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SUMMARY

The purpose of this investigation was the determination of the healt ca-
pacities of zirconium and lithium at elevated temperatures. In making these
measurements, secondary information on the heat capacity of stainless steel and
the relative enthalpies of the three materials at elevated temperatures were also
obtained. The zirconium data extend the temperature range for which zirconium
heat capacities have been reported. The lithium data have been obtained in an
effort to appraise the widely differing results previously reported by other
investigators.

A bunsen ice calorimeter was used to deférmine the relative enthalpies of
the materials as a function of temperature. The heat capacities were obtained by
différentiating the experimentally determined enthalpy temperature equations

c, = (2
- (38), ]

The heat capacities obtained in this manner weré as follows:

Zirconium
Cp = 0.070 + 3.6 x 1072 T(cal/g °C),

where 150°C € T°C € 1050°C
Lithium

Cp = 1.00 + 2.8 x 1072 T(cal/g °C),

where 200°C < T° £ 1100°€C "

Stainless Steel (type 316)
C. = 0,109 + 5.7 x 10~ T(cal/g °C),

P
where 150°C < T9C £.1000%
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The estimated error of these values is +t 5%, and is based on determinations

made with a synthetic sapphire calorimetric standard.

INTRODUCTION

The appafatus and procedure used to determine the relative enthalpies of
the various materiéls as a function of temperature has been described in a
prévious.report (1).

In brief, the.reiativé‘enthalpy (relativé to 0°C) of the material was
measured at a number of temperaturés by means of an ice calorimeter (shown
schématically in Figure 1). To do this, the capsuled sample was heated iﬁ a
furnace to a constant temperature, and was then drbpped into thé calorimeter
where the total enthalpy of tﬁe'capsule and its contents, referreq to 0°C
(temperature of calorimeter), was measured. To obtain the enthalpy of the
sample alone the enthalpy of thé empty capsule was subtracted. The enthalpy.
of the empty capsule was determined in the same manner asrthe enthalﬁy of the
filled capsule.

| The enthalpy data for each material were correlated'ﬁ& the least-squares
- method, usipg_ah equation of the form Hp - Ho = a + ET + cT°. - When differ-
entiated, the enthaipy equation yielded.the heat capacity egquation in the
fornm Cp = b + 2cT.

Heat capacity values for synthetic sapphire, previously detérmined (1),
agreed within + S% of"the values reported by the National Bureau oﬁ Standards.
On the basis of this agreement, the heat capacity values presented in this
report-are estimated to be accurate within + 5% over the temperature ranges
specified,

UNCLASSIFIED
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HEAT CAPACITY OF STAINIESS STEEL (TYPE 316)

As stainless steel was used as thelcapsule ﬁaterial to contain the
ziréonium and lithium sampies, tﬁe enthalpy-temperatuée relation for this
material had.to be determined. |

The stéinless steel Capsules were.machined from stock of the following

spectrographically determined composition:

Composition Standard Error
% %
c 02 10
M 1.9 | 2
" : P o © 0.026 ’ 5
. S . 0.00k 1
si 0.55- N 0:5
cc 170 1
N1 12.2 o
Mo 2.3 1

A total of 51 enthalpy measurements was made.‘ The results are shown in
Table 1 and are compared with the values for the enthaipy obtained from the

correlating eqﬁation.

UNCLASSIFIED
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.The least-squares equation for the data is
Hp(8) - Ho(S) = 1.54 + 0.109 T + 2.83 x 1072 e (S—Z—l-) (1)

where 150°C < T°C < 1000°C

The data and_thé equation values are shown graphically in Figure 2.
Because of the form used here for the enthalpy equation, the heat ca-
bacity equation for stainless steel derived from it is linear. The heat
capacity equation, obtained by differentiating the enthalpy equation, is
Cp (cal/g®) = 0.109 + 5.66 x 1072 T (+ 5%) (2)

where 200°C < T°¢ £ 1000°C

HEAT CAPACITY OF ZIRCONIUM

Samples of zirconium metal vere obtained .within ORNL. Reduction of
ZxFp by Cal and.CaIe,furnished a mélt of ziz'icon:j.um.° From the caSt.métal
several plﬁgs were machined to fit stainless steel capsules. The plugs were
X-ray examined for ihclusions and were.found to be homogeneous. The zirconium

plugs were -sealed into capsules by a heliarc weld around the capsule cover.

UNCLASSIFIED
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The spectrographically determined analysis of the zirconium metal after

machining was:

Ppm
Al 4 Mn 200
Ba £ 400 Mo I
Be  <0.1 Ni 200
Ca o Pb 20
cd - £ 400 ikg 10,000
Co £ 10 Si 100
Cr 20 B Z 20
Cu 200 Ti 10
Fe 10,000 v £ 20

Mg 400  Zn £ 10

For a given enthalpy determination the procedure was:

1. The total heat cdntent of the capsule filled with zirconium
‘was measured. : Co

2. The heat content for the capsule material was subtracted.

5. The resulting zirconium heat content was reduced to a unit
weight basis. '

The enthalpy-temperature relation obtained using the least-squares method is
Hp(S) - Ho(s) = - 0.107 + 0.070 T + 1.8 x 107 Te(c—z-l-) - (3)

where 150°C £ T°C < 1050°C

UNCLASSIFIED
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The data are shown in Table 2 and the observed values are cbmparea with
the equation values for the same temperatures.

The derived heat capacity equation is

Cp (cal/g °C) = 0.070 + 3.6 x 1072 T , (4)

where 150°C < T% £ 1000°C

K. K. Kelléy (6), using the results of Jaeger-Veenstra, gives the
equation

Cy (cal/g °K) = o.o};éf( + 4.5k x 1077 T + gé—u

where 298% « T°K < 900°K

Several enthalpy and heat capacity comparisons are given in Table 3.

HEAT CAPACTITY OF LITHIUM 7

0il free lithiun, obﬁained from the Métalloy Company, vas'scraped clean
under an atmosphere of argon; the lithium was then placed in stainless steel
capsules which were sealed by heliare welding.

The analysis of the lithium furnished by the manufacturer is given below:

Na ~ 0.002 - 0.005% N - 0.06%
' Ca - 0.02% Al - nil
K - 0.01% Fe - 0.001%

" When the lithium was squeezed under a hydraulic press, a layer of oil

was produced on the press plate, indicating that the lithium bars still contained

some oil.

UNCLASSIFIED
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After the measurements were made, two capsules were opened and the lithium
samples were analyzed. This analysis indicated the amount of impurities pro-

duced by corrosion and exposure to air. This analysis is shown below:

Sample AH | Sample AJ
Ni 50-54 ppm Ni 1170-1215 ppm
Fe 885-920 ppm Fe 2770;2700 PPN
Cr 1 ppm Cr 500 ppm
N 0.074% N 0.048%

A total.of 69 enthalpy measurements was made ﬁi@h seven samples of
lithium. In contrast to the stainless steel and zircohium eﬁthalfy values,
the lithium values ethbited considerébly more séattefing.

To simplify édmpufation, the arithmetic averagg of tﬁe expefimental values
in small intervals was calculé,ted° The average &alues were uséd‘to determine
an equation for the data.  The deta and the average vélues are shown in Table L.

The equation obtained for the enthalpy data was:

Hp(R) - Hy(S) = 89.9 + 1.00 T + L.k x 10 T2 (izl) - (5)

where 250°C £ T°C £ 1100°C | »_

The curvé of this equation is plotted in Figure 4 with the averaged data
values indicated.

The derived heat ‘capacivty equation for liquid lithium is

Cp (cal/g °C) = 1.00 + 2.8 x 1072 T (+ 5%)

where 250°C £ T°C £ 1100°C

UNCIASSIFIED
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Several investigators have studied lithium, and the various heat ca-
pacity values reported in the literature are compared in Figuré 5. Tabulated

comparisons are shown in Table 5.

/Pﬁ" WM

R. F. Redmond

%JZM,
. J. Lones

/tks
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TABLE 1
TABULATED ENTHALPY DATA FOR 316 STAINLESS STEEL
Hp(S) - Hy(S) Hp(8) - Ho(S) _ Difference
Temperature ~ Cal/g Cal/g Obs. - Calc.

¢ % Observed Calculated ‘Cal/g.

- o Equation 1 o
137 15.99 17.0h4 -1.05
146 17.32 18.10 -0.88
152 18.97 18.80 +0.17
176 21.95 21.66 +0.29
202 | 24 .28 24 .77 -0.49
236 28.75 28.91 -0.16
255 31.40 31.25 +0.15
28L 35,09 34,86 +0.23
. 298 36.60 36.62 -0.02
. 301 36.95 37.00 -0.05
3L 41.90 L2549 -0.59
354 43,70 - 43,77 -0.07
355 ‘42,90 43,91 -1.01
396 50,60 49,26 +1.3k4
Lok 51,20 50.31 - +0.89
Lol ~ 51.00 -, 50.31 +0.69
Lo8 50.60 - 50.84 -0.2k
410 50.80 . 51.10° ~0.30"
h17 52.20 52,04 +0.16
420 . 54,60 52.4% . +2.17
466 '59.80 58.61 +1.19
\y L67 . 56.20 58.75 - -2.55
L7 - 60.60 60.12 +0.38
- 480 60.10 - 60.51 -0.41
528 67.70 "67.15 +0.55
531 69.00 67.46 +1.54

534 68.50 67.98 +0.52 .
551 -~ T70.40 70.%6 +0.0k
594 76.68 76.45 +0.23
597 - 78.61 76.86 +1.75
598 - T6:97 77.03 -0.06

(Continued)
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Temperature
oc

602
617
637
663
666
688
690
696
740
762
788
806
807
871
- 876
896
919
9L9
987
1003
1013

TABLE 1 (Continued)

Hp(S) - Ho(S)
Cal/g
Observed

77-70
78.20
83.35
87.72
88.22
89.70 . -
87.30
91.02 .
96.13
99.56
107.6
106.2
106.8 -
]._;].8;2 .
115.5
122.6

125.0

- 129.0

. 137.2
143.5
143.0

Difference

Hp(S) - Ho(s)

Cal/g Obs. - Calc.
Caleulated Cal/g
Equation 1

77.90 -0.20

79.76 -1.56

82.65 +0.70

86.46 +1.26

86.90 +1.32

90.13 -0.43

90.43 -3.13

91.31 -0.29

97.93 -1.80

101.27 -1.71
105.2 +2.4
108.0 -1.8
108.2 -1.4
118.2 ¢}
119.0 -3.5 .
122.2 +0.4 -
125.8 -0.8
130.7 =17
137.0  +0.2
139.6 “+3.9
141.3

+l‘7
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Temperature
oc

131
139
186
195
236
246
308
314
350
365
370
hok
497
500.
538 .
Skl
622
641
680
726
796
83k
841
906
912
972

101k

1036

 TABIE 2

TABULATED ENTHALPY DATA FOR ZIRCONIUM

(s) - Hy(S) () - H,(S)
b Ca.l/go o Cal/g’
Observed Calculated
Equation 3
10.30 9.35
10.15 9.93%
12.69 13.48
13.63 1k.17
16.19 17.35
17.38 18.13
25,00 2%.08
22.90 23,56
27.1h 26.50
28.15 27.74
28.36 28.16
31.62 32.66
39.87 39.00 .
40.35 - 39.26
43,32 - 42,62
h2,30 45°17
50.50 50.24
50.52 52.01L
55.11 55 .65
60.94 - 60.03
67.66 66.85
72.26 70.62
69.89 - T1.31
78,13 77.90
75.76 "78.52
84.57 8h.Th
89.79 89.18
92.4% 91.52

Difference
Obs. - Calc.
Cal/g

+0.95
+0.22
-0.79
-0 44
-1.16
-0.75
+1.92
-0.66
+0.64
- +0.41
+0.20
-1.04
- +0.87
+1.09
+0.70
-0.87
+0.26
-1.49
-0.5k
+0.91
- 4+0.81
+1.6k
-1l.h2
+0.23
-2.76
-0.17
+0.61
+0.92

UNCLASSIFIED

20



[FN

UNCLASSIFIED ' 21

TABIE 3

COMPARISON OF SOME ORNL HEAT CAPACITY AND
ENTHALPY VALUES FOR ZIRCONIUM WITH DATA
OF JAEGER-VEENSTRA

TOC Jaeger- ORNL . Jaeger- - ORNL
Veenstra (6) Veenstra (6) o
Bp-H,(cal/g) Hp-Hg(cal/g) Cplcal/g ©C) Cp(cal/g -c)
200 13.74 _‘14.5 0.0710 . : 0.077
400 28.67 30.7 0.0786 0.08k4
600 45.23 : . 4L8.2 0.0870 0.091
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TABULATED ENTHALPY DATA FOR LITHIUM

T°C Hp(£)-Hy(S)  Mean Hp(A) -Hy(S)

cal/g Tempera- cal/g cal/g cal/g
. Observed ture “C Mean Equation 5 Mean - Eq. 5
230 3%2.1 23%0.0 332.1 320.8 +11.3
27k 343.0 274.0 343.0 365 .2 -22.2
307 421.8 ‘ +16.9
310 4150 308.5 416.9 400.0
370 né2.4 370.0 hé62.4 462.2 + 0.2
403 Lol 7 .
Lo6 520.o-§ 409 499.9 501:.6 - 1.7
418 482.0 '
L7k 5575 o
479 598.0 493 565.9 586.8 -20.9
527 553.0 - '
541 652.0 x - :
561 662.9j} 559.7 666.% 654 .5 C+11.8
577 683.1 : ' ‘ . C
208 694 .0

12 692.0 ( ' -

€17 68&.0} 614 | 702.8 709.7 6.9
619 741.0 '
648 TTh.1 "
664 790.0 , , : ‘ :
686 781.2 681.8 784.7 778.8 + 5.4
687 780.0 : » '
696 769.3
710 810.7
728 839.0 ‘
729 81k.0
730 797.0 .
734 848.0 ‘ :
736 817.0 740 838.6 838.2 + 0.k
737 805.0 _
Thiy 838.0
746 856.0
Th6 862.0
-T48 848.0
748 890.0
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TABIE 4 (Continued)
7O Hp(9)-Hy(S) Mean Hp({)-H(S) Hp(f)-H,(S) Difference
cal/g - Tempera- cal/g _ cal/g cal/g
" Observed ture °C © Mean ‘Equation 5 Mean - Eq. 5
756 826.9
762 884.9 762.5 871.2 861.2 +10.0
766 885.7 _ ’ ' _
766 887.4
792 .792%.,0 :
803 909.2j} 80k .5 917.6 90k .1 - +13.5
807 909.0 , - '
816 929.2
847 968.0 .
85l 945 .k S - |
866 - 909.0 : 869.5 957.6 970.7 ) -13.1
‘871 966.1 . ’
88k 972.1
895 984.8
910 10%7.
936 1028..7
okl 1063. ' _ ‘
oo -1050. ¢ 943.3 1052 1046 , -+ 6
oL9 1082, ’ ’ : ' ' -
960 1o012.
965 1095.
990 1062.
1000 1060.
1006 1135.
1012 1020. ' o
1018 1070. 1018 1098 . 1123 : -25
1024 1172. : .
1029 1058,
103k 1153, .
1036 1153,
1037 996.
1065 1215. ' B o .
1098 1217.. 1088 1210 1195 ‘ 415
1101 1199, ' : ‘
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TABLE 5

¢
|

COMPARISON OF HEAT CAPACITY VALUES FOR LITHIUM

Landolt-

Temp. | Bornstein (3) NEPA (k&) Argonne (5) MIT (2) ORNL
%o (1936) (1950) _(1950) (1950) (1951)
186 - 1.k + 0.3 - -
200 - - - 0.8 +0.08 - | 1.00 + 0.05
300 1.22 1.3 + 0.3 1.03 + 0.1 -
(180-427°C)
400 Co- 1.2 + 0.3 . 1.11 + 0.1 -
500 - 1.0 + 0.3 1.1+ + 0.1 0.962 + 0.05
600 1.08 - - (500-1000°C)
(u27=727°%C)
700 : 0.7 + 0.1 -
800 - (500-850°¢C) -
900 1.01 0.7 + 0.2 - WV
. . 4
1000 (727-1227°C) (850-1000°C) - 1.03 + 0.05
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