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DETERMINATION OF THE LOW-TEMPERATURE HEAT CAPACITY

OF VITREQUS SILICON DIOXIDE, OR QUARTZ, AND OF CRISTOBALITE

The purpose of this report is to present a brief, formal summary
of the measurements on the low-temperature heat capacity of two samples of
Vitreous silica and samples of alpha quartz and cristobalite. The full
scientific- summary will be in the form of journal papers, and since this
end cannot be schieved without the critical endeavors of Professor K. Fajans
(at present in Europe), Mr. S. W. Barber, and other scientists, the present
report is made terse and factual to minimize cost and time--and hence delay
in the mctual paper. It is intended essentially as an interim document for
the convenience of the Owens Illinois Glass Company and for the files of
the Institute. Such matters as the preparation, identification, and ana-
lysis of the samples are not detailed here since this portion of the work
was performed or expedited by the Company and are already, therefore, more
directly available to them.

APPARATUS

The heat-capacity determinations were made with our adiabatic
calorimetric cryostat® (Laboratory Designation, Mark I) shown in Fig. 1.
. Liquid or solid nitrogen and liquid helium were used as the low-temperature
refrigerants.

The sample was contained in the gold plated, copper calorim.eter2
(Laboratory Designation W-5) shown in Fig. 2. Determinations of the heat
capacity were made by observing the temperature change produced by the
introduction of a measured quantity of electrical energy.

Temperatures were mesasured with a capsule-type platinum resist-
ance thermometer (Laboratory Designation A-l) contained in a reentrant well
in the calorimeter. A 160-ohm constantan heater was wound on & cylindrical
copper tube surrounding the resistance thermometer. The thermometer was
calibrated against the temperature scale of the National Bureau of Standards2
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from 14 to 373°K, Below 14°K the scale was obtained by fitting the equation
R = A + BT® 4+ ¢r° to the resistance at the boiling point of helium and
to the resistance and dR/4T and 14°K, Tt is believed that the temperature
seale agrees with the thermodynamic sgale within 0.,1° from 4 to 14°K, with-

in 0,03° from 1% to 90°K, and within 0,05° from 90 to 373°K.

The thermometer resistance and the power input were measured with

an autocalibrated White double~potentiometer, calibrated resistances, and
‘calibrated standard cells. An electric timer operated by a calibrated

tuning fork and an amplifier was automatically started at the beginning of
the heating period and stopped at the end,

EXPERIMENTAL CONDITIONS

The masses ( in vacuo) of the various samples run in the calori-
meter are indicated below in grams:

Quartz 116,1130
Cristobalite 90.591%
1070° vitreous siliea  105.6365
1300° vitreous silica 102.9248

The quartz was in the form of crystalline fragments (about 5 mesh)
the cristdbalite fine crystals (100 to 150 meshk), and the vitrecus silica in
in the fbrm.of rods gbout 5 mm in dimmeter and approximately the Tength of
the calorimeter., A pressure of %o I ¢m of puré hellum gas at 25°C was
used to provide thermalaconduction within the calorimeter.

The heat cmpacity of the calorimeter without sample has now been
determined on thngp separate occasions and hence may be considered well
established. As g final test of the accuracy, precision, and reliability
of the instrument, the heat capacity of a sample of benzoilc acid provided
by the National Bureau of Standsrds was messured, Our determinations are
in excellent accord with theirs.
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EXPERIMENTAL RESULTS

The measured values of the molal heat capaclties are given in
Tables I through IV, These data are expressed in terms of the defined
thermochemical calorie, which is equal to 4.1840 absolute joules, A
small correction for curvature (to convert finite increments, AH/AT,)tO
the derivative, (OH/OT) = Cp, has been applied. Since the data were
obtained under only & few cm of helium pressure, they approximate Cp values
very closely. The heat capacity versus temperature curve for quartz is
presented in Fig, 3. Within the sensitivity of the drawing, the curves
for the three other samples would appear identical.

The molal heat capacities of these substances are listed at
rounded temperatures in Table V., These heat«capacity values were read
from a smoothed curve through the experimental points and are estimated
to have a probable error of 0.1 percent above 25°K, 1 percent at 10°K,
and 5 percent at 5°K. The heat capacity was extrapolated to O°K with a
Debye function and values of thermodynsmic functions were computed over
the entire temperature range for these substances, but only the 25°C
values are presented in Table VI,

Calculations of the apparent charscteristic gram atomic Debye
temperature are shown in Table VII,

DISCUSSION

These new datas provide definitive values of the heat capacity
of these substances sbove 10°K. An impression of the high precision of
the data on quartz relative to literature values msy be obtained by re~
ference to Fig., 4. This deviation plot indicates that our data show
deviations of the order of 0,01 percent over most of the range, and that
the data of Anderson® scatter considerably about our values. The older
data of Nernst? show deviaticns of approximately 20 percent near 25°K.
Koref's data alsoc show considerable deviation. Most of Gunther's® deter-
minations are beyond the range of the plot.

A somewhat similar deviation plct on ecristobalite (Fig. 5) pre-
sents the deviation of the experimental determinations on cristobalite
versus our smoothed quartz Cp curve. This plot indicates again the supe-
rior precisicn of our deta compared with previous values. The high-temp~
erature end of the Anderson3 data, however, deviates markedly from the
egsentially "parallel" behaviour we find with the quartz data,
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The data for the samples of vitreous silica are presented relative
to quartz in Fig. 6. To emphasize the similarity of these data to those of
cristabalite at low témperatures, the heat-capacity deviation curve of that
substance is alsc included., The present samples of vitreous silica are so
mich better characterized than those described in the literature that the
present values may be considered definitive.

Further discussion of these matters is reserved for the papers
te be_presented by the various authors involved.

Although we have probably carried the measurements toc an ade-
quately low temperature for thermodynamical and structural purposes, it
will be interesting to determine the heat capacities to even lower temp=
eratures,; say Oi9°K, as will be possible in ocur Mark IT cryostat now
under construction, '

A further matter of interest is the absolute entropy, enthalpy,
and free energy of the vitreous silica samples at 0°K. These could be
deduced from our data when heat-of-solution values for quartz and the
several vitreous silicas are amvailable. The mesasurements would require
the expediture of only several grams of the materials.

Our redquest of the Bureau of Standards to consider such megs-=
urements has not yet been answered. We have recently found it necessary
in the course of other work tc plan the construction of a calorimeter
capable of handling hot agueous HF and anhydrous HF and will consider

' meking the above measurements ourselves, It is evident, of course, that
similar measurements would prove desirable in work on the akali oxide=~
silicon dioxide glass systems and indispensable in the determination of
stored energy in irrsdiasted silicon dioxide.

These measurements have demonstrated the capabilities of ther-
mal measurements in the study of the structure of vitreous materials. It
is unfortunate that it was wtpossible to include tridymite in the series.
The discovery of new high-density silica phases produced under high pres-
sure raises other interesting questions. Another related problem of con-
siderable calorimetric interest is the dependence of the free energy of
a vitreous phdase on composition and annesling history. Presumeably, in
this case also thermal measurements would reveal structural details.
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Figure 1.

Cross-sectional schematic diagram of the Mark I
cryostat

l« Helium-exit connector

2. Helium-transfer tube

3« Nitrogen-inlet and outlet connector

4, Sleeve.fitting to helium~transport Dewars
5« Nitrogen filling tube

6. Helium-transfer-tube extender and cap

T« Screw fitting at inlet of helium-transfer tube
8. Brass vacuum can

9« Outer floating radiation shield

10, Nitrogen tank

1ls Helium-exit tube

124 Economizer (effluent helium-vapor heat exchanger)

13, Nitrocgen radiation shield '
14, Helium tank

15. Bundle of lead wires

16« Adisbatic shield

17. Helium radiation shield

18. Ring for block and tackle

19« Windlass

20. Vacuum seal and terminal plate for leads
21. Head plate

22+ 0O-Ring gasket

23« Coil spring

24k, Supporting string

25« Flogting ring

26. Calorimeter



Note: For Figure 1 refer to file copy.



Figure 2«

Calorimeter (Laboratory Designaticn W=5)
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Thermal-conductivity cone

Monel helium seal-off tube

"Lubriseal" stopcock gresse

Copper wvane

Leeds and Northrup platinum resistance thermometer
Fiberglass insulated No. 40 Advance constantan wire
Formvar varnish

Gold~-plated copper hester well

Gold-plated copper heater sleeve

Differentisl thermocouple sleeve

Spool to bring leads into thermsl equilibrium with
calorimeter
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Figure 3, The Molal heat capascity of quartz the experimentsl
determinaticns are shown by the centers of the
circles,
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Figure k4.

Erratum:

Deviaticn of quartz Cp data from ocur smocthed curve.
The deviations, ACpp = (Cp individual point - Cp
smocth curve)p are represented by open circles. The
corresponding deviation of the date of ancther inves-
tigation from our smocthed curve is similarly repre-
sented, 1.e., ACpp = (CP 1yor investigator ~ OF
our smooth curve).

The solid circles represent the data of Anderson®,
the solid triangles theose of Nernst4, and the solid
square those of Koref,*

Decimal point is in error cn the ACp scale. For
0,01 read -0.1, etes
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Figure 5. Deviation of cristobalite Cp data from our smoothed
quartz curve, The deviation, ACpT, here represents
(Cp cristobalite~-Cp quartz)p. The open circles
represent our experimental points, the solid circles
the data of Simon®, and the solid triangles the date
of AndersonS3.
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Figure 6.

Deviation of Cp data on vitreous-silica samples from our
smoothed quartz Cp curve, The deviation, ACpr, here re-
presents (Cp vitreous silica~-Cp quartz)p. The open eir=
cles represent our experimental points on 1070° vitreous
stlica, the open squares represent our experimental points
on 1%00° vitreous silica, The solid triangles present the
four determinations of Simon and lange7, the solid diamonds
the data of Nernst4, and the solid ecircles the data of
Simon%

The dashed line represents, for comparison, the smooth-
curve heat~-capacity deviation of cristobalite relative
to that of queartz,

16



00E 00Z OO0l 0S 02 S O

VOIS SNO3YLIA

o3a VD ‘dov

_TIOW,



TABLE I

THE MOLAL HEAT CAPACITY OF QUARTZ
(in calories per degree)

T,°K AT, °K Cs T,°K AT, °K Cs
SERIES I
61.%2 3,064 1.92k 52.53 5.069 1.508
65 .60 5.466 2,127 5742 L, 725 1.7%5
71.h42 6.188 2.393 62.85 6.123 1.993
T7.63 6,218 2,690 69.50 7.169 2,301
8l bk 7.402 3,025 76.72 T.251 2.646
92,02 7.755 3,383 90,70 7.962 3,321
99.80 7.802 3,736 98,70 8.01% 3,684
107,57 T.727 4,095 106,84 7.881 4,063
114,97 8.381 b 433
SERIES IT 123,45 8.582 L, 81k
4. 79 0.927 0.0016 172,14 8.800 5,199
5,42 0.738 0.0017 141.08 9,073 5.581
5,90 1.55% 0.0020 150,18 9.120 5.961
6.50 1.398 0.0027 159.37 9.263 6,224
7.63 1.726 0,0042 168.54 9.070 6.678
8.88 1.408 0.0066 177.62 9,094 7,016
9.90 0,960 0.,0099 186,71 9.071 T:336
10,70 1,096 0,01%6 195.88 9.269 7.660
11,68 1.008 C,0201 205,16 9.298 T.9T4
12.58 0.985 0.0278 21k,65 9.679 8.285
13.51 0.948 0,0371 22k, 38 9.781 8.591
14,46 0.979 0.0490 234,07 9,581 8.88L
15,61 1.752 0,0652 243,56 9.418 9,170
17.07 1.628 C.0931 253,06 9,588 9.441
18,74 1.753 0,1297 262.81 9.916 9.718
20,62 2,019 0,1788 272,78 10,025 9.997
22,73 2,208 0.2429 282,82 10,061 10.273
25.01 2,347 0,318k 292 .84 /9,970  10.519
27,43 2,480 0.,4063 302.77 9,801 10.771
30,00 2,675 00,5071
32,83 2,987 0,6245
36.00 3,339 0,7612
39,48 3,626 00,9141

43,29 3,984 1,084
h7,64 b, 707 1,284
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T2.65
78.40
85,1%
92,72
100,51

107,71
115,14
123,08
131,33
140,35
149,62
158.83
168.27
177.82
187.09

195,92
20k,57
21%,21
202,15
231,31

240,64
250,04

130,40
139.28
148,06
156,64
165.43

174.61
183.97
193,42
202,77
211.9%

221,0%
230,04
238.94
2h7,Th
256.55

TABLE 11

THE MOLAL HEAT CAPACITY OF CRISTOBALITE
(in calories per degree)

IT

2,550
2,819
3,143
3,492
3,84k

y, 177
k.514
4,881
5.245
5.630

6,015
6.388
6.75%
7.109
7.438

7.748
8.038
8.%26
8,608
8.892

9.176
9.439

5.207
5.585
5,950
6.300
6.646

6.996
T.330
7.661
7.983
8.286

@
\Jl

\O\O\O
[ (-] -] L3
O\NW
RREES
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T,°K

265,39
274,17
283,86

291.71

300.95

AT, °K Cg
8.874 9,876
8.710 10.117
8.661 10.350
9.067 10.584
9.41% 10,806
SERIES IIT
0.555 0.,0146
0.627 0.0156
0.671 0.0226
0.619 0.0379
0.831 0.0537
1.074 0.0736
1.227 0.100k4
1,064 0.13%9
1.13%9 0.1682
1.418 0.2112
1.791 0.2676
1.848 0.3342
2.059 0,4087
2,402 0.4962
2.599 0.5935
2.875 0.7002
3,230 0.8220
3.365 0.9545
3,739 1.100
3,831 1.249
4,216 1.41%
4,579 1.597
5.373 1.806
6,363 2,060
9.308 2,404
6.570 2,343
6.278 2,632
6.758 2.915
(continued)



TABLE II
(continued)

THE MOLAL HEAT CAPACITY OF CRISTOBALITE
(in calories per degree)

SERIES IIT
T,°K AT, °K Cs
87.56 7.126 3,251
95.25 8.238 3,597
10%,58 8.422 3,981
112,35 9,130 4,386
121,65 9.470 4,812
250,43 8.6k4k4 9.440 -

259,14 8.776 9.693%
267,98 8.900 9.937

276.86 8.871 10.178
285,75 8.925 10. 42k
294,59 8.753 10.656
302,19 6.47h 10.832
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55.76
61,84
67.90
Th, 43
82,22

90.85
99.70
108.6%
117.45
126,18

134,86
143,45
152,15
161,32
170.57

179.46
188.18
197.22
206,44
215,38

224,33
233,95
242,84
251,96
261.12

270.35
279.56
288,59
297.11
30.429

TABLE IIT

THE MOLAL HEAT CAPACITY OF 1070° VITREOUS SILICA
(in calories per degree)

AT, °K
SERIES I

6.06
6.11
6.00
7«05
8.52

.

LGN
A @I

3

° o L 3 L3 ~ a Qa L]
O £ O\ O
A\ \O O\l

Ny
[ecXe N TN
D3RR

Cs

1.842
2,113
2.3%83
2.677
3,041

3,449
3,845
4,249

k64T

5,03k

5.403
5.758
6.107
6. 464
66812

7.128
7.429
T.73k4
8.037
8.31k4

8.584
8.861
9.127
9.3T4
9.625

9.868
10,105
10.338
10.541
10.711

21

T,°K AT, °K
SERIES IT
5,22 0.85
5.87 0.97
6.23 0.94
7.04 1.07
8.03 1.10
9.03 0.98
9.92 0.85
10.82 0.98
11.79 0.99
12.80 1.06
13.93 1.21
15.38 1.72
17.20 1.93
19.05 1.77
20,95 2.03
23,00 2,08
25.43 2.77
28.09 2.89
31,17 3,27
34.59 3.56
38,29 3,84
42,22 4,01
46 .40 4,36
51.40 5,64
57.02 5.59

Cs

0.0050
0.0093
0.,0118
0.0183
0.0294

0.046
0.06k
0,082
0.10%
0.128

0.159
0.20k
0.263
0.%27
0.396

0.475

- 0.569

0.675
0.801
0.944

1.100
1.264
1.h41
1.656
1.900



TABLE IV

THE MOLAL HEAT CAPACITY OF 130C VITREOCUS SILICA
(in calories per degree)

T,°K AT, °K Cs T,°K AT,°K  Cg
SERIES I

5.88 1.172 0,0091 198.16 8.856 7. 748

7.01 1.349 0.0163 207,05 8,928 8,041

8.15 1,099 0.0293 215.96 8.891 8.317

9.18 1.056 0.0459 224,99 9.178 8.59%
10,12 0.940 0.0657 23L .21 9,263 8.866
11.12 1,130 0,0841 243,54 9.388 9,140
12.23 1.163 0.1082 252,89 9.%2% 9.392
13,30 1.023 0,1348 262,26 9.4%6 9,643
14,40 1.227 0.1659 271,66  9.364 9.881
15,72 1.467 0,2048 281.00 9,329 10,137
17.45 1.996 0.2609 290.36 9.%397 10.372
19.41 2,034 0,3198 299.91  9.7h2 10,605
21.46 2,082 0.4030
23,69 2.37h 0.4879 SERIES IT
26.13 2.506 0.5822

55.91 6.070 1.835
28.99 3,222 0.6962 62,01 6,141  2.106
32,08 2.952 0,8206 68.17 6,176  2.381
35.18 3,230 0.9529 47 6,426 2,664
38,94 L, 300 1.112 81.65 7.9%6 3.001
43,20 4,215 1.291
89.14 7,031 3.360

48.47 6.3%22 1.519 96,58 7.849 3,690
54,31 5.348 1.769 104,96 8.914 4,069
59.19 4, Lo1 113,54 8.249 4 460
64,15 5,511 121,90 8.456 4,830

69680 5'788 2‘h55 :
130.3%2 8.387 5.197

7555 6.941 2.715 138,65 8.271 5.545
82.19 6.3%26 3,025 146.73 7.884 5.875
89.24 7.786 3.365 155.42 9.503 6.221
97.25 8.220 3,722 164,92 9.487 6.586
105,62 8.530 4,100
174,48 9.629 6.941
113.85 7.91% 4,471 184,03 9.472 7.276
121.99 8,37k 4,8%5 193,44 9.342 7,594
130.13 7.903 5.189 202,63 9.047 7.900
138,28 8.393 5.530 211.65 8.987 8.188

146,69 8,422 5,874
200,62 8.951 8.459

155.55 9,298 6.225 229.56 9.930 8.727
164.65 8.897 6,577 238.53% 9.00k 8.988
171.22 8.60% 6.819 247,49 8.934 9,239
180.06 9.076 T.133 256,47 9.046 9.486
189.16 9,127 T.448

22



THE MOLAL HEAT CAPACITY OF 1300° VITREOUS SILICA
(in calories per degree)

9.137
9,218
9,192
9,00k

s

9,733
9.976
10.211
10.bkb2
10.659

TABLE IV
(continued)
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T,°K

10
15
20
25

25
o)

b5
50
60

TO

90
100
110

120
130
140
150

160

170
180
190
200
210

220
230
240
250
260

270
280
290
300
273.16

TABLE V

SMOOTHED HEAT CAPACITIES FOR SILICON DIOXIDE

7.803
8.13%

8.453
8.763
9,061
9.353
9.637

9.918
10.189
10.450
10,703
10,006

10.658

(in calories per degree per mole)

Cristobalite

0.,0Lk
0.185
0.365
0.559
0.755

0,956
1,156
1.357
1,565
1.991

2,429
2.887
3,363
3,822
4,285

L, 738
5,187
5.617
6,029
6.433

6.821
7.189
T.543
7.887
8.218

8.540
8.851
9.150
9.kh2
9.726

10.005
10.277

10.557
10,791
10.088

10. Thk

2L

‘Vitreous Silica

10707

0.066
0.192
0.362
0.552
0.753

0.958
1.166
1.382
1.595
2,030

2476

2.936
3,405
3.859
4,311

4,761
5.196
5,614
6.020
6.412

6.790
7.145
7.490
7.826
8.147

8.456
8.756
9.0k2
9.321
9.593

9.860
10,117

10,362
10,602

9.941
10.56k

1300°

0,062
0.18k
0,539
0.535
0.757

0.944

1.156
1.368
1.585
2,024

2.461
2,924
3.3%95
3,842
4,299

L. 746
5,182
5.601
6.006
6.398

6.7T4
7.1%6
PLY
7.812
8.136

8,441
8.741
9,0%0
9,310
9.585

9.852
10.111

10.366
10,609

9.935
10,565



TABLE VI

MOLAI, THERMODYNAMIC FUNCTIONS FOR SILICA AT 298.16°K
(in calories per degree)

Literature® This Research
0 40 So‘éc (2°-HR) /T (FO-H3)/T
57-50 (t0.01) (¢ o}.Iéoé) (+ 0.005)
Quartz 10,00 t 0.10 9.880 54543 L. 337
Cristobalite 10,20 T 0.10 10,377 5.643 b, 734
1070° vitreous  10.3 T 0.2 10,37k 5,609 L, 765

silica

25



TABLE VII

APPARENT DEBYE @ CALCULATIONS
(Characteristic temperatures per gram atom of silica)

Yitreous Silicao
‘ 1070

T,°K Quartz Cristobalite 1300
10 510.1 307.4 282 ,2 276.4
15 436,1 20k ,0 294 .6 290,k
20 410,5 312.6 320, 4 31%,6
25 409.3 338,7 343.8 340,2
30 420,0 367.3 370.3 367.6
35 435.,9 395 .4 397.1 395.1
4o 459.3 23,1 4h23z,1 421.,8
45 h75.1 449.9 448.6 447,0
50 495,2 475,0 472.9 471,8
60 534 ,7 521.,8 518.5 517.9
T0 57340 563.9 560.9 559.6
80 609 ,0 601.1 598,0 597.0
90 640,0 63k4,0 6%0.8 630, T
100 6715 665.7 66k4,1 662.8
110 699 .4 69%,9 693.1 692.8
120 26,4 720.8 720 , 4 719.2
130 751,1 T45.6 745 .8 hh 7
140 TTh 4 769.0 770,1. 769.2
150 796.5 T9L.L 793.2 792.1
160 818,1 812.6 814,9 813.8
170 838.1 832,3 835.7 83k L
180 857.4 850,7 855.5 8k, 7
190 875.9 868,9 875.0 873.9
200 892.8 886 .4 893.0 891.7
210 909.,0 903.0 907 .4 909.0
220 92k, 7 918,3 926.9 925.5
230 9k0,3 932,9 k2,3 940.9
240 9543 9k6,3 957.1 95547
250 967.0 959.0 971.0 969.4
260 978.9 971.4 983,8 982,2
270 989 .4 982.5 995,8 99k .3
280 999.2 991.8 1006.9 1005, 7
290 1008,5 999.6 1017,0 1016.1
300 1017,0 1006.,2 1026.7 1025, 4
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