )959 .• 

. -·' 
.. ', 

.. ,··· . . 
. . . 

. -~· (3) Jaeger, F. M., 
. ' 

(4) Jessup,··R. S., J. Res. Nat. Bur. Standards 

.. 
· .. . ;:_ 

... 
. .. ·:.: 

(1961) . • l. ~ 

. ~.'. 
: ··~· , · (8) Lowenthal,·. G. C., :Australian J. Phys .. 16, 47. (.1963),·::---o.: 

·" .. . . . I·. . . . .v.-.. , :·... . >" ' .. , .... ;: ... 
. '• 

•t<." 

. ,•, ... ' 

;, .. 

··, -. 
'. /. ' 

' .. 
< •• • • 

. ' 

·, 

'. 

- ·. ' .. 

. •'; 

' \ 

·.; .. ·, 

:··· 

','1 

'.,. 

i .. 

. ._ 

· .. ·· 

· .... 
'· ;' 

. :.: ' . 
.. · ,:., , .. 
·- ·' ··~... . ~;,: 

... 
,"1 

. ; ~ ·. . ' ... : '·. ( ~ 

; .' .. • ·.. . ... 
. -' '. ~ . . .•, . 

. , :· . ·: . 
. ' .. .. ~ :·; 

' ., . 

· •. ~- ·_+ .... -! ,.,- ; 
,.-:. 

'.:·. 
- . . :. 

. ' ( 

,.,: 

.. : .. ·.. ·'",~. 
;:-

.~. ~- . 
:.• 

... : . 
;'·.·' ... ·· 

. · ... ' ~; ~ . . . 
... ,,. 

' . ' ', ~ ... ; 
·· .. '· 

..· ; ... ~:- ' 

. ~. : .·~ .' 

: .. ··: 
.. 

. ' ~ ,. 

;.; ' ; .::.~ .. 
~: . ' 

· .• ~.. . I 

''' o"c!,,· 'i: '• 
• < ..... 

·'I I· ' ,\ ,· .' '·.' 

. ':: 

' .. 

'·.; :.: .... -;._.•, 

•.· ,.· ':·_ 
.., 

•. , :I·--~ 

•' ~ . 



. ~-·: 
' • • <" • ~ '. 

~ .' ·... ·. :> .. ~.. . . . 
,· ' 

' • +- ·~· 
'• ' ~. 

·•. ~ 

., . 

•... ... ·· 
•, .. ~ 

• ·.•! .... 

;. · ... 
•, . 

-,-: •:. 

·· .. 

! :,.. • ' ' 

...... . '. 

'•. 

~ •'s • ! '. 

' . ~ . .' 
' ' · .. · 

; ·. . .. -~ 
'• . ,. r' 

·.,.' 

··I': 

·,. 

.\.· ,· 

•, 

~· i 

. ':' 

.·. ~ 

' ~' 

: ,. 

. ·I 

,,• , .... :: . ' 

' ; ·. \ .. 
·,, . . ' :I 

.... · 

.... . , 

'· 

:·,\ 

. ...... 

. ;'. 
r :."1,·· 

.... 

. ··_., 

.. , 

.' ~. 

T, °K 

.. 

J.' 

·-6-

Table I. Experimental Results 
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'. Table II. Thermal Properties of Niobium 
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.... : -..,..< 
H ·,~~ 

T, 

. 298. 15 
400 
500 
600 
700 
800 
900 

• .. 

1000 
1100 
1200 

.,. . ' 1300 
~ ·s_' ':1 . ,·-- ; . • 

'i·· ~·~·.:·1400 

. ' ... 

',f /·• 
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'· 
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HT-H298. 15 
Cal. /G. atom 

0 
611 

1226 
1849 
2482. 
3126 
3778 
4442 
5116 
5799 
6493 
.7196 

Cal. I Deg. g.·.atom- . ' 

Cp 

5. 83 
6. 09. 
6. 18 
6. 23 
6.38 
6.48 
6.58 
6. 68 
6.79 
6~88 
6. 99 
7.09 

o.oo 
1. 76 
3. 13 
4. 27 
5.24 
6. 10 . 
6. 87 
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Figure 1. Heat content of niobium expressed in terms of the f~~~ttci~--:- ... -. 
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