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S imult a neous me as ure me nts of hea t ca pacit y, e lectri ca l res is tivit y and he mis phe ri ca l tota l e mit· 
tance of zirconium in th e te mperature ra nge ]500 to 2]00 K b y a subsecond du ra tion, pulse heatin g 
techni q ue a re described. The res ults are expressed by the re lations : -

C p = 36.65 - 1.435 X 10 - 2 T + 6.624 X 10- 6 T2 

P = 87 .95 + 1.946 X lo - q 

€ = 0.2031 + 6. 362 X 1O - ' T 

where C" is in J . mol- I. K- I, p is in 10-8 0. . m, and T is in K. E stim ated in acc uracies of the meas ured 
properti es are: 3 pe rcent for hea t capac it y, 2 pe rcent for e lec tri ca l res is ti vit y and 5 pe rce nt for he m
is pheri ca l to ta l e mill.a nce. 

Key words : Electrical res is ti vit y; e mitta nce; hea t ca pacit y; hi gh-speed meas ure me nts; high te mper
a ture; thermodyna mi cs ; the rmo ph ys ica l properti es; zirconium . 

1. Introduction 

In thi s pape r , application of a pulse heating tech
nique to the simultane ous measure me nts of heat 
capacity , electri cal re sis tivity and he mis ph e ri cal total 
e mittance of zirconium in the te mpe rature range 1500 
to 2100 K is described. 

The me thod is based on rapid resistive self-heating 
of the s pecime n from room te mperature to high temper, 
atures (above 1500 K) in less than one second by the 
passage of an electrical c urrent pulse through it; and 
on me as uring, with millisecond resolution, such ex
pe rim e ntal qua ntities as c urrent through the specime n, 
potential drop ac ross the specimen, and specimen 
te mperature. De tails regarding the construction and 
operation of the meas ure me nt system , the me thods of 
measuring expe rimental quantiti es , and othe r pe r
tine nt information , such as the formulation of rela
ti ons for properties, error anal ys is, e tc . ar e given in 
earlier publications [1,2]. I 

*This work was supported in parI by the U.S. Ai r Force Office of Scientifi c Research. 
"Cues t scienti st from th t: Istit ulo d i MCl ru logia "C. Colonne tti " in Torino, under a 

fe llowship fro m the Consiglio Nazionale delle Ricerche of Italy> 

I Figures in bracke ts indica te the literatu ,>c refere nces a t the end of thi s pape r. 

In the followin g sections of thi s pa pe r a tabular 
format is adopted in prese ntin g information on the 
s pecimen , meas ure me nts, sys te m charac te ri sti cs, 
res ults and errors. 

2. Measurements 

The details regarding the zirconium s pecime ns 
used in the pre sent measure me nts are gi ven in 
table 1. A summary of the meas ure me nt technique 
and the operational charac te ri s ti cs of the syste m is 
given in table 2. The polynomial fun c ti ons (obtained 
by the least squares me thod) that re present the ex
perimental res ults are given in table 3. The values of 
properti es at 100 degr ee te mperature intervals co m
puted usin g the fun ctions a re give n in table 4. The 
experime ntal res ults a re prese nted in the appe ndix. 
Each number tabula ted in the appendix re presents 
results from ove r fifty ori ginal data points. An esti
mate of errors in the measured and computed quan
tities is gi ven in table 5. All values reported in this 
pa pe r a re based on the Inte rnational Practical Temper· 
ature Scale of 1968 [3]. In all computations, the 
geometrical quantities are based on their room temper
ature (298 K) dimensions. 
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El ement 

ppm 

TABLE 1. Specimen information 

No. Item Unit Explanation 

1 Substance Zirconium 
(polyc rystallin e). 

2 Source" Materials Researc h 
Corporation. 

3 Purity 99.98%. 
4 Impurities Lis ted in table 1 a. 
5 Geometry Tube made from rod by 

e lectro· erosion. 
6 Dimensions 

(nominal) 
total length mm 76.2 
effectiveb length mm 25.4 
outside diameter mm 6.3 
wall thickness mm 0.5 
blackbody hole mm 0.5x 1 (rectangular). 

7 Weight 
total weight g 4.312 
e ffective" weight g 1.425 

8 Characteristics 
atomic weight [4] 91.22 
densityC g ' cm - 3 6.53 
res istivity at lO - sfl'm 42.8 

293 K 

" The supplie r is identified in thi s paper in order to ade quate ly 
c harac te rize the specime n. Such a n identifica tion does not impl y 
recommendation or endorsement by the National Bureau of Stand· 
ards. 

b Effective refers to the po rtion of the specimen betw een the 
voltage probes. 

C Measured value in the present work. 

TAB LE la. Impurities in thespecimen a 

(according to the manuf aclurer's analys is) 

C H 0 N AI Fe Hf Ni 

6 3.3 125 2.1 3 30 40 1.5 

Si Ti 

1.5 1 

"The tota l amount of all othe r detected elements is less than 6 ppm, each element being be low 1 ppm 
limit. 
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TABLE 2. Measurement technique and system characteristics 

No. It e m Unit Explanation and data 

1 Ge neral techniqu e 
2 Voltage meas ure ment 
3 Curre nt meas ure ment 

4 Te mpera ture meas ure ment 
5 Specimen environment 
6 Power source 

7 Reco rdin g 
8 Signal reso lution 
9 Time resolution ms 
10 Data processing 
11 Number of spec im ens 
12 Number of experiments 
]3 Te mperature range K 
14 Te mperature s ubranges K 

15 Experiment duration ms 
16 Curre nt pulse length ms 
17 Impart ed power W 
18 Curre nt A 
19 Rate of curre nt change A'm s- ' 
20 Heating rate K'm s- ' 
21 Cooling rate K'm s - ' 
22 Radia tive heat loss 

(percent of input power) 

TABLE 3. Functional representation of results on zirconium 

Heat capacit y 
(J . mol- ' . K- ') 

a = 36.65 
b=- 1.435 X 10- 2 

c = 6.624 X 10- " 

Res ist ivit y 
(10- "n'm) 

p = a + bT 

0 = 87.95 
b = 1. 946 X 10- 2 

He mi sphe ri cal total 
e mitt ance 

0 = 0.2031 
b = 6.362 X 10- " 

1500 K < T < 2100 K 1500 K < T < 2100 K 1650 K < T < 2050 K 
era = 0.7% (T " = 0.6% era = 0.9% 

"S tandard de viation as computed from the diffe rence between the 
value of a n experim e ntal result (as tabulated in the appendix) and 
t ha t from th e s mooth fun ctions reported above. 

TABLE 4. Results on properties of zirconium 

T C" P E 

(K ) (]. mol - ' . K- ') (l0- 8n· m) 

1500 30.03 11 7. 14 " 0.299 
1600 30.65 119.09 " .305 
1700 31.40 121.03 .311 
1800 32.28 122 .98 .318 
1900 33.30 124.92 .324 
2000 34.45 126.87 .330 
2100 35.73 128.82 " .337 

" Extrapolated va lues. 

538 -709 OL - 74 - 5 

Pulse heating (subsecond). 
Across tungsten knife·edge probes. 
Across standard res istor (0.00] n ) in se ri es 

with the specime n. 

High-speed photoelectric pyrometer [5 J. 
Vacuum - 1.3 X 10 - :1 N' m- 2 ( - lO - "torr). 
Battery bank (14 se ri es-connec ted 2V batt e ri es, 

capacity noo A· h each). 

Digital data acquisi tion sys te m. 
- 0.01 percent (a t full scale). 
0.4 
Tim e-sharing co mpute r. 
3 
12 
1500- 2100 
1(1450- ]680) 
II (1680- 1900) 
III (1810- 2050) 
IV (1840- 2] 10) 

550- 680 
350- 480 
1700- 3100 
730- 840 
0.08- 0.13 
2.9- 4.8 
0.08- 0. 3 
2 percent a t 1500 K 
10 percent at 2100 K 

T ABLE 5. Error analysis (a.t 2000 K ) 

Quantity 

Tem pera t u re 
Voltage 
C urrent 
Hea t capacit y 
Elec tri cal res is tivit y 
Hemis pheri cal total emitt ance 

I III precision a 

0.5 K 
0.03% 
0.03% 
0. 7% 
0.6% 
0.9% 

In accuracy b 

4 K 
0.1% 
0.1 % 
3% 
2% 
5% 

a Im precision refers to the s ta nd ard d eviation of a qua ntit y as 
computed from the diffe rence betwee n the value of the qua ntity and 
that from the smooth fun ction obtained by the leas t squares method. 
The quantiti es in the case of temperature , vo ltage, and curre nt a re 
th e individual points measured in a s ingle ex periment, and in the 
case of heat c apacity , electrical resistivity , and he mis pheri ca l tota l 
emittan ce are the res ults from all experim e nts as tabul ated in the 
appendix. 

b Inaccuracy refers to the esti ma ted tot a l e rror (random a nd 
systematic). 

3. Discussion 

The differe nces in the meas ured properties for the 
three s pecimens were within the measurement reso
lution for the properties, and the fin al smoothed results 
(represented by the equations in table 3 and tabula
tions in table 4) were obtained from the combined data 
for the three specimens. The heat capacity, electrical 
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resIstivIty and hemispherical total emittance of zir
conium measured in this work are presented and com
pared graphically with those reported in the literature 
in figures 1, 2, and 3, respectively. The present results 
are for temperatures up to 2100 K, which is approxi
mately 30 K below the melting point of zirconium. 

The heat capacity results of this work are approxi
mately 1 percent lower than those of Skinner [6] in 
the overlapping temperature region. Extrapolation of 
the results of this work to lower temperatures (1200-
1400 K) yields values which are 3-6 percent lower than 
those reported by Coughlin and King [7]. However , 
too much significance should not be attached to the 
latter since: (a) the comparison is based on an ex
trapolation of 100 to 300 K and (b) the constant heat 
capacity reported by Coughlin and King [7] is not 
realistic. 
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FIGURE 1. Heat capacity of zirconium reported in the literature. 
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FIG URE 2. Electrical resistivity of zirconium reported in the 
literature. 
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FIGURE 3. Hemispherical total emittance of zirconium reported in 
the literature. 

The electrical resIstIvIty results are in reasonably 
good agreement (maximum difference less than 1 
percent) with those of Zhorov [8], and are approxi
mately 3-4 percent lower than those of Peletskii et 
al. [9J, in the overlapping temperature regions. 

Zirconium undergoes a solid-solid phase transfor
mation around 1150 K. The measure ments of the geo
metrical quantities of the specimen after a number of 
experiments indicated permanent distortions (elonga
tion) due to repeated heating and cooling through the 
transformation point. The reported electrical resis
tivity results are corrected for the permanent geo
metrical changes. The magnitude of this correction 
was about 1 percent. At 293 K, the average electrical 
resistivity (42.8 X 10-8 n . m) of the three specimens 
used in this work is within 3.5 percent of the values 
reported in the literature by Adenstedt [10] (44.1 X 10- 8 

n . m) and by Powell and Tye [11] (42.2 X 10- 8 n . m 
and 44.3 X 10- 8 n· m). Some of the differences in 
the electrical resistivity values may be due to differ
ences in the chemical composition of the specimens. 

The hemispherical total emittance values reported 
in this work are higher (10-25%) than those reported 
by Timrot and Peletskii [12], Peletskii et al. [9], and 
Zhorov [8]. Considerable differences in hemispherical 
total emittance results of various investigators may 
be due to differences in specimen surface conditions. 
Changes in the specimens' surface conditions were 
noticed during this work, with the initial smooth 
polished surface changing to an uneven rough surface 
as the result of repeated heating and cooling through 
the transformation point. This may partially account 
for the high emittance values. 

The authors express their gratitude to C. W. Beckett 
for his encouragement of researc h in high-speed 
thermophysical measurements and to M. S . Morse for 
his help with the electronic instrumentation. 
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4. Appendix 

TABLE A- I. Experimental results on heat capacity of zirconium 

S pecime n·l Specimen·2 S pecim en·3 
Range Temperature 

(K ) C" (J . !J. C" • Cp (J . !J.Cp • Cp (J . !J. C" • C" (J . !J. C,,' 
mol- ' · K - ') (%) moi- " K - ') (%) moi- ' . K - ' ) (%) mol- ' · K - ' ) (%) 

1500 29 .87 - 0.52 29.72 -1.03 29.73 - 1.00 30.02 - 0.02 
1550 30.38 +0.20 30.16 - 0.53 30.22 - 0.33 30.38 + 0.20 

I 1600 30.91 +0.86 30.61 -0.11 30.72 + 0.25 30.72 + 0.25 
1650 31.45 +1.42 31.05 +0.15 31.22 + 0.69 31.65 +2.04 

1700 31.54 +0.46 31.10 - 0.95 31.32 - 0.24 31.32 - 0.24 
1750 32.05 +0.72 31.79 - 0.10 31.79 - 0.10 31.83 + 0.03 

II 1800 32.57 +0.90 32.22 - 0.18 32.25 - 0.09 32.36 + 0.25 
1850 32.71 - 0.18 32.89 + 0. 37 
1900 33 .17 - 0.37 33 .42 + 0.38 

1850 32.66 - 0. 34 32.42 - 1.08 
1900 33.31 + 0.05 33 .05 - 0. 74 

II I 1950 33.99 + 0.41 33 .72 - 0.3') 
2000 34.70 + 0.74 34.40 - 0.12 
2050 35.44 + 1.05 

1850 32.96 + 0.58 32.77 0.00 
1900 33.21 - 0.25 33.02 - 0.83 

IV 1950 33.63 - 0.66 33 .43 - 1. 26 
2000 34.25 - 0. 56 34.01 - 1.27 
2050 35 .12 + 0.1 5 34.79 - 0.79 
2100 36.3 1 + 1.62 35 .82 + 0. 27 

' Th e quantit y !J.C" is percentage devia tion of the in dividual results fro m th e smooth function re prese nt ed by the pertinent equation 
in table 3. 

T ABLE A- 2. Experi m.ental results on electrical resistivity of zirconium 

S pecimen·1 S pecimen·2 S pecimen·3 
Range Temperature 

(K ) p !J.p ' p !J.p ' p !J.p ' p !J.p ' 
(10-" 11 ' m) (%) (10-" 11 . m) (%) (10 -" 11 · m) (%) (10 -"11· m) (%) 

1500 115.97 - 1.02 116.07 - 0.93 117 .55 + 0.34 117.67 + 0.44 

I 
1550 117. 06 - 0.91 117. 16 - 0.82 118.62 + 0.42 ]] 8.85 + 0.61 
1600 118. 14 - 0.81 118.30 - 0.67 119. 75 + 0. 54 119.98 + 0.74 
1650 119.25 - 0.69 119.39 - 0.57 120.87 + 0.66 121.10 + 0.85 

1700 120.36 - 0.57 120.50 - 0.45 122 .00 + 0.78 122.00 + 0. 78 
1750 121.41 - 0.50 121.56 - 0.38 123.06 +0.85 123.07 + 0.86 

II 1800 122.50 -0.40 122.57 - 0.34 124.10 + 0.89 124.10 + 0.89 
1850 125.13 +0.93 125.13 + 0.93 
1900 126.14 +0.95 126.23 + 1.02 

1850 123.60 -0.29 123.61 - 0.29 
1900 124.62 -0.25 124.60 - 0.27 

III 1950 125. 65 -0.21 125.59 -0.26 
2000 126.68 -0.16 126.58 -0.24 
2050 127 .71 -0. 12 

1850 123 .60 - 0.29 123.61 -0.29 
1900 124.64 -0.24 124.67 - 0.21 

IV 1950 125 .65 - 0.21 125.68 - 0.18 
2000 126.63 - 0.20 126.66 -0.18 
2050 127.61 -0.19 127.62 - 0.19 
2100 128.61 - 0.17 128.59 - 0.19 

*The qu antity !J.p is percent age deviation of th e ind ividual res ults from the smooth fun ction represented by the pertinent equation in 
table 3. 
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TABLE A- 3. Experimental results on hemispherical total emittance 
of zirconium 

Specimen-l Specimen-2 

Tempera· e 6.e" Tempera· e 6.e" 
ture (K) (%) ture (K) (%) 

1674.7 0.307 -0.87 1650.5 0.301 - 2.37 
1680.1 .309 -0.33 1655.5 .304 - 1.47 
1685.7 .310 -0.12 1660.7 .307 -0.58 
1691.4 .312 +0.40 1666.0 .310 +0.28 
1697.1 .313 +0.61 1671.4 .312 +0.81 
1703.0 .314 +0.80 1676.9 .315 + 1.65 
1848.8 .320 -0.24 1980.7 .326 -0.96 
1856.9 .322 +0.23 1991.0 .327 -0.86 
1865.3 .324 +0.68 2001.6 .328 -0.75 
1873.7 .325 +0.82 2012 .3 .329 -0.65 
1882.4 .327 + 1.26 2023.3 .329 -0.87 
1891.3 .328 +1.39 2034.5 .330 -0.78 
2003.3 .330 -0.18 
2014.3 .332 +0.22 
2025.6 .333 +0.30 
2037.1 .334 +0.38 
2048.9 .335 +0.45 
2061.0 .336 +0.52 

a The quantity 6.e is percentage deviation of the individual 
results from the smooth fun ction represented by the pertinent 
equation in table 3. 
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