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Abstract

Comparison of the values of the reported high temperature heat

capacity of solid metals frequently shows wide variance, usually in-

creasing with increasing temperature. Unfortunately measurements on

specimens made from the same stock material frequently show deviations

well outside the uncertainty claimed by the investigators. Typical data

are presented to illustrate the significance of the problem. It is clear

that the origin of most of the differences lies in unrecognized errors

in the experimental techniques. Possible sources of errors and the

practicality of establishing a metal as a heat capacity standard are

discussed.

Introduction

Although measurements of the heat capacity of solid materials at

high temperatures (e.g., above 300 K) have become increasingly sophisti-

cated, unacceptable discrepancies in the values remain. The major

origin of these discrepancies is unknown and unrecognized heat transfer.

Careful investigators report reproducibility, based on data obtained

under wide range of operating variables (e.g., heating rate, sample size),

and assess determinate errors associated with measurable quantities (e.g.

voltage). The combination of the reproducibility and the determinate

errors allows at least an estimate of the absolute accuracy of the

measurements. However, the data of equally careful investigators differ

frequently by an amount far outside the accuracy claimed by each. A

method to clarify the issue is to measure the heat capacity, by dif-

ferent methods and calorimeters, using the same material (preferable

from the same source) and look for statistical convergence to the true

value. One should then be able to reveal those techniques which have

undiscovered errors in them.

In this paper we illustrate the points stated above by examining

the heat capacity values of selected metals. The possibility of estab-

lishing standards for heat capacity measurements on metals is discussed.
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Examples of Hc.it Capacity Values

1. Aluminum Oxide

Probably the substance most widely used for measurement of the

heat capacity in order,to assess the accuracy of a technique is aluminum

oxide. This choice steins from the decision to use it for a standard for

low temperature (below 300 K) calorimetry. The* United States National

Bureau of Standards (NBS) in particularly, has made detailed measurements

(Ginnings and Furakawa, 1953; Furakawa et al., 1956; Ditmar and Douglas,

1971); subsequently, the temperature range of measurements and comparison

was extended above 300 K. The NBS has continued to make measurements on

aluminum oxide using both adiabatic and drop calorimeters, the re-pro-

ducibility of these measurements being excellent. The NBS has also

supplied this material (called Calorimeter Conference Standard) to

calorimetrists to permit an extensive compilation of heat capacity

values. Other investigators (notably Martin and Snowdon, 1966, 1970 and

Macleod, 1967) reported results and Ditmars and Douglas (1971) have

published a comparison of the reported values. Over the range 300-1200 K

the maximum deviation is about +0.6%. We have made measurements (Brooks

et al., 1965) on an aluminum oxide sample which was a single piece

(about 0.25 kg mass), fabricated to our required geometry. The purity

was stated to be about 99.5%. Our data showed a scatter of about +0.5%

(consistent with our technique), and a curve fitted to these data lies

within the scatter of the data summarized by Ditmars and Douglas. Thus

. other aluminum oxide samples yield heat capacity data quite close to

• those of the Calorimeter Conference samples.

An important disadvantage of using aluminum oxide as a standard is

that it cannot be fabricated easily into the shapes specific techniques

require. This undesirable characteristic makes many metals (and alloys)

attractive as alternate standards. A principle objective of this paper

is to examine the heat capacity values of some pure metals with this

application in mind.

2. Aluminum

Aluminum appears to be a possible standard material for <m inter-

mediate temperature range (300-800 K). It is readily available, can

be easily fabricated, and can be obtained in quite high purity. Figure

1 shows some of the heat capacity data of aluminum. From 300 to 600 K

the spread in the data is within about +_ 2%, but above 600 K the devia-

tion widens. To illustrate the difficulty in assessing calorimetric



crroi's, we can compare out data (Brooks and ttingham, 1968) and those of

Loadbctter (1968). It is seen that at 500 K the two curves differ by

about S%, well outside the limit of error stated by the investigators.

Both Leadbetter and we have measured on aluminum oxide with close

agreement (e.g., better than +_ 1%) with the NBS data. Further, both

Leadbetter (1968) and we (Cordoba and Brooks, 1971) have measured the

heat capacity of solid lead and obtained an agreement to within 2%.

This examples nicely illustrates the difficulties in assessing the

absolute accuracy of a given calorimetric technique.

Fig. 1. The Heat
Capacity of Aluminum as
obtained by several
investigators.
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3. Iron

The heat capacity of iron has been measured by numerous investiga-

tors, using dropping, adiabatic and pulse calorimeters. It is clear

from a comparison of data (Kollie, et al., 1969) since 1949 that the de-

viation of the results increases markedly above the Curie temperature,

and that there is even greater deviation in the face-centered cubic

(fee) phase. From 370 to about 950 K, the data agree within +_ 3%; in

the vicinity of the Curie temperature, the deviation becomes as great

as *_ 10%, and in the fee region the deviation is about +^6%. It is

clear that the phase transformation complicated the measurements.

4. Platinum and Gold

The relative inertness, high purity, and fabricability of plati-

num and gold make them attractive as possible heat capacity standard

materials. These advantages are offset by their cost. Fig. 2 shows the

heat capacity data of gold. Over the range 500-1200 K the values

differ by about 6%, well outside the accuracy claimed by the investi-

gators. It is significant that the data Cordoba and Brooks (1971a)

and of Ferrier (1972) wore obtained on samples made from the same



stock material.

Platinum could be used as a standard to as high as 1800 K. The

data, shown in Fig. 3, differ by about 4% over the range 300-1700 K.

The values of Vollmer (1965) and of Yeh and Brooks (1972) were obtained

using samples made from the same platinum source.

Fig. 2. The Heat
Capacity of Gold as
obtained by several
investigators.
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Fig. 3. The Heat
Capacity of Platinum
as obtained by several
investigators.
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5. Tantalum

Refractories metals such as tantalum can be used to temperatures

approaching 3500 K. Fig. 4 shows the heat capacity of tantalum from

100 to about 3300 K. The three upper curves extending above 2500 K

are based on the pulse technique, and these results differ by an amount

within their estimated accuracy. Hoch and Johnston (1961) using a

drop calorimeter, report values above 1500 K considerably lower than

the other data.



Oioirliyon, McClurt
end DccKcll (1971)

Fig. 4. The Heat
Capacity of Tantalum
as obtained by several
investigators. The
bar at the end of each
curve is a measure of
the accuracy stated
by the investigators.
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Discussion

There are a number of sources of errors contributing to scatter

in the measured heat capacities of metals. Some of these clearly can

be eliminated as not contributing significantly to the wide deviations.

For example, measurements of voltage, time interval and specimen mass

are usually sufficiently precise not to require consideration here.

Temperature measurements are based on signals from thermometers which

are calibrated directly; frequently values derived from standard cali-

bration tables are used. Errors in the temperature measurement are

critical since the heat capacity calculation involves a temperature

interval. However, if the error varies slowly and uniformly with temper-

ature, the error in the interval can be quite small. The International

Temperature Scale used does enter into comparisons of data; Douglas (1969)

has discussed the problems of converting data from one temperature scale

to another. This effect is sufficient to account for differences of the

order of 0.3% in the heat capacity, but not the larger discrepancies.

In general, errors in measurements of voltage, mass, time, in

converting thermometer readings to temperature, and in the choice of the

temperature scale, cannot account for the wide variation in experimental

values of the heat capacity. A most obvious additional source of error

in the experimental technique is unaccounted for heat exchange by the

specimen. Such errors have been discussed by several authors (West,

1963; West and Westrum, 1967; Wollenberger, 1970) and will not be con-

sidered in this paper. Instead, we will limit our considerations to

the purity of the sample as an origin of the heat capacity variations.



Chemical purity and structural homogeneity of the specimen arc

considerations in comparing heat capacity data. The level of impurity

content to be considered here is less than .one per cent, ami the impur-

ities may be in solution in the matrix or present as second phases, or

both. The effects of impurities on the measured heat capacity manifest

themselves in several ways.

a) If the impurities are present in solid solution, they will

affect the heat capacity in two ways. Their presence will alter the

oacixgy absorbing mechanisms of the lattice and electrons. However,

in the temperature range above the Debye temperature, this effect is

negligible for the range of purity usually encountered.

Of greater consequency is the additional heat effect associated

with the exchange of lattice positions by solute and solvent atoms.

Solid solutions generally deviate from random arrangements of the atoms

on the lattice sites; if the number of solvent atoms about a solute atom

is greater than the random number, the solid solution is short range

ordered (SRO).. Otherwise the solid solution shows clusters of solute

atoms. As temperature increases, the clustering or SRO decreases, and

the solid solution approaches a completely random solution. On cooling

from a high temperature, solute-solvent atom exchanges tend to occur

to establish the equilibrium degree of SRO or clustering. However, a

temperature is reached below which the atom mobility is so restricted

that such exchanges effectively cease. Upon reheating in a calorimeter

from a terminal temperature (e.g., 300 K) atom exchanges to decrease the

degree of SRO are initially suppresed due to low atom mobility. A

temperature is reached, however, where the atom exchange rate causes a

significant decrease in SRO, with an accompanied energy absorption.

Thus the heat capacity appears greater than that which would be obtained

if the only heat absorption were due to lattice vibration and electron

excitation. For solid solutions on which heat capacity measurements

have been made to reveal this effect, the solute concentration must be

relatively high (e.g., greater than 5%), so that this impurity effect

in the present consideration can be neglected (Brooks, 1970).

If the presence of the impurities causes the formation of a

second phase, and the phase is stable with temperature (i.e., will not

dissolve upon heating), then the effect on the measured heat capacity

can be determined from a knowledge of the heat capacity of this phase

and the amount present. Again, for the range and type of impurities



usually encountered, this effect is probably negligible.

b) If. the solubility of the second phase i.s temperature depen-

dent, and the rate of solution of the precipitate upon heating is

sufficiently rapid, then some of the heat to the specimen will be ab-

sorbed as the precipitate dissolves. This effect can be significant.

For example, Fig. 5 shows the heat capcity of a zirconium alloy,

having an initial hydrogen (IL) content of 0.0115 wt. %. The sample

was in a vacuum of about 10"^ Torr during measurement. Upon heating,

the zirconium hydride dissolved, with an energy absorption causing a

rise in the heat capacity (solid curve) until about 300°C; above this

temperature the alloy is a single phase solid. The alloy was then

heated for several hours at 800°C in a vacuum better than 10"^ Torr,

which removed most of the hydrogen. The heat capacity values (points

in Fig. 5) then showed no rise in the range 100-300°C. We have ob-

served the same effect in titanium (Prabhakar and Brooks, 1973), which

also was removed by proper vacuum annealing of the metal.
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Fig. J. The Heat Capacity of
Zircaloy-2. The solid line
represents the data for the
as-received condition; the
data point represent the data
after a vacuum anneal.
(Brooks and Stansbury, 1966).
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c) The effects of impurities on the heat capacity near solid

state phase transformations, or transformations such as the Curie trans-

formation, must be considered. For iron the data show increased devia-

tion as the Curie temperature is approached, the spread being about 10%

(Kollie et al., 1969) below the Curie temperature and almost 15% above.

It is doubtful that these wide discrepancies are due to the effect of

impurities on the Curie temperature, but instead are more likely asso-

ciated with temperature gradients in a specimen which is assumed to be

isothermal when the transformation begins (Kollie, 1969).

d) As the melting point is approached, the heat capacity may

show deviations associated with an effect frequently called "premelting".



contribution to the heat capacity. Further, the impurity content in

solution may allow melting by entrance into the two phase liquid-solid

region; this depends on the phase relations for the particular system.

The rate at which this occurs may also be a factor (Martin, 1970).

Closure

The practicability of establishing a metal as a heat capacity

standard can be examined in view of the preceding discussion. The

expected variations in the purity of a sietal do not affect significantly

the heat capacity, as long as temperature ranges in which structural and

phase changes occur are avoided. Thus metals such as copper, gold and

platinum should be quite suitable in the range 300-1300 K. For higher

temperatures, refractory metals can be employed. The heat capacity

data of aluminum oxide show that careful measurements, using different

calorimetric techniques, are capable of yielding data of excellent ac-

curacy, and there is no obvious reason that such accuracy cannot be ap-

proached for a metal.
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