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This review describes thermodynamic properties of condensed phases of the alkali
metals, excluding francium for which the amount of information is too limited. The
properties considered are: heat capacities from 0 to 1600 K, temperatures and enthalpies
of fusion and martensitic transformation in Li and Na; discussion of the Debye temperature
and electronic heat capacity coefficient at absolute zero temperature is also included.

The paper is the second part of a series. Similar to our previous assessment of the IIA
group [93ALC/CHA], this paper considers original studies, especially with respect to
factors which influence the accuracy and reliability of results. Recommendations derived
from such analyses are compared with most advanced previous reviews made at the
Institute for High Temperatures (Moscow) [70SHP/YAK], [82GUR] and the National
Institute of Standards and Technology (Washington) [8SJAN]. The properties of individ-
ual clements.of the group arc comparcd and suggcestions arc made for cxperimental studics
which should improve poorly measured quantities.

The review is supplemented by an IBM PC database which contains references, assessed
data, brief description of studies and has facilities for fitting and plotting of data and for
adding new information.
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1. Introduction

The thermodynamic properties of the alkali metals in the
condensed state have been critically assessed several times in
the last 20 years. Previous reviews [70SHP/Y AK], [73HUL],
[82GUR], [85JAN] contain extensive discussion of the exper-
imental literature for all thermodynamic properties. A brief
discussion is given in [89COX/WAG] which repeats the rec-
ommendation of [R2GUR]. Tt should be emphasized however
that such evaluations often are published several years after
the date of the assessment. Reviews are made by teams of
scientists over a period of several years and do not necessarily
draw on data which are current at the date of publication; only
[73HUL] and [85JAN] indicate the exact date of the evalua-
tion. .
Several assessments are concerned with only one or a few
properties, or with a limited temperature range. As an exam-

ple of this, [850HS/BAB] estimated the temperature of fusion
of the elements, and [RSFIN/LEI] assessed only the heat
capacity and enthalpy of the liquid metals. Several compila--
tions embrace many elements and substances but recommend
thermodynamic values without giving a discussion of the
original data. The criteria used during the evaluation therefore
remain unknown. Some of the valucs which are frequently
quoted in the literature are copics of previous recommenda-
tions, for example, {73BAR/KNA|, [77BAR/KNA], [89DIN].
Some compilations do not include the temperature-dependent
data, giving only data at 298 K, aml the temperatures
and enthalpies of transformations and fusion, for cxample,
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[7T6WAG/EVA], [77KEY], [81MED], [81WAG/EVA],
[82NBS].

This assessment discusses principally measurements of the
thermodynamic properties which have been published since
1930. Earlier data do not usually add to this review as samples
tended to be less pure or defined, but there were some cxcep-
tions and several earlier publications of significant worth have
been included. The discussion of the available data leads to
recommendations which are compared with those in the pub-
lished reviews mentioned above. The differences between the
various recommendations are also discussed.

The properties reviewed in this assessment include: heat
capacities from 0 K to 1600 K, the Debye temperatures and
electronic heat capacity coefficients at 0 K, enthalpy differ-

ence and entropy at 298.15 K, temperatures and enthalpies of .

fusion, together with data related to the phase transformations
in the alkali metals at ambient pressure.

The thermodynamic properties of these elements are well
known as a general rule, but there are temperature regions
where accurate information does not exist. The experimental
difficulty in obtaining data for elevated temperatures stems
from the high chemical reactivity of these elements. They can
readily react with components of the surrounding atmosphere
such as oxygen, nitrogen, carbon dioxide and water vapor. It
is difficult to obtain materials of high purity, and it is easy to
contaminate samples during measurements. This is especially
true for the liquid alkali elements. The heat capacities of
liquid Li, Na and K are known with less certainty than for the
corresponding solids, and the data for liquid Rb and Cs have
the highest uncertainty.

At low temperatures the thermodynamics of the
B(bece)=a(hcp) martensitic transformation in Li and Na is
poorly known. The low-temperature crystalline modifications
of Li and Na (Table 1-1) have been studied since the fifties.
It was found that these phases are formed by a mechanism of
displacive transformation which does not normally proceed to
completion. A mixture of two phases therefore exists in most
samples even at the lowest temperatures, and there is consid-
crablc confusion at the present time about the cxtent to which
this transformation can be made to advance. Another problem
appears near 0 K, where the heat capacity measurements are
not very accurate.

The separate review for each element consists of a brief
description of the relevant experimental studies with empha-
sis on the measured property, temperature range, the experi-
mental technique, chemical analysis of the sample, the resuits
and the accuracy of the data. Important information is often
missing in the original studies. For example, the chemical
analysis is not given or has been carried out for only some of
the metallic impurities. Data are given sometimes in the form
of small-scale graphs, fitted equations, smoothed values, and
even values derived from the measured results (for example,

_the apparent temperature dependence of the Debye tempera-
ture); tables of original data are often omitted. It is difficult to
assign an accuracy. to the majority of studies, because details
of analysis of the materials and the measurement technique
are absent, which only serves to diminish the value of a
review. The more reliable data are reproduced in the Appen-
dices (Sec. 9 ot each Chapter).

The selected heat capacity and enthalpy data are fitted to
polynomials containing up to five-terms over limited temper-
ature ranges. These equations are then used to calculate the
entropy and enthalpy at different temperatures, and the results
of these calculations are tabulated in Sec. 7 of each Chapter.
The standard cntropy, $°(298.15 K), and the enthalpy differ-
ence, H°(298.15 K)—H®(0), are also calculated. The standard
entropy is rounded to 0.01 J-K™' *mol™" and the enthalpy
difference to J-mol~! which is less than 5 % of the estimated
uncertainty. Such a treatment makes the entropy and enthalpy
values calculated below and above 298.15 K more consistent.
The selected and calculated values are compared with the
corresponding quantities which are quoted in other reviews
[70SHP/YAK], [73HUL], [82GUR], [85JAN], [85BAB/
OHS], [85FIN/LEI], [89COX/WAG]. The recommended val-
ues shown in Sec. 6 of each Chapter are sometimes very
inaccurate due to lack of data. Those quantities which are
considered to be poorly known are highlighted in each Chap-
ter and listed in the concluding Chapter 7 to indicate the need
for further investigation.

1.1. General Comments

1. Units. The units used throughout the text are temperature
in K, enthalpy and Gibbs energy in J-mol ', entropy and heat
capacity, in J-K™'-mol~".

2. Heat Capacity near O K. The heat capacity data below T
— 5 K is normally represented by a two-term equation:

C, =T + 1943.78 (T/6p)’

where 1y is the electronic contribution to the heat capacity and
the term with Op, (the Debye temperature) represents the lat-
tice contribution to the heat capacity. Values for y and Op are
given for each study when appropriate. However, tor K, Rb
and Cs a two-term equation cannot describe accurately avail-
able data and a third term, 3T°, was added to the above
cquation.

3. Temperature Scale. The temperature scale used for the
recommended values is ITS-90. Much of the reported data are
given in terms of earlier temperature scales. Usually the scale
used is not mentioned, so that we must guess as to the appro-
priate corrections to make. It should be noted that between
300 and 500 K, the corrections between all temperature scales
are less than 0.04 K. These corrections are well within the
uncertainty of the measured temperatures for the condensed
phases. Nevertheless all experimental temperatures of fusion
were corrected in Sec. 5 of each chapter to ITS-90 by adding
or subtracting 0.01 to 0.04 K.

4. Atomic Masses. The relative atomic masses for the alkali
metals have been reassessed through the years. The recom-
mended thermodynamic values are based on the following
relative atomic masses: Li 6.941, Na 22.989768, K 39.0983,
Rb 85.4678, Cs 132.90543 (1991 data). Since the 1930’s
these values have changes by <0.007 for Li, Na and K, by
+0.028 for Rb and +0.095 for Cs. The sensitivity of measure-
ment techniques for the thermodynamic properties is beyond
these changes.
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TABLE 1.1. Crystal Structure and Lattice Parameters of the Elements

of the 1A Group from [85VIL/CAL])

Phase Temperature Structure Lattice
interval of parameter (nm)
stability (K) at temperature (K)
a-Li <70" hep 1=0.3111 (<70 K)
¢=0.5093
B-Li 70~453.65 bee a=0.35100 (at 298 K)
«-Na <35° hep a=0.3767 (<35 K)
c=0.61541
B-Na 35-370.95 bee a=0.4291 (at 298 K)
K 0 — 336.60 bee a=0.53298 (at 298 K)
Rb 0 - 312.45 bee a=0.5699 (at 298 K)
Cs 0 — 301.60 bee a=0.6465 (at 298 K)

“Note:

Martensite start temperature M; is given here.
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2. Lithium
2.1. Introduction

At ambient pressure Li has two crystalline modifications:
a-Li at low temperatures and B-Li at higher temperatures
(Table 1.1). The «-f transition of Li is a typical martensitic
transformation. The direct f—a transformation starts on
cooling B-Li at about 70 K; it is not completed at the lowest
attained temperatures. The degree of transformation (phase
proportion) after cooling to different temperatures is known
approximately. The reverse a—f transformation starts on
heating at about 95 K and ends at about 165 K. After defor-
mation below 80 K a metastable fcc phase can also appear.

Below 70 K the measured C, values and calculated thermo-

dynamic functions are not accurate, they depend on the degree .

of transformation. The C, data for Li between 70 and 600 K
are well known, but above 600 K the uncertainty in the en-
thalpy and heat capacity values of liquid Li increases, and the
data are in poor agreement. It is not clear if a minimum exists
in the heat capacity values for the liquid Li.

2.2. Heat Capacity and Enthalpy Measurements
2.2.1. Temperature below 298.15 K

[35SIM/SWA]

Simon and Swain measured the heat capacity of a commer-
cial Kahlbaum Li from 15 K to room temperature in an adia-
batic calorimcter (about 100 cxpcrimental points). [35SIM/
SWA] tabulated only smooth values (see Table 2.11, Fig. 2.2
and 2.3). The Debye temperature at 15 K was estimated as
328 K. The authors plotted AC, vs T and observed a broad
peak with a maximum at about 100 K. [SSDOU/EPS] exam-
ined the results of [35SIM/SWA] and compared the C, values
with those for a sapphire sample, measured by the authors of
[35SIM/SWA] and those obtained in the National Bureau of
Standards in 1953, the latter values being about 4 % higher.
At 300 K the value for C, of Li [35SIM/SWA] was lower than
that of [SSDOU/EPS] also by about 4 %, and the complete set
of data of [35SIM/SWA] probably has a systematic error of
about 4 %. The authors of {[SSDOU/EPS] introduced a 4 %
correction to the data of [35SIM/SWA] and calculated accept-
able values for the standard entropy S°(298 K) = 28.37
J-K™"“mol ™! and the enthalpy difference H°(298 K)—H°(0) =
4560 J-mol .

[57ROB] ,
Roberts measured the heat capacity of Li between 1.5 and
20 K in a Nernst calorimeter. The sample (Matthey & Co. Ltd.
with 0.3 to 0.5 wt.% Na and 0.05 wt.% K) contained some
oxide impurities. Reproducible results were obtained between
2.4 and 13 X, and above 17 K; the data between 13 and 17 K
were poor, and an anomaly was found in this region. Below
2.4K the measured values tend to be high, less reliable and
rather scattered. The 44 experimental points measured in the
range 2.4 to 4.5 K are shown in a small-scale graph and from
these data y = 1.75 mJ-K™ mol™' and ©p = 369 K were
calculated. The smoothed values given by Roberts are listed
in the Table 2.20 (poini at 2.5 K was corrected) and shown in

Fig. 2.1 and 2.2. Some degree of oxidation of samples and
unstable results below 2.4 K and at about 15 K are definite
shortcomings of this study.

[S9MAR]

Martin and his colleagues measured the heat capacity of Li
several times at different temperatures [SOMAR], [60MAR],
[61MAR], {62MAR], [63FIL/MAR]. In these studies three
different samples were used: a natural Li, and the isotopes Li
and °Li; the samples are fully described in the next paragraph
and briefly mentioned in separate studies.

a. The natural Li sample was a commercial sodium-free
grade of Lithium Corporation of America; the stated purity
was 99.95 wt.%, principal impurities in wt.% were: K and Na
— 0.005, Fe — 0.001, N — 0.02; the isotopic ratio was 92.6
% "Li and 7.4 % °Li; the density was 6.945 = 0.003 g/cm’
which is very close to that of natural Li.

b. The isotope °Li sample contained 99.3 % °Li, and was
prepared by the Union Carbide Company for the Oak Ridge
National Laboratory, Tennessee, (impurities in wt.%: Mg, Ba
and Sr 0.01. each, Na and Cu 0.02 each, Fe 0.05, Ca 0.025).

c. The isotope "Li sample contained 99.99 at.% Li; it had
less than 0.001 wt.% of Na, K, Rb, and Cs. The resuits
obtained with different materials vary; illustrations to this
chapter and Tables in the Appendix include mostly data for
natural Li or "Li samples.

Martin measured in [SOMAR] C, of °Li and "Li samples at
20 to 300 K in an adiabatic calorimeter with an accuracy of +
0.2 % above 80 K, and = 2 % at about 20 K. Between 20 and
30K the heat capacity of the isotope °Li was slightly lower
than that for natural Li. The reverse martensitic transforma-
tion occurred in °Li similar to natural Li, but in samples
cooled to 20 K the overall thermal effect in °Li, 190 J-mol ™",
was smaller than that in natural Li, 273 J-mol™". The mea-
sured data were shown in small-scale graphs at 21-30 K (50
points) and 90-180 K (70 points for all samples). The tabu-
lated smoothed values at 25-300K are reproduced in
Table 2.21 and shown in Fig. 2.3 (for Li).

[60MAR]

Martin measured the heat capacity of natural Li from 20 to
300K in an adiabatic calorimeter using two samples and five
different thermal treatments. In total, about 120 data points
were tabulated (Table 2.23). As Li has a phase transformation
at about 80 K, the heat capacity of samples cooled below 80 K
depends on the phase proportion which was not determined.
On heating, the reverse transformation was observed at 90 to
170K from an increase in the apparent C, values measured
during reverse transformation; the apparent C, values varied
within 4 %. Martin assumed that a sample cooled to 4 K after
annealing at 300 K consists mostly of an o phase, and these
C, values were adopted for the pure a-Li. The enthalpy of the
transformation, 58.5 J'mol~!, was estimated from the differ-
ence between the true and apparent heat capacities.

The C, data listed in Table 2.23 are essentially the same as
those given in [S9MAR]; some of the data are shown in
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Fig. 2.3. The standard entropy was calculated by the author as
S°(298 K) = 29.08 * 0.17 J-K~'-mol ",

The melting point of the sample was measured carefully by
Martin with a Pt resistance thermometer as 453.65 *= 0.1 K,
using low rates of fusion and crystallization.

[61MAR]

Martin also measured the heat capacity of the isotope °Li
and natural Li samples from 0.4 to 1.5 K in an isothermal
calorimeter. For each sample two series of 35 measurements
were made. The results, shown in a small-scale graph, were
fitted to two-term polynomials. The electronic specific heat
coefficient of the natural Li was y = 1.63 = 0.03 mJ-K
mol™! and the Debye temperature Op = 335 = 30K; for the
isotope °Li Martin found y = 1.64 * 0.03 mJ-K™2 mol™ and
Oy ~ 380 * 60 K. Martin suggested that the value of vy is
independent of isotopic composition. The values calculated
using these parameters are given in Table 2.24 and shown in
Fig. 2.1 for natural Li.

[62MAR]

The natural Li sample was studied from 100 to 300K in a
modified calorimeter and the smoothed results were tablu-
lated in steps of 10 K. The deviation between the values of
this study (Table 2.26) and those of [6(OMAR] reached 0.4 %
below 140 K (Fig. 2.3). To avoid the martensitic transforma-
tion, care was taken not to cool the sample below 80 K.

[63FIL/MAR]

Filby and Martin measured the heat capacity of natural Li
and isotopes °Li and ’Li in the temperature range from 3 to
30K in an adiabatic calorimeter. The accuracy of these mea-
surements was about 1 %. About 400 data points are given in
the form of the Debye temperature values calculated from the
C, values. The authors tabulated smoothed C, values for each
sample (Table 2.27, Fig. 2.2). No difference was observed
between samples which were cooled to 20 and 4K. An
anomaly at 15 K found in [STROB] was not confirmed. The
Debye temperature at 0 K was estimated as 344.0 + 2.5 K for
natural Li, 367.0 + 2.5 K for isotope °Li, and 337.0 + 2.5K
for "Li. The authors assumed that their samples contained
about 80 % «-Li and 20 % B-Li. Filby and Martin studied the
isotope "Li also in the range 0.4 to 1.5 K. About 60 points
were shown in a small-size graph. From these measurements
the Debye temperature was determined as Op = 356 = 60K
and v = 1.65 =+ 0.02 mJ-K"2 mol™L.

[6AMAR/ZYC]

Martin and Zych remeasured the "Li sample in a calorime-
ter between 0.35 and 2 K. The results of these measurements,
40 points of heat capacity of the sample plus container, are
shown in a small-scale graph. The heat capacity of the con-
tainer was estimated and subtracted from the experimental
data, and the difference, heat capacity values for the sample,
was fitted to an equation corresponding to y = 1.71 mJ-K™?
mol ™' and Op = 260 + 10K (Fig. 2.1). The C, values calcu-
lated using these y and Op (Table 2.28 and Fig. 2.1) disagree
with previous investigations by the same authors and may be
the result of errors in the measurements or estimation of heat
capacity -of the container.

2.2.2. Temperature above 298.15 K

[SOCAB]

Cabbage measured the enthalpy of liquid Li from 780 to
1280 K in a drop calorimeter using a commercial 99 % Li
material from Eimer and Amend; samples were analyzed be-
fore and after experiment and contained up to 0.37 wt.% Li,O
and 0.92 wt.% LiN. The original 30 points for liquid Li have
a considerable scatter of = 25 — 30 %; the average values are
listed in Table 2.12 and shown in Fig. 2.5. The data were
fitted to a two-term equation

- HYT)—H°(298 K,cr) = 345.5 + 20.33T J-mol ™.

Using literature data and his own measurements, Cabbage
recommended two C, cxpressions from the melting point to

773 K.

Cy =552 — 31.95%107°T J-K~'mol™};
and from the melting point to 1273 K

Cy =41.14 — 11.33X107°*T J-K "*mol .

The values calculated by these equations disagree substan-
tially with subsequent measurements. Solid Li was measured
in the interval 378 to 424 K (11 points); Cabbage suggested
that these data are even worse than those for liquid Li. The
average C, value between 298 K and the melting point was
estimated as 16.6 J-K™!-mol~". The results of this study are
very inaccurate.

[SOKUB]

Kubaschewski quoted a dissertation by 0. Huchler (Techn.
Hochschule, Stuttgart, 1944) who determined the heat capac-
ity of liquid Li from the melting point to 550 K as a constant
value Cy = 29.3 = 1.2 J-K™'-mol .

[SOYAG/UNT]

Yaggee and Untermeyer estimated the heat capacity of Li
from rates of cooling. At 473 to 773 K four C, values were
obtained; they are given in Table 2.13. The rapid increase in
C, values with temperature observed in this study contradicts
other data. The authors estimated their error as + 10 %, but
it is probably much higher.

[SIBAT/SMI]

Bates and Smith measured the enthalpy of liquid Li from
773 to 1273 X in a Bunsen calorimeter. Fifteen experimental
points are listed in Table 2.14 and shown in Fig. 2.5. They
were described by the linear equation

H'(T)—H°(273 K,cr) = — 4113 + 27.94T J-mol ™'
Bates and Smith estimated their accuracy as 5 %.

[52RED/LON]
Redmon and Lones measured the enthalpy of Li, containing
0.036 wt.% wetallic impuritics (Na — 0.005, Ca — 0,02, K
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0.01, Fe — 0.001 %) and 0.06 wt.% nitrogen, in a drop
calorimeter from 473 to 1373 K. The 69 experimental points
showed a scatter within 5 %; they were combined in 16
average points given in Table 2.15 and shown in Fig. 2.5. The
data were described by an equation

HOT)—H°Q273 K,cr) = — 5287 + 28.82T +
: 4.07X107*T? J'mol™..

The derived C, values are shown in Table 2.16 and Fig. 2.4.
The levels of metallic impurities in these samples were
checked after the experiment, and the total was found to have
increased to 0.45 wt.% due to interaction with the stainless
container.

[5SDOU/EPS]

Douglas et al. measured the enthalpy of Li (Maywood
Chemical Co., 0.2 wt.% metallic impurities, vacuum distilled)
from 273 to 1173 K in an ice drop calorimeter. Two samples
were used: sample 1 had 99.98 at.% Li, non—metallic impuri-
ties in ppm: 0 — 280, N — 30; metallic impurities in ppm: Fe
— 36, Ni — 6, Ca — 290, Na — 160. Sample 2 had 99.99 at.%
Li and metallic impurities: Fe — 6, Ni — 3, Ca — 10, Na —
30 ppm. No reliable values for oxygen and nitrogen were
obtained for sample 2, but the authors assumed that these
were less than half of the respective amount for sample 1.
According to thermal analysis, sample 1 had a melting point
453.57 K, and sample 2, Ty, = 453.62 = 0.001 K; the triple
point was cstimated as 453.69 = 0.03 K based on the presence
of 0.011 at.% of soluble and insoluble impurities in sample 2.

The enthalpy data are listed in Table 2.17 and shown in
Fig. 2.5. The accuracy was estimated by the authors as * 0.5
% up to 433 K, = 0.3 % from 523 to 1073 K. The data were
fitted to three equations: for solid Li at 298 — 453.69 K

HYT,cr)—H®°(273 Kcr) = — 8827 + 52.29T—
1.285X107'T? + 2.45X107*T° — 1.542X107'T* J-mol ",

for liquid Li at 453.69 — 693 K

HY(T ))—H°273 K,cr) = — 6599.1 + 33.0367—
2.909x107°T? J-mol™%;

for liquid Li at 693 — 1173 K

 HYT)-H°(273 Kcr) = — 5315.4 + 29.342T—
' 2.509%X 10747 J-mol™".

C, values derived from the above equations are given in
Table 2.18 and shown in Fig. 2.3 and 2.4. The enthalpy of
fusion was derived from the first and second equations as
AgsH = 3000 % 15 J-mol ™" at 453.69 K. The study could be
assessed as very careful.

[S6SCH/HIL]

Schneider and Hilmer measured the enthalpy of Li (purity
was not stated) in a mixing calorimeter from 398 to 553 K
(Table 2.19, Fig. 2.5). The average heat capacity was deter-
mined for solid Li between 403 and 450K as C, =26.8 = 0.4

J-K™'*mol™, and for liquid Li between 493 and 553 K as Cy
=259 %= 1.2 'K "-mol™! which is a very low value. The
enthalpy of fusion was determined as 2950 * 40 J-mol™".

[SONIK/KAL]

Nikol'skii er al. measured the heat capacity of Li (the pu-
rity was not stated) by stepped heating in a calorimeter with
isothermic shield at 473 — 673 K. Four points are shown in
the graph and five smooth values were tabulated; they are
reproduced in Table 2.22. The accuracy of measurements is
low. Contrary to other studies, C, values increased with rising
temperature.

[62ALA/PCH]

Aladyev and Pchelkin (quoted from [70SHP/YAK]) mea-
sured the heat capacity of commercial Li, containing 0.5 wt.%
Na and 0.02 wt.% K, in an isothermal calorimeter at 473 to
1573 K. The scatter of these data was considerable, = 8 %.
The smoothed values, listed in Table 2.25 and shown in

Fig. 2.4 are taken from [70SHP/YAK].

[65SHP/SOL], [70SHP/KOV]

Shpil’rain et al. measured the enthalpy of Li (99 wt.%)
from 773 to 1573 K in a boiling-point calorimeter. The sam-
ple had impurities in wt.%: Na 0.26, K 0.001, Ca 0.003, N
0.0072, other impurities <0.015. The results (18 points) are
tabulated and reproduced in Table 2.32 and shown in Fig. 2.5.
Interaction between the samples and the niobium container
and oxidation of Li was mentioned as sources of error. The
results obtained were fitted to the equation, quoted in [65SHP/
SOL]

HY(T )—-H°(373 K,cr) = — 8085 + 29.067—
1.502x10%(T~273), J'mol .

The error was estimated by the authors as = 2 %. Heat
capacities calculated from the above equation are given in
Table 2.33 and shown in Fig. 2.4.

[67TACH/FIS]

Achener and Fisher measured the enthalpy of Li from 367
to 1422 K by drop calorimetry. The 21 data points
(Table 2.29, Fig. 2.5) are taken from a graph given in the
review [85FIN/LEI].

[69NOV/GRU]

Novikov et al. measured the enthalpy of Li in an ice drop
calorimeter from 459 to 921 K. The specimen had a composi-
tion in wt.%: 99.33 Li, 0.38 Na, 0.14 Mg, 0.0t K and Al,
0.001 Fe, 0.003 Ca, 0.005 heavy metals, and 0.012 N. Accord-
ing to the authors, the error in enthalpy measurements was
about * 0.3 %. The results of 13 measurements and the

‘derived C, values are given in Tables 2.30 and 2.31 and

shown in Fig. 2.4 and 2.5. No experimental details are given;
this makes estimation of the accuracy of this study difficult.

[83NOV/ROS]
Novikov et al. measured the enthalpy in the range 320 to
700K using an ice drop calorimeter. The material had a
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composition in wt.%: Li > 99.5, Na < 0.06, K < 0.005, Mg <
0.02, Ca < 0.03, Mn < 0.001, Fe < 0.005, Al < 0.003, SiO, <
0.01, N (nitrides) < 0.05. The sample was placed in a stainless
steel container, and there was evidence that the container
reacted with Li. The authors listed enthalpy values from 328
to 695 K (Table 2.34, Fig. 2.5). The results for solid and lig-
uid Li were fitted to five-term equations which yield widely
oscillating C, values. Therefore, the present authors fitted the
data of [83NOV/ROS] to simpler polynomials for solid Li

HT,cr)—H°(273 K,cr) =—3347 + 5.0685T +
2.8296X107272 J mol ™Y,

and for liquid Li

H(T H—H°(273 K,cr) =—5467 + 29.616T—
6.0553X107*T% J mol ™.

The heat capacities calculated by the above equations are
shown in Figs. 2.3, 2.4, and listed in Table 2.35. The enthalpy
of fusion was estimated as Ag H = 3022 *+ 27 J-mol™" at Ty,
= 453.7 K. The study has low accuracy.

2.3. Discussion of Heat Capacity and Enthalpy Data
2.3.1. p-LI below 298.15 K

Measurements near 0 K. Below 4 K the heat capacity was
measured in [STROB], [61MAR], [63FIL/MAR], [64MAR/
ZYC]. The results are shown in a C,/T vs T? graph (Fig. 2.1).
The electronic contribution to the heat capacity (y) and the
Debye temperature (Op), derived from these data, are listed
below.

Table 2.1 and Fig. 2.1 show that the results disagree. Only
studies [61MAR] and [63FIL/MAR] give consistent results;
[64MAR/ZYC] probably has some errors because the Op
value is very low. The data of [STROB] lead to higher values
of v and Op. [61MAR] and [63FIL/MAR] compared isotopes
14, i and natural 1i and found that they have different
Debye temperatures as shown in Table 2.1; however, the
value of +y for different isotopic compositions was about the
same, y = 1.63 mJ-K™? mol™.

[63FIL/MAR] recommended for natural Li Op = 344 =+
2.5 K. These values were accepted here and used to derive the
heat capacity equation for the temperature range from 0 to 4 K

C,° = 1.63T + 0.04775T° mJ-K™"'mol™". (1)

Measurements between 4 and 30 K. For this temperature
range, the C, measurements were made in [35SIM/SWA]
(above 15K), [STROB] (1.5 — 20K), [60MAR] (above
20K), [63FIL./MAR] (3 — 30 K). The data agree within 3 %
(Fig. 2.2). However, the presence of two phases, a-Li and
B-Li, complicates the-selection of the best values. [EFOMAR]
listed various results for different samples and thermal treat-
ments. To decrease the uncertainty, those thermal treatments
were selected which showed a smaller degree of the reverse
transformation (smaller fraction of a-Li in cooled specimens);
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then the data can be treated as applicable to B-Li. Values
selected for the interval 4 — 30 K were taken from measure-
ments made with a natural Li sample cooled to 4 K [63FIL/
MARY]. They agree with the results of [F(OMAR] obtained with
a sample cooled to 20 K. The selected values are listed in
Table 2.2.

The above information was fitted to an equation for the
temperature range 4 — 30 K:

Cy = 0.03632 — 6.37X107°T— 0.21707T % +
6.1723X107*T? + 2.914X107°T* J- K "'mol™". ~ (2)

Measurements between 30 and 298 K. Above 30K the
data of [35SIM/SWA] (15-300 K), [SOMAR], [(OMAR] (20—
300 K), [62MAR] (100-300 K) agree within 4 % (Fig. 2.3).
The disadvantages of [35SIM/SWA] were discussed above.
Good agreement is observed between the results of [SOMAR],
[60MAR], and [62MAR] obtained in two different calorime-
ters. The average results for specimens cooled to 20K in
[60MAR] were selected as the best between 30 and 85 K. The
apparent heat capacity above 85 K increased due to the re-
verse martensitic transformation; therefore, some portion of
a-Li was present in these specimens. For temperatures 90 and
95 K, the results for a single-phase specimen cooled to 85 K
[60MAR] were selected. Between 100 and 300 K better val-
ues were oblained in [62ZMAR]. At 300K there is a dis-
crepancy between the values obtained by low-temperature
calorimety [60MAR], [62MAR], 24.9 J-K™'*mol ™, and by
drop calorimetry in [SSDOU/EPS], 24.68 J-K™''mol™"; the
average of these two methods, C; (300 K) =24.8J -K~!:mol™!
was adopted for the calculations. The values selected at differ-
ent temperatures are listed below in Table 2.3.

The heat capacity values listed in Table 2.3 were fitted to
two equations for the ranges from 30 to 110K

Cp = — 2.407 + 3.035%x107"T + 6.8415X10°T?
+2.54X107°T*-1.311X107°7°%, - K \mol " (3)

and from 110 to 298.15K

CS = 5.085 + 0.151T— 3.666X10°T"2 — 4.0596X10™T*
+4.1985% 10777 J-K~":mol . @

The Eqs 1 — 4 were used to calculate C,(T"), H(T)—H°(0)
and S°(T). The calculated values are shown in Table 2.9. The
heat absorbed during heating of Li samples cooled to 55K
was on average 29 J-mol™' [6(OMAR]; this amount of heat
corresponds to about 55 % of B-Li transformed to a-Li. The
entropy of transformation for samples cooled to 55 K was
found from the area under the AC,/T vs T curve as 0.23
K 'mol™!, These values AH = 29 J-mol™' and AS =0.23
J-K 'mol™! were added at 100K to the calculated functions
S°(100 K) and H°(100 K)—H°(0). At the standard tempera-
ture, the heat capacity, enthalpy and entropy were calculated
as

=24.822 J-K "-mol ™!
=28.987 J-K"'‘mol™!
=4617.16 J‘mol ™!

C2(298.15K)
5°(298.15 K)
H°(298.15 K)—H°(0)
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These values are compared with those recommended in dif-
ferent reviews in Table 2.4,

The values adopted in Table 2.4 are close to those selected
in [85JAN]. The discrepancies between reviews, which are
about 15 J-mol ™! for the enthalpy and 0.3 J-K~'-mol ™! for the
entropy, originated mostly from different treatments of the
same experimental information. The uncertainty of the
adopted value of 30 J-mol™' for H°(298.15 K)—H°(0) and
0.3 J-K !*mol™" for §°(298.15 K) reflects mostly the uncer-
tainty in the phase composition below 85 K and an approxi-
mation made for the evaluation of the enthalpy and entropy of
the reverse martensitic transformation. The calculated values
differ from [82GURY]; although the discrepancy is small, it is
worth mention, and new values based on the present calcula-
tions were adopted.

2.3.2. B-Li above 298.15 K.

Above 298.15 K the enthalpy and heat capacity of solid Li
was measured in [SSDOU/EPS], [56SCH/HIL], [83NOV/
ROS]. The C, data are scattered within 8 % (Fig. 2.3). The
results of [SSDOU/EPS] were used to derive the equation
from 298 to 453 K.

Cp = — 41.033 + 220.639X107°T + 14.039X10°T?
- 177.38%107°7* J- K '*mol ™' S)

Reviews [73HUL], [82GUR], [85JAN] quoted [55DOU/
EPS] as a main source and the adopted C, values almost
coincide. [82GUR] recommended for solid Li a three-term
equation

Cy =.1.309 + 0.056287T + 6.017X10°T"%, J-K '-mol ™"
2.3.3. Liquid LI

Several enthalpy and heat capacity. measurements are de-
scribed in [SOCAB] (AH, 780 — 1280K), [SOKUB] (C, =
29.3 J K~'mol™" at 453-550 K}, [SOYAG/UNT] (Cp, 473~
773 K), [SIBAT/SMI] (AH, 760-1269 K), [52RED/LON]
(AH, 503-1361 K), [SSDOU/EPS] (AH, 323-1168 K),
[S6SCH/HTL] (AH, 404-523 K), [SONIK/KAL] (C,, 473—
673 K), [62ALA/PCH] (C,, 473-1573 K), [67ACH/FIS]
(AH, 482-1423 K), [69NOV/GRU] (AH, 459-921 K),
[70SHP/KOV] (AH, 788-1573 K), [83NOV/ROS] (AH 328
694 K). The results are shown in Fig. 2.4 for C, and in Fig. 2.5
for the enthalpy.

The enthalpy data of [52RED/LON], [55DOU/EPS],
[S6SCH/HIL], [67ACH/FIS], [69NOV/GRU], [70SHP/
KOV], [83NOV/ROS] agree satisfactorily and could be de-
scribed by a common equation (Fig.2.5), while those of
[SOCAR] and [S1BAT/SMI] fell out of the general trend and
contain some errors. The scatter of individual points .in
[52RED/LON], [69NOV/GRU], [70SHP/KOV], [83NOV/
ROS] is considerable; the heat capacity values derived from
these sources vary within 7% (Fig. 2.4).

Judging by the description of technique, materials, and
procedure, [SSDOU/EPS] seems to be the most carefully
done. This study was assessed in [70SHP/YAK], {73HUL],

[82GUR], [85JAN] as the most reliable. In this evaluation
[55DOU/EPS] was selected as a basis for recommendations.
According to this study, the heat capacity of liquid Li de-
creases with temperature; initially the decrease is rapid from
30.5 J'’K ":mol™! at the melting point to 29 J-K™'-mol™" at
700 K; then the decrease decelerates to about 0.1 J-K™*-mol ™
per 100 kelvins above 700 K. The heat capacity was described
in {[SSDOU/EPS] by two linear equations:  from the melting
point to 700K as

C; - 33.035 — 5.818X107°T, K “mol™  (6)
and from 700 to 1200K as
Cp = 29342 ~ 0.5018X 10T, FK"mol™.  (7)

Both equations were adopted in this assessment. The C, val-
ues calculated by Eq. 6 and 7 do not show the minimum which
was postulated in the reviews [70SHP/YAK], [82GUR] and
[85SFIN/LEI]. It could be suggested that the minimum was not
reached in the temperature range of the measurements of
[55DOU/EPS]. Minima in heat capacity values were observed
in other liquid alkali metals, and one could be expected in Li.
The only evidence of its existence at 1300 K was given in
[62ALA/PCH], which is not considered to be a reliable study
at this temperature.

Using the same input, previous reviewers recommended
different values and equations. Below 1200 K [70SHP/YAK]
used [SSDOU/EPS] (Eq. 6 and 7); Shpil’rain et al. suggested
a minimum at 1200 K and proposed a third C, equation for
1200 — 2000 K on the basis of the data of [62ALA/PCH],
[TOSHP/KOV], [S2RED/LON]

Cy = 26.87 + 1.536X1073T J-K*mol ",

[73HUL] also adopted values from [SSDOU/EPS] below
1200K; at higher temperatures Hultgren e al. assumed a
constant

C2 =287 JK " mol ™",

Gurvich et al. [82GUR] combined the results of seven stud-
ies: [SIBAT/SMI], [S2RED/LON], [55DOU/EPS], [62ALA/
PCH], [67ACH/FIS], [69NOV/GRU], [TOSHP/KOV], and
fitted the combined data to one equation from the melting
point to 3000 K: :

C, =31.227 - 5.265X107°T + 2.050X10°T2 +
2.628X10 °T? J-K '*mol '

According to this equation, the heat capacity decreases from
30.4 J-K™!-mol™! at the melting point, to a minimum 28.8
J-K™':mol ™" at 1000 X (Fig. 2.4), and then C, increases again
t0 29.6 J'’K~*mol ™" at 1600 K.

Fink and Leibowitz [85FIN/LEIl used the enthalpy data
of [SIBAT/SMI], [S2RED/LON}, [SSDOU/EPS], [67ACH/
IS], [69NOV/GRU], [70SHP/KOV] to derive a cubic
equation for the enthalpy which corresponds to the quadratic
equation for C,
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C2 =32.992 — 6.4199X107°T + 2.0166
10772 J-K™"-mol ™.

This equation has a minimum at about 1600 K and corre-
sponds to values which are close to [62ALA/PCH] (within 2
%, Fig.2.4). However, the data of [62ALA/PCH] deviatc
from other sources above 800 K and are not considered reli-
able. Disagreement is observed between the values calculated
by the above equation - [8SFIN/LEI] and heat capacities,
derived from the enthalpy measurements of [SSDOU/EPS],
[69NOV/GRU], [70SHP/KOV] (Fig 2.4).

The C, equations recommended in [82GUR] and in
[85FIN/LEI] do not appear to be the best possible. To assess
the correctness of treatments of the data, it should be remem-
bered that the enthalpy data are less sensitive to changes than
heat capacities. Small fluctuations in the enthalpy values may
result in significant changes in the derived C, values, and their
analysis can signal the presence of problems in the experi-
mental enthalpy data. Therefore it seems important to com-
pare not only the measured enthalpies but the heat capacities
derived from these measurements which should be combined
with the directly measured. C, data.

Bringing together data of different quality in one statistical
pool may result in emphasizing inaccurate data over better
results, and errors can propagate in a fitted equation. There-
fore the recommendations of [82GUR] and [85FIN/LEI] may
be influenced by poor measurements, since they appear to be
inaccurate at high temperatures.

[85JAN] used the results of [SSDOU/EPS] and extrapo-
lated them smoothly to 2000 K. Such a treatment seems to be
simple and reasonable, and it was also adopted in this assess-
ment. If Eq. 7 is extrapolated beyond the limit of measure-
ments of 1173 K to the much higher temperature of 1600 K,
it still describes the heat capacities with an acceptable accu-
racy, giving the values which, in the opinion of present au-
thors, are better than those calculated by equations recom-
mended in [7J0SHP/YAK], [82GUR] and [85SFIN/LEI]. The
present authors suggest that Eq. 7 can be safely used up to
1600 K. The existence and location of a probable minimum in
the C, values requires further investigation. The values of
C(T), STy and H°(T)—H°(298.15K) from 298.15 to
1600 K were calculated using Eqs 5, 6 and 7. They are listed
in Table 2.10.

2.4. Phase Equilibrium Data

2.4.1. -« Martensitio Transformation of Li

The B-a transformation of Li on cooling is a typical diffu-
sionless martensitic transformation. It extends over a wide
temperature range, and has a considerable thermal hysteresis
between the direct process on cooling and the reverse process
on heating. It begins on cooling below the so-called marten-
site start temperature designated as M;. Initially the nuclei of
a-Li grow very rapidly, and a portion of the high temperature
B3 phase is transformed into the o phase. The growth region of
the new phase generates new interface and strain energy in the
surrounding material. As the surface and deformation Gibbs
energies are always positive, they reduce the driving force of
the transformation, and it stops. On lowering the temperature,

J. Phys. Chem. Ref. Data, Vol. 23, No. 3, 1994

the Gibbs energy of the phase transformation becomes more
nepative, more nuclei are able to grow, and another portion of
the low-temperature phase will be formed. External forces can
act similarly to supercooling, making the energy difference
between two phases more negative and promoting the trans-
formation. In the case of Li (and Na) even at the lowest
attained temperature, the transformation was never com-
pleted. The degree of transformation depends on the rate of
cooling, temperature, deformation, grain size, chemical com-
position, and thermal treatment history of samples.

On heating a partially transformed sample, the reverse
a-Li—p-Li transformation begins at a temperature designated
as A, and extends over a considerable temperature range
ending at a temperature designated as Ag; a hysteresis is
always observed between the direct and reverse transforma-
tions (see the scheme below).

>

reverse

Properly

A

1 direct |

My Ms As A

temperature

To describe the transformation the several characteristic tem-
peratures should be given: M;, A, Ar. Each of these tempera-
tures can vary from sample to sample.

The thermal effect accompanying the reverse a-Li—f-Li
transformation was measured in a calorimeter [E(OMAR]. It
was found from the area under the C, vs T curve, where AC,
is the heat capacity difference between the true heat capacity
of a sample in which the transformation was suppressed or
completed and the apparent heat capacity of a sample in
which the reverse transformation occurs. On heating, the
value of AC, increases from zero at A, to a maximum at some
temperature, T (another characteristic temperature fre-
quently used), where the rate of the reverse transformation is
highest, and then gradually decreases to zero when the trans-
formation is completed at Ay, The magnitude of AC, depends
mostly on the degree of the preceding direct transformation,
i.e. on the amount of a-Li formed in a sample during cooling.
However, the degree of transformation was not measured for
specimens used for calorimetry. It was adopted from the liter-
ature, which gives a wide variety of values up to 90 %
[60HUL/ROS]. Therefore, the total enthalpy of a-p transfor-
mation of Li was estimated only approximately. A similar
procedure could be applied for the entropy by integrating the
AC,/T vs T curve.

[47BAR]

Barrett determined by X-ray analysis the transformation in
a deformed commercial Li at 78 K+ The high-temperature
modification with lattice parameter a = 0.35 nm was partially
transformed to an fcc form with a = 0.441 nm, the transforma-
tion being accompanied with audible clicks. The fcc phase
disappeared on heating above 156 K.
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[48BAR/TRA}

Barrett and Trautz investigated, by X-ray diffraction, a
commercial Li (99.45 wt.% Li; impurities according to spec-
trographic analysis: Si, Mg, Pb, Fe, Sn 0.01 wt.% each; Na
and Cu 0.001 wt.%; Al 0.002 wt.%). A better sample from
Battelle Memorial Institute (99.86 wt.% Li) was used to check
the results obtained with the commercial material. After a
sample had'undergone 80 % plastic deformation in liquid
nitrogen (78 K), it showed diffraction lines of an fcc phase
with parameter a = 0.441 nm. The transformation was identi-
fied as martersitic. Without deformation quite different lines

were observed, and they belonged to an o phase with lattice-

parameters a = 0.314, ¢ = 0.470 nm. The phase composition
of samples was estimated from the ‘intensity of the strongest
lines; the amount of low-temperature phase in all experiments
was less than 60%. The transformation has a thermal hys-
teresis of 40 — 50 K. The B—a transformation started on
" cooling at about M = 71 K.

[56BAR]

Barrett remeasured the lattice parameters of the o phase a
=0.3111, ¢ = 0.5093 nm and the 8 phase, a = 0.3491 nm at
78 K. Deformation at low temperatures produces a metastable
fcc phase at the expense of the o and B phases. Without
deformation only the B and o phases were observed. -

[60HUL/ROS]

Hull and Rosenberg studied the transformation of 99.7
wt.% Li, (by X-ray analysis). On cooling, the transformation
starts at M, = 76 K, and the amount of the converted phase
increases with decreasing temperature. However, below 20 K
no additional o phase was found. The maximum amount of
the o phase present in samples was estimated as-about 90 %.

[60MAR] , , »

Martin measured the heat capacity of natural Li (composi-
tion is given in Sec. 2.2.1.) after different heat treatments.
a-Li formed on cooling was transformed to B-Li on heating
in an adiabatic calorimeter; the process was accompanied by
heat absorption, which was exhibited as an:increase in the
apparent heat capacity above the true value. The reverse
transformation started at 90 — 100 K, reached its maximum
rate at T = 100 — 110K and ended at 160 — 170 K. The
amount of heat absorbed depended on the thermal treatment
and varied from 24 to 43.5 J'-mol™'. When samples were
cooled to 55 K, about 29 J-mol™! was ahsorbed; Martin nsed
results of [S6BAR] that such cooling forms about 50 % «
phase and estimated the total enthalpy of the «-B transforma-
tion as 58 J-mol™",

[81TRI/SLO]

“Trivisonno et al. measured the velocity and the attenuation
of ultrasonic vibrations at the frequency 10 MHz in single
crystals of lithium at 20 to 180 K. When the sample was
slowly cooled from 130 K (0.25 K min™"), a large increase in
attenuation and decrease in velocity was observed at M =
64 K. The M; point was not well defined; its range extended
in different experiments from 61 to 70 K. On heating, the
reverse transformation started at A, = 90 — 95 K, and ended
at about A — 130 K.

[88SAU/MIO]

Saunders et al. estimated the Gibbs energy of the B-a
transformation of Li above 200K as A, G = 154 — 2T
J-mol ™!, which corresponds to AgH = 154 J-mol™" and equi-
librium temperature 7,, = 77 K. This estimation has high
uncertainty which can be greater than 50 %.

2.4.2. Fusion of Li

The measurements of the temperature of fusion were men-
tioned above in studies [SSDOU/EPS], [60MAR] and
[83NOV/ROS] (Sec. 2.2). Additional information is given
below.

[35LOS}
Losana obtained by thermal anlysis the melting point of Li
containing 0.015 wt.% Na, Ty, = 453.35 = 0.1 K.

[52KIL]

Kilner measured 99.5 wt.% Li in a mixing calorimeter, Ty,
=452.15 + 1K, and AgH = 2890 * 300 J-mol ™"
[56SAL/AHM]

Salmon and Ahmann studied the Li-Na system by thermal
and chemical analysis. The commercial lithium sampile of
Maywood Chemical Co. contained 99.8 wt.% Li; with the
major impurities in wt.% Na — 0.02, Ca — 0.06, Fe — 0.03,
Si — 0.015, heavy metals — 0.09. The melting point of Li was
determined as 452.55 * 0.5 K.

[S8KEL/KAN]

Keller et al. studied the Ba-Li system by thermal analysis.
Lithium was purchased from the Foote Mineral Co., and ac-
cording to the gravimetric analysis, the sample had 99.86 —
99.9 wt.% Li, and according to the spectrographic analysis
less than 0.1 wt.% Na. Several determinations gave an aver-
age melting point of 453.65 + 0.5K.

[61PON]

Ponyatovskii studied melting of a commercial Li (99.8
wt.% Li) by thermal analysis under high pressare. The melt-
ing temperature increased from 455.15 + 1.5K at ambient
pressure to 507 = 1.5K at 30,000 atm.

[63WEA/JOH] _ »
Weatherford et al. (quoted from [850HS/BAB]) deter-
mined by thermal analysis Ty = 454.9 K.

[68LUE/KEN]
Luedemann et al. (quoted from [8SOHS/BAB]) deter-
mined by differential thermal analysis Tj,s = 453.69 = 2.0K.

[72CUN/JOH] -
-Cunningham et al. studied the Li:S system by differential
thermal analysis. A high-purity reactor grade lithium (99.98

_ wt.%) was obtained from the Foote Mineral Co: An.average

of two dcterminations was 453.65 = 1.0K.
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[76HUB/PUL]

Hubberstey et al. found by thermal analysis of distilled
99.99 wt.% Li that the melting point is 453.64 % 0.02 K; this
is an average of 15 determinations on six samples. Special
attention was paid to the depression of melting point by nitro-
gen and hydrogen. According to the description given in
[76HUB/PULY], the obtained value seems to be very accurate.

The enthalpy of fusion was measured in [SSDOU/EPS],
[56SCH/HIL], and [83NOV/ROS] described in Sec. 2.2.2.
Two more studies are given below.

[37BIN]

Binayendra reported the enthalpy of fusion of Li deter-
mined in a calorimeter, AgH = 3 kJ-mol™!. No experimental
details are given. The same value was obtained in [37BRIN]
from a theoretical estimation of physical properties.

[7IMAL/GIG] .

Malaspina et al. determined the enthalpy of fusion of Li
(Fluka and Koch Light Lab 99.9+ wt.% Li) in a Calvet
calorimeter. The calorimeter was slowly heated in the temper-
awure range 643 to 733 K. The heat effect was determined
from a thermogram, the average of four determinations Ag,H
= 2970 % 60 J'mol~'. On the basis of the literature and their
own data, the authors of [7IMAL/GIG] recommended the
value AgH = 2975 * 60 J-mol™'.

2.5. Discussion of Phase Equilibrium Data
2.5.1. B-a Martensitic Transformation of Li

The B-a transformation of Li is described by several char-
acteristic temperatures:

a. M;—martensite start temperature, of the direct B—a trans-
formation,
. As— start temperature of the reverse a—p transformation,
. A;— finish temperature of the reverse transformation,
d. Thx — temperature at which the heat absorption process
reaches its maximum during the reverse transformation.

o o

The measured temperatures are listed in Table 2.5.

The adopted temperatures are: M; = 70 = 5K (average of
all measurements), A, =95 * 5 K [6(0OMARY], [81TRI/SLO], A¢
~ 165 = 10K [60MAR]. In previous reviews only onc of
several characteristic temperatures was selected from study
[60MAR] to describe the transformation: the average of M;
and A, in [73HUL] and [82GUR], and T, in [85JAN].

The enthalpy of transformation was determined by integra-
tion of AC, (difference between apparent and true C,) vs T
[60MAR]. The measured effect is related to the degree of
martensitic transformation during sample preparation; this de-
gree was not measured in [60MAR]; it was estimated from
other sources. Therefore, the uncertainty in the recommended
molar enthalpy of transformation could be about + 50 %.

The adopted enthalpy for the complete transformation 54 =
25 J-mol™' was estimated using the maximum effect mea-
sured in [fOMAR] 43.5 J-mol™! and a degree of transforma-
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tion of 80 %, which was assumed in agreement with X-ray
data of [6OHUL/ROS] for similar conditions. The values
adopted in [73HUL] and in [81MED] are different because of
different treatment of the same data [60MAR]. It should be
mentioned that recently Saunders et al. [88SAU/MIO] esti-
mated the enthalpy of this transformation as 154 J-mol ™' and
equilibrium temperature T, = 77 K from theoretical consider-
ation. This drastic difference between two estimates of the
enthalpy of the B-a transformation requires further investiga-
tion. Both methods have high uncertainties; however, the
value derived from calorimetric experiment appears to be
more accurate. The entropy of the complete transformation
was estimated as AS = 0.43 J-'K™!-mol™' by integrating the
AC,/T vs T curve of [60MAR] and adopting the value at 80%
transformation. ‘

2.5.2, Fusion of Li

Table 2.7 lists suggested temperatures of fusion of Li. The
measured temperatures were corrected to ITS-90. The
adopted melting point Ty, = 453.65 £ 0.05 K was selected as
an average of the three most accurate studies [SSDOU/EPS],
[60MAR], [76HUB/PUL]. It agrees, within the uncertainty
limits, with the majority of recent data. The selected value
almost coincides with the recommendation of [85OHS/BAB]
and is very close to the previous assessments of [73HUL],
[82GUR] and [85JAN].

The adopted enthalpy of fusion 3000 J-mol™ coincides
with previous recommendations [73HUL], [82GUR] and
[85JAN]. It is based on the accurate measurements of
[SSDOU/EPS]. Measurements [37BIN], [56SCH/HIL],
[83NOV/ROS] and [71MAL/GIG] give the same value within
the error limits; however, each of them may have had some
systematic errors. The uncertainty of the recommended value
change was estimated to be about * 30 J/mol.

2.6. Adopted Values

Electronic contribution to C,: y = 1.63 = 0.04 mJ-K™?mol™"
Debye temperature at 0K: ©p = 344 £ 2.5K.

Heat Capacity Equations
B-Li
(Below 70 K materials has a small portion of a-Li)

Temperaturc range 0 — 4 K:

Cy = 1.63X107°T + 4.775%107°T* J-K™"-mol "

Temperature range 4 — 30 K:
C; =0.03632 — 6.37X107°T~ 0.21707T?
+ 6.1723X107“T? + 2.914X107°T* J-K™"-mol ™",

Temperature range 30 — 110 K:
CP = — 2.407 + 3.035X107°T + 6.8415X10°T"*
+2.54X107°T2 — 1.311X107°T° J-K~"*mol ™",

Temperture range 110 — 298.15 K:
Cy =5.085 + 0.151T— 3.666x10*T?
— 4.0596X%1074T2 + 4.1985%107"T* I.K ~'*mol L.
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Temperature range 298.15 — 453.65 K:
CP = — 41.033 + 220.639X107°T + 14.039X 10°T 2
- 177.38X107°T? J-K ™ "*mol ™",

Liquid Li
Temperature range 453.65 — 700 K:
C, =33.035 - 5.818%x107°T J-K '*mol™".

Temperature range 700 — 1600 K:
C; =129.342 — 0.502%X 107°T J*K™"*mol ™.

Values at 298.15 K

C(298.15K) =2478 = 0.1 'K '*mol™};
5°(298.15 K) =28.99 = 0.3 ' K "mol™};
H*°(298.15 K)—H°"(0) = 4617 = 30 J-mol™.

Phase Equilibrium Data

Martensitic f-a Transformation

Start of the direct transformation: M - 70 = 5 K;

Start of the reverse transformation: A; = 95 = 5K;

End of the reverse transformation: A¢ = 165 * 10K.
Enthalpy of transformation: Ay H = 54 £ 25 J'mol ™",
Entropy of transformation: AS = 0.43 * 0.2 J-K™'-mol ™.

Fusion
Temperature of fusion: Ty = 453.65 * 0.05 K.
Enthalpy of fusion:  Ag.H = 3000 = 30 J-mol™".

2.7. Calculated Thermodynamic Functions of Li

The thermodynamics functions presented in Tables 2-9 and
2-10 are calculated using the equations presented in the previ-
ous section. Values in brackets are calculated by using the
equations for the next higher adjacent temperature intervals.
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2.9. Appendix — Experimental Results of Li

Tables 2.11 to 2.35 present heat capacity or enthalpy data
taken from the original articles. As a result, the numerical

values listed in this Appendix are the actual experimental
values, tabular smoothed values, values calculated from equa-
tions, or values extracted from a graph. Where necessary,
values are converted to joules (from calories). In all cases, the
table heading indicates the type of data listed.

The enthalpy data for Li are given mostly as AH =
H°(T)—H"°(Tys), where Ty is usually equal to 273 or 298 K.
When temperature T>Ty,, then the values of AH include the
enthalpies of fusion (Tables 2.12, 14, 15, 17, 19, 29, 30, 32,
34). -

For plotting the enthalpy data the correction
H°(298.15 K)—H°(273 K) was estimated as 614 J-mol™'; and
that of H°(373 K)-H°(298.15 K) as 1918 J-mol".

TasLE 2.1. Electronic contribution to heat capacity and the Debye temperature of Li

Reference v, mJ-K 3mol™! 6p. K Temp. range, K

Original studies
57ROB 1.75 369 24— 4.5
61MAR (natural Li) 1.63 *+ 0.03 335 + 30 04— 15
61MAR (°Li) 1.64 = 0.03 380 + 60 04— 1.5
63FIL/MAR (natural Li) 344 £ 25 estimate
63FIL/MAR (°Li) 3675 £ 2.5 estimate
63FIL/MAR ("Li) 337 £ 2.5 estimate
63FIL/MAR ('Li) 1.65 * 0.02 356 = 60 04— 1.5
64MAR/ZYC 1.71 £ 0.02 260 = 10 0.4- 2.0

Review
73HUL 1.67 * 0.04

Adopted

1.63 * 0.0 344 + 25 63FIL/

MAK, 6IMAK

TABLE 2.2. Values of [63FIL/MAR] selected to derive heat capacity equation for B-Li

below 30 K

T/IK C2. J-K “mol™! /K e, K mol™!
14 0.147
4 0.00958 16 0.210
5 0.0140 18 0.290
6 0.0200 20 0.387
7 0.0274 22 0.505
8 0.0365 24 0.644
9 0.0481 26 0.799
10 0.0619 28 0.981
12 0.0984 30 1.187
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TABLE 2.3. Values of [FOMAR] and [62MAR] selected to derive heat capacity equations for
B-Li at 30— 298.15 K

TIK Cg, J K mol™" /K Cs, J’K-1-mol™
30 1.19 140 17.58
35 1.785 150 18.41
40 2.475 160 19.15
45 3.255 170 19.84
50 4075 180 20.46
55 4.985 190 21.02
60 5.925 200 21.52
65 6.385 210 21.98
70 7.820 220 22.40
75 8.770 230 2279
80 9.695 240 23.16
85 10.59 250 23.46
90 11.52 260 23.77
95 12.2% 270 24,05
100 12.92 280 24.33
110 1433 290 24.62
120 15.55 300 24.80
130 16.63

TaBLE 2.4, Comparison of the heat capacity, enthalpy and entropy values for B-Li

at 298.15 K
Reference C;(228.15 [(') S°(29§;15 K_)] H°(298.15 K)-H°(0)
J:K ™ -mol J-K ™ -mol J-mol ™!
73HUL 24.761 29.28 *+ 2.0 4628
82GUR 24.860 29.12 = 0.2 4632 *= 40
85JAN 24.623 29.085 4622
89COX/WAG 24.860 29.12 £ 0.2 4632 * 40
Adopted 24.82 = 0.1 28.99 = 0.3 4617 £ 30
TaBLE 2.5. Characteristic temperatures of martensitic transformation of Li
Reference Temperature, K Comments
Ms As AI‘ Tmax
Original studies
47BAR 156 X-ray analysis
48BAR/TRA 71 X-ray analysis
60MAR 70 90—100 160—170 100—110 Cp Measurements
G60HUL/ROS 76 ) X-ray analysis
81TRI/SLO 61-70 90-95 130
Ultrasonic
technique
Reviews
73HUL 80 * 10 (average Ms & As) Based on 60MAR
82GUR 80 : Based on 60MAR
85JAN 107.25 Based on 60MAR
Adopted
T0x5 95 *5 165 = 10 Based on 60MAR,

81TRI/SLO
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Table 2.6. Enthalpy of martensitic transformation of Li.

Reference AwH, Jmol™ Comments

Originial studies

60MAR 58 Estimated from C, mea-
surements
88SAU/MIO 154 Estimated

Reviews
73HUL 46 * 2 Based on 60MAR
81MED 43+ 4 Based on 60MAR

Adopted

54 x2S Based on  60MAR,

60HUL/ROS

TABLE 2.7. Temperature of fusion of Li

Reference Thss K Comments

Original studies

35LOS 453.35 + 0.1 Thermal analysis
S2KIL 452.15 = 1 Enthalpy measurements
55DOU/EPS 453.69 = 0.03 Enthalpy measurements
56SAL/AHM 452.55 * 0.5 Thermal analysis
58KEL/KAN 453.65 * 0.5 Thermal analysis
60MAR 453.65 * 0.1 Thermal analysis
61PON 455.15 * 1.5 Thermal analysis
63WEA/JOH 4549 Thermal analysis
68LUE/KEN 453.65 £ 2.0 Thermal analysis
72CUN/JON 45361 £ 1.0 Thermal analysis
76HUB/PUL 453.60-* 0.02 Thermal analysis
83NOV/ROS 453.66 Enthalpy measurements
Reviews
T3HUL 453.7 £ 0.5 Based on 35LO0S,
SSDOU/EPS,
S8KEL/KAN
82GUR 453.69 * 0.03 Based on S5DOU/EPS,
60MAR
85JAN 453.69 Based on S5SDOU/EPS
850HS/BAB 453.7 £ 0.1 Based on several studies
Adopted

453.65 * 0.05 Based on 55DOU/EPS,

60MAR,
T6HUB/PUL

J. Phys. Chem. Ref. Data. Val. 23. Nn. 3 1004
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TABLE 2.8. Enthalpy of fusion of Li

Reference AqsH, J-mol ™
Comments

Original studies

37BIN 3000 Calorimeter
52KIL 2890 * 300 Enthalpy measurements
5SDOU/EPS 3000 % 15 Enthalpy measurements
56SCH/HIL 2950 = 40 Enthalpy measurements
7IMAL/GIG 2970 * 60 Calvet calorimeter
83NOV/ROS 3022 £ 27 Enthalpy measurements
Reviews
73HUL 3000 * 40 Based on 52KIL, 55DOU/
EPS )
82GUR 3000 * 20 Based on SSDOU/EPS
85JAN 3000 * 1S Based on 55DOU/EPS
Adopted
3000 * 30

Based on 55DOU/EPS

TaBLE 2.9. Thermodynamic functions of Li below 298.15 K

K tord H(T)-H°(0) ST
3K “mot™ Jomol ™! FK mol™
5 0.0149 00281 - 0.0102
10 0.0613 0.1975 0.0319
15 0.1770 0.7583 0.0758
20 0.3884 2.1273 0.1532
25 07178 4.8390 0.2728
30 1.1873 (1.196) 9.5387 0.4429
35 1763 16.871 0.6678
40 2.460 27.384 0.9475
45 3245 41615 1.2819
S0 4.095 39.944 1.6673
60 5916 109.902 2.5731
70 7.806 178.499 3.6268
80 9.672 265.946 47917
90 11.426 371.560 6.0336
100 12.986 522.816 7.5503
110 14273 (14.328) 659.374 8.8508
120 15.557 808.949 10.152
130 16.627 969.984 11.440
140 17571 1141.068 12.707
150 18.411 1321.056 13.949
160 19.164 1508.999 15.162
170 19.842 1704.090 16.344
180 20.456 1905.633 17.496
190 21.013 2113.020 18.617
200 21.519 2325.717 19.708 .
210 21.981 2543.249 20.769
220 22.403 2765.197 21.802
230 22790 2991.185 22.806
240 23.145 3120.883 23784
250 23.474 3453.999 24735
260 23.778 3690.276 25.662
270 24.062 3929.492 26.565
280 24.329 4171.459 27.445
290 24581 4416.018 28303

298.15 24.822 (24.776) 4617.162 28.987
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TABLE 2.10. Thermodynamic functions of Li above 298.15 K

/K c HO(T)-H%(298.15 K) S9(T)
3K mol™ J-mol™! 3K "mot™
298.15 2478 0.00 28.99
300.00 2479 45.85 29.14
400.00 27.62 2647.15 36.61
453.65 (sol) 29.38 417726 40.19
453.65 (liq) 30.40 717726 4681
500.00 30.13 8579.85 49.75
600.00 29.54 11563.36 55.19
700.00 28.99 14488.69 59.70
800.00 28.94 17385.24 63.57
900.00 28.89 20276.77 66.98
1000.00 28.84 23163.28 70.02
1100.00 28.79 26044.77 72.76
1200.00 28.74 28921.24 75.27
1300.00 28.69 31792.69 71.57
1400.00 28.64 34659.12 79.69
1500.00 28.59 37520.53 81.66
1600.00 28.54 40376.92 83.51

TABLE 2.11. SMOOTHED heat capacity of Li [35SIM/SWA]

K Cg, 1K mol™ 'K cg, 3K imol ™!
15 0.188 120 15.23
20 0.397 130 16.19
25 0.707 140 17.07
30 1.142 150 17.82
35 1.728 160 18.54
40 2.397 180 19.58
45 3222 200 20.59
50 4.167 220 21.55
60 5.983 240 22.09
70 7.866 260 22.76
80 9.707 280 23.26
9 11.25 300 23.68
100 12.76

110 14.06

TaBLE 2.12. EXPERIMENTAL enthalpy values [H°(T)-H°(298 K)] of Li [SOCAB]

TIK AH, Jmol™! T/K AH, J-mol™"
773 16130 1074 22855
879 17620 1273 27860
1015 21510

TaBLE 2.13. EXPERIMENTAL heat capacity of Li [SOYAG/UNT]

TIK s, 3K mot™ TIK s, 3K \mol™

473 23.2 673 32.2
573 29.9 773 33.1




THERMODYNAMIC PROPERTIES OF THE GROUP IA ELEMENTS 405

TABLE 2.14. EXPERIMENTAL enthapy values [H°(T)}-H°(273 K)] of Li [SIBAT/SMI]

'K AH, J'mol ™ 7K AH, J'mol™
760 17050 1083 6340

764 17630 1126 7680

773 17050 1153 27440

918 21345 1173 28630

923 21520 1254 31130

942 22420 1255 31570
1077 26540 1269 30460

1079 25760

TABLE 2.15. EXPERIMENTAL enthalpy values [H(T)-H’(273 K)] of Li [S2RED/LON]

'K AH, J'mol™ 'K AH, Jmol™!
503 9645 955 22790
547 9960 1013 24350
581.5 12110 i 1035.5 25300
643 13430 1077.5 26650
682 14520 1142.5 27810
766 16340 : 1216 30550
833 19350 1291 31890

887 20410 1361 35140

TABLE 2.16. SMOOTHED heat capacity of Li [S2RED/LON]

'K €3 1K mol™ K cz2, JK \mol™
500 29.23 1000 29.63

600 29.31 1100 29.72

700 29.39 1200 29.80

800 29.47 1300 29.88

900 29.55

TaBLE 2.17. EXPERIMENTAL enthalpy values {H°(T)-H°(273 K)] .of Li [55DOU/EPS]

'K AH, J-mol™ T/K AH, J-mol™!
323 1235 673 14320
373 2529 773 17220
413 3624 773 17215
443 4482 873 20110
458 7928 972 22965
473 8379 1069 25758

573 11380 1168 28630
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TAaBLE 2.18. SMOOTHLED heat eapacity of Li [SSDOU/EPS]

K cg, JK mol” 7K cg, 1K mol™
298.15 24.65 580 29.66
300 24.68 600 29.54
320 25.10 620 29.43
340 25.63 640 29.31
360 26.25 660 29.19
380 26.92 680 29.07
400 27.61 700 28.99
420 28.30 750 28.96
440 28.96 800 28.94
453.70(sol) 29.38 850 2891
453.70(lig) 30.39 900 28.89
460 30.35 950 28.86
480 30.24 1000 28.84
500 30.12 1050 28.81
520 30.01 : 1100 28.79
540 29.89 1150 28.76
560 29.77- 1200 28.74

TaBLE 2.19. EXPERIMENTAL enthalpy values [H°(T)-H°(293 K)]} of Li [S6SCH/HIL]

7K AH, J-mol™! K AH, J-mol™!
Solid Li Liquid Li
404 2770 455 7080
418 3260 456 7200
433 3660 458 7140
441 3820 461 7260
448 4060 467 7380
451 4100 477 7810
492 8280
507 8650
523 9110

TasLE 2.20. SMOOTHED heat capacity of Li [STROB]

7K cg, 3K mol™ TIK Cg, 1K mol ™
1.5 0.00276 8 0.038

2.0 0.00381 9 0.0498

25 0.00498 10 0.0636
20 0D.00622° 12 0.0006

35 0.00778 14 —

40 0.00950 16 —

5.0 0.01402 18 0.302

6.0 0.02054 20 0.200

7.0 0.0286

.I Phua. Chem. Ref. Data. Vol. 23. No. 3. 1994
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TABLE 2.21. SMOOTHED heat capacity of Li [SOMAR]

99.3 % °Li 99.3 % °Li 100 % Li
Cooled to 20 K Cooled to 85 K
Temp., K ¢g, 3K mol™' cg, K mol” Cg, 1K mol”’
25 0.619 — 0.732
30 1.025 —_ 1.21
35 1.53 — 1.81
40 2.13 — 251
45 2.79 ' — 3.30
50 3.51 — 414
55 4.31 — 5.02
60 5.13 — 6.00
65 5.99 — 6.96
70 6.84 — 7.90
75 7.69 — 8.85
k0 k.55 — 9.7
85 9.41 — 10.69
90 10.28 10.27 11.58
95 11.16 11.00 12.35
100 12,38 11.69 13.06
110 14.19 13.03 1438
120 14.67 14.20 15.59
130 15.50 15.31 16.69
140 16.44 16.31 17.61
150 17.29 17.19 18.49
160 18.10 17.98 19.28
170 18.80 18.72 19.96
180 19.35 19.35 20.56
190 19.91 19.91 21.15
200 20.39 20.39 21.64
210 20.87 20.87 22.05
220 21.35 21.35 22.46
230 21.81 21.81 22.84
240 2223 2223 23.20
250 22.60 22.60 23.51
260 2292 22.92 23.81
270 23.23 23.23 24,12
273.15 2333 23.33 2421
280 23.53 23.53 24.38
290 23.80 23.80 24.68
298.15 2401 - 24,01 24.90

300 24.05 24.05 24.95

TabLe 2,22, SMOOTHED hcat capacity of Li [S9NIK/KAL]

K C, JK mol”’ K Cg, 1K mol”™!
473 28.75 623 29.71
523 29.07 673 30.03

573 29.38
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TABLE 2.23. SMOOTHED heat capacity of Li [f(OMAR]

Heat capacity after 7 different thermal treatments®

No. | No. 2 No. 3 No. 4 No. 5 No. 6 No. 7
K cg, 1K \mol ™,
22 0.490 0.500 — -— — 0510 —
5 0.695 0.715 — — — 0.724 —
30 1.15 1.18 — —_ — 1.20 —
35 1.75 1.78 — —_ — 179 —
40 2.44 246 —_ — — 2.49 —_
45 3.22 325 — — — 3.26 —
50 4.05 4.06 — — — 4.09 —_
55 496 497 — —_— — 5.00 _—
60 5.86 5.92 — 6.02 — 5.93 —
65 6.85 6.38 — 6.97 —_ 6.89 —
70 7.7 7.82 —_ 7.89 —_ 7.82 —
75 8.72 8.77 — 8.30 —_ 8.77 —
80 9.65 9.70 — 9.72 — 9.69 —
85 10.56 10.59 —_ 10.62 — 10.59 —_—
90 (.47 11.47 — 11.47 11.52 11.49 11.49
95 1236 1233 13.36 12.30 12.28 1234 11.25
100 1335 13.35 1337 13.27 12,97 13.36 12.96
105 15.34 15.24 15.85 14.92 13.64 — —
110 16.03 16.18 15,64 15.49 1427 16.21 14.28
115 15.99 16.06 15.38 15.63 1490 — —
120 16.19 16.22 15.7¢ 15.90 15.48 16.09 15.49
125 16.52 16.49 16.14 16.31 16.04 - —
130 16.92 16.84 16.62 16.78 16.56 16.84 16.59
135 (7.38 17.29 17.08 17.27 17.06 — —
140 17.87 17.75 —_ 17.74 17.53 17.70 17.52
145 18.33 18.16 — 18.16 17.97 — —
150 18.72 18.55 — 18.59 18.38 18.55 18.40
155 19.06 18.95 - 18.95 18.76 — —
160 19.38 19.33 — 19.33 19.15 19.28 19.18
165 19.77 19.73 — 19.73 19.53 —_ —
170 — — —_ —_ 19.88 — 19.87
175 — — —_ — 20.19 — —
180 — — —_ — 20.49 — 20.47
190 — — — — 21.05 — 21.05
200 — — — — 21.55 — 21.54
210 — — — — 21.98 — 21.96
220 ~— — - — 22.38 _— 22.38
230 — — — — 22.74 — 2277
240 — — — —_ 23.10 — 23.12
250 — — - - 23.43 — 23.44
260 —_ — — — 23.76 — 23.74
210 — - — — 2406 — 24.05
273.15 — — — — 24.16 — 24.15
280 — — —_ — 2436 — 24.32
290 — — — — 24.64 — 24.61
20R 15— —_ — — 2486 — 9484
300 -— — — — 24.90 — 24.88

*Note: Treatment Scheme
No.1 = cooling from room temperatue to 4 K (1st specimen);
No.2 = cooling from room temperature to 20 K (Ist specimen);
No.3 = cooling from 170 K to 55 K, no annea} (st specimen);
No.4 = cooling from room temperature to 55 K, anneal at 300 K

(1st specimen);

No.5 = cooling from room temperature to 85 K (Ist specimen);
No.6 = cooling from room temperature to 20 K (2nd specimen);
No.7 = cooling from room temperature to 85 K (2nd specimen).
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TABLE 2.24. SMOOTHED heat capacity of Li [61MAR]

/K ¢g, mI-K \mol™ ¢ m K mol”
°Li natural Li

05 0.82 0.82

1.0 1.64 1.68

15 2.46 2.62

TABLE 2.25. SMOOTHED heat capacity of Li [62ALA/PCH]

K ¢, 1K \mol™ TIK €S I K mat™
473 30.49 1073 28.02
573 29.77 1173 27.73
673 29.19 1273 27.59
773 28.90 1373 21.59
873 28.46 1473 27.73
973 28.17 1573 28.02

TABLE 2.26. SMOUTHED heat capacity of Li [6ZMAK]

/K ¢, 1K mol™! TK cg, 1K mol”'
100 12.92 200 21.52
110 1433 210 21.98
120 , 15.55 220 22.40
130 16.63 230 2279
140 17.58 240 23.16
150 18.41 250 23.46
160 19.15 260 23.77
170 19.84 270 24.05
180 20.46 280 24.33
190 21.02 290 24.62
300 2490

TABLE 2.27. SMOOTHED heat capacity of Li [63FIL/MAR]

99.9 % 'Li 92.7 % 'Li 99.3 % °Li
K s, 3K mol™ cg, 3K \mol” cg, 1K mol™
3 0.00628 0.00628 0.00594
4 0.00979 0.00958 0.00900
5 0.0144 0.01400 0.0130
¢] 0.0208 0.0200 0.0183
7 0.0285 0.0274 : 0.0243
8 0.0382 0.0365 0.0323
9 0.0502 0.0481 0.0418
10 0.0650 0.0619 0.0538
12 0.101 0.0984 0.0837
14 0.151 0.147 0.124
16 0215 0210 0.176
18 0.296 0290 0.241
20 0395 0.387 0.320
2 0514 0.505 0.415 .
24 0.654 0.644 0.532
26 0812 0.799 0.662
28 0.992 0.981 0813
30 1.201 1.187 0.990

I Phvs. Chem. Ref. Data. Vol. 23. No. 3. 1994



410 ALCOCK, CHASE, AND ITKIN

TABLE 2.28. SMOOTHED heat capacity of Li [(4MAR/ZYC]

K C2, mI-K " mol™' K €2, mJ-K " mol
05 0.87 15 2.95
1.0 1.82 20 433

TaBLE 2.29. EXPERIMENTAL enthalpy values {H*(T)-H°(273 K)] of Li [67ACH/FIS]

TIK AH, J-mol™} TIK AH, J-mol™'
482 7500 980 22400
511 8600 1033 24200
532 9400 1090 25600
560 10200 1144 27200
589 10700 1201 28800
642 12400 1259 30400
700 14300 1316 31500
753 15700 1316 31700
811 17700 1370 33600
860 19200 1423 35400
922 20400

TaBLE 2.30. EXPERIMENTAL enthaipy vatues [H°(T)-H°(298 K)] of Li [69NOV/GRU]

/K AH, J'mol™ K AH, J-mol™
459 7852 893.4 20706
487 8817 701.5 15156
560 11009 729.7 15951
630.3 13038 765.9 16960
799 17950 901.8 20979
858.2 19676 920.9 21555
867 19979

TABLE 2.31. SMOOTHED heat capacity of Li [(9NOV/GRU]

TIK Cg, JK mol”™' TIK cg, 1K smol™
413 30.72 723 29.04
523 30.20 773 28.98
573 29.62 823 28.95
623 29.47 873 28.92
673 29.33 923 28.89

TaBLE 2.32. EXPERIMENTAL enthalpy values [H°(T)-H°(373 K)] of Li [70SHP/KOV]

TIK AH, J-mol™! /K AH, J-mol™
788 14582 1202 27182
788 14512 1204 26875
973 19312 1274 29331
995 21400 1305 29439
995 21467 1373 31806
1073 23262 1374 31539
1075 21824 1409 32189
1173 25260 1472 35401
1173 26100 1573 37114

J. Phvs. Chem. Ref. Data. Vol. 23. No. 3. 1994
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TaBLE 2.33. SMOOTHED heat capacity of Li [70SHP/KOV]

TIK ¢, 1K mol”! TK ¢, JK mol”!

773 29.66 1273 29.21

873 29.48 1373 29.18

973 29.37 1473 29.16
1073 2929 1573 20.15
1173 29.24

TABLE 2.34. EXPERIMENTAL enthalpy values [H°(T)-H°(273 K)] of Li [83NOV/ROS]

TK AH, J-mol™ TK AH, J-mol™!
328.00 1333 447125 - 4595
333.15 1484 448.95 4616
343.15 1742 449.35 4656
345.05 1762 450.55 4702
349.45 1895 451.75 4708
382.45 2763 452.45 4751
395.75 3094 457.35 7932
407.75 3389 462.25 8095
416.85 3678 476.45 8509
427.35 3966 487.715 8872
427.95 4008 532.45 10131
43395 4199 535.35 10154
43435 4166 540.15 10395
436.15 4251 596.25 11985
44115 4393 598.25 11998
442,45 4441 631.95 13028
4275 4447 660.05 13835
444,05 4458 694.25 14818
444,15 4486

TaBLE 2.35. SMOOTHED heat capacity of Li [83NOV/ROS]

K c,°, TIK G,°
3K mol™ 7K mol ™

350 24388 453.65(liq) 29.06

375 26.29 500 29.01

400 27.70 550 28.95

425 29.12 600 28.89

450 30.53 650 2883

453.65(sol) 30.74 700 28.77
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3. Sodium
3.1. Introduction

At ambient pressure sodium has two crystalline modifica-
tions o (a-Na) and B (B-Na) (Table 1.1). Similar to Li, the
martensitic B-a transformation in Na, which starts at about
35 K on cooling, distorts the heat capacity data at low temper-
atures. Samples cooled below 35 K consist of a mixture of
two phases, 3-Na and a-Na, with different heat capacities.
The phase proportion in such samples is usually known only
crudely. On cooling to helium temperature, the transformation
only proceeds to less than 50 % completion. On heating par-
tially transformed samples above 45 K, a reverse transforma-
tion starts, accompanied by heat absorption, and the process

is spread over 30 degrees. This phenomenon must be taken -

into consideration [or selecling experimental data.

The heat capacity data were measured accurately between
50 and 1200 K. The uncertainty in the heat capacity values of
liquid Na increases above 1200 K.

3.2. Heat Capacity and Enthalpy Measurements
3.2.1. Temperature below 298.15 K

[18EAS/ROD]

Eastman and Rodebush measured C, of a commercial
Kahlbaum Na in an adiabatic calorimeter. According to the
authors the error of these measurements did not exceed *
1 %. Thirteen measured points between 64.6 and 293.5 K are
given in Table 3.12 and shown in Fig. 3.3. These data agree
satisfactorily with modern results.

[26SIM/ZEI]

Simon and Zeidler measured heat capacity of a commercial
Kahlbaum sodium from 17 to 118 K (10 points, see
Table 3.13 and Fig. 3.3) in an adiabatic calorimeter. The De-
bye temperature was estimated from the low-temperature por-
tion of the data as 159 K. On the basis of their own and
literature data, the authors estimated heat capacity between
10K and the melting point. The results of this study agree
satisfactorily with modern data.

[48PIC/SIM]

" Pickard and Simon measured heat capacity of Na between -

2 and 25K. The sample was described only as pure and
hydrogen-free. The experimental heat capacity values (31
points) were presented in a small-scale graph; the rounded
values were tabulated and are reproduced in Table 3.15 and
shown in Fig. 3.2. Two unusual features were observed: an
anomaly at about 7 K, and a low value of the Debye temper-
ature at 0K Op = 88 K which increased rapidly with the
temperature of the observations. The discrepancy may be
caused by errors in the measurements. The low-temperature
portion of the measurements was not considered in this as-
sessment as inaccurate.

[S4RAY]
Rayne measured heat capacity of a commercial sample
containing 99.9 % Na (principal impurity 0.02 wt.% K) be-

tween 0.2 and 1 K by a low-temperature calorimeter. The:

results showed a reproducible cusp-shaped anomaly around
0.87 K which Rayne explained as a martensitic transforma-
tion in the sample. However, the reverse martensitic transfor-
mation usually becomes visible at much higher temperatures;
this effect was not confirmed in other studies; it could there-
fore be a result of error in these measurements. The data of
[S4RAY] were omitted from further consideration in the
present work.

[S4DAU/MCD]

Dauphinee et al. measured heat capacity of Na between 55
and 315K in a semi-automatic adiabatic calorimeter. The
sample was described as having a residual electrical resis-
tance pa7sx/pasx = 500 — 1000. The accuracy of measurements
was estimated as + 0.1 %. Between 150 and 250 K a small
hump of about 0.5 % appeared on the heat capacity curve; the
scatter within this region is greater than outside of it; an effect
due to thermal treatment was. observed in this region. These
irregularities were explained by Dauphinee et al. as also be-
ing due to a phase transformation, but the temperature range
lies above the end of the reverse martensitic transformation.
This effect was probably caused by a matfunction of the
equipment. The heat capacity values are shown in a small-
scale graph (120 points) together with a smoothed line. Read-
ings were taken from this line in steps of 20 or 10 kelvins.
They are listed in Table 3.18 and shown in Fig. 3.3.

[SSPAR/QUA] :

Parkinson and Quarrington measured heat capacity of Na
from 1.4 to 20 K. They used pure redistilled Na provided by
the Pure Metals Committee of the Department of Scientific
and Industrial Research of UK (no analysis is given). The
authors did not notice any anomaly. The data are given in a
graphic form (27 points), from which rounded values were
tabulated. They are reproduced in Table 3.19 and shown in
Fig. 3.1 and 3.2. From these data the authors calculated y =
1.8 + 0.2 mJ-K?mol™! and ©p = 158 K.

[S7ROR]

Roberts measured the heat capacity of Na between 1.3 and
20 K. The sample was provided by the Atomic Energy Re-
search Establishment, Harwell; the material had 99.995 % Na;
no information on impurities is given. The preparation, han-
dling and measurements were made in a He atmosphere. The
heat capacity values (31 points) are shown in a small-scale
graph below 5.5 K. Rounded values were tabulated from 1.5
to 20 K; they are reproduced in Table 3.21 and shown in
Fig. 3.1 and 3.2. From the data in the temperature range 2.5
to 4K (16 points), B and Op were calculated as y = 1.37 =
0.04 mJ-K*mol ™! and Op = 158.2 K. Below 2.5 K the mea-
sured values are more scattered. When 15 additional points in
the interval 1.3 — 2.5 K were included, the results became
less accurate v = 1.45 mJ-K™*mol™! and Oy = 159 K.

[60GAU/HEE]

Gaumer and Heer measured heat capacity in a magnetic
refrigerator calorimeter from 0.4 to 2 .K using a distilled
sample of commercial A.C.S. grade Na with a stated purity of
99.99 %. Forty data points were shown in a small-scale graph,

.1 Phue Ctham Raf Nata Val 22 Nn 3 199/
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with y = 1.32 mJ-K"’mol ™' and Op, = 158 K. The heat capac-
ity values calculated from these parameters are given in
Table 3.23 and shown in Fig. 3.1.

[60LIE/PHI] _

Lien and Phillips measured the heat capacity of a 99.99
wt.% Na sample from 0.15 to 1.4 K. The sample was cast into
a calorimetric container in an inert atmosphere. About 50 data
points were shown in a small-scale graph. The anomaly re-
ported in [S4RAY] was not obscrved. The mcasurcd data
yielded ©p = 156 K and vy = 1.45 mJ-K *mol~". These
parameters are used to calculate heat capacity given in
Table 3.24 and shown in Fig. 3.1.

[60MAR]

Martin measured heat capacity from 20 to 300K in an
adiabatic calorimeter (Fig. 3.3). Two samples were used: a
cast sample which was provided by Phillips, Eindhoven, with
residual resistance p7x/pax = 5000, and a free sample by the
Atomic Energy Research Establishment, Harwell, with resid-
ual resistance 3000; no chemical analysis was provided in
[60MAR] for either sample. The accuracy of the measure-
ments was * (.2 % ahove 80 K, decreasing to + 2 % at 20 K.
Martin tabulated measured heat capacity values after five
different thermal treatments, and the results for the cast spec-
imen are given in Table 3.25. There was no significant differ-
ence between the cast and free samples. Martin denied the
existence of an anomaly around 200 K which was observed in
[S4DAU/MCD]. On heating two-phase samples prepared by
cooling below 35 K, the reverse martensitic transformation
was observed from 40 to 80 K. The shape of the heat capacity
curve and the magnitude of this effect depends on the history
and thermal treatment of the samples. The measured heat
varied from 6 to 19 J-mol™' and the maximum rate of this
process was observed at T, = 45 to 55 K. Assuming that
about 45 % of (3-Na was transformed into a-Na, Martin esti-
mated the total effect of the B-a transformation in Na as about
42 J-mol~'. The Debye temperature was estimated as 160 K
for a-Na and 153 K for B-Na, the standard entropy of 3-Na
was calculated as $°(298.15 K) = 51.21 %= 0.50 J-K~'-mol™".

[61MAR]

Martin measured heat capacity of Na from 0.4 to 1.5K in
an isothermal calorimeter. Two samples from Phillips, Eind-
hoven, had residual resistivity pasx/pax = 1600 and 5000. The
3 small-scale graphs with a total of 120 points are shown in
the paper. The values of vy and Op are given for each sample;
their averages are 8 = 1.381 * 0.020 mJ-K">mol ™' and Op
=156.5 = 2 K. According to these parameters the heat capac-
ity values were calculated and shown in Table 3.26 and
Fig. 3.1. Martin assumed that the value of B of the B-Na is
higher than that of a-Na by 20 %, and the Debye temperature
of B-Na is lower than that of a-Na by 9 K.

[63FIL/MAR]

Filby and Martin measured the heat capacity of a sample,
supplied by L. Light, Colnbrook, England, in an adiabatic
calorimeter in the temperature range 3 to 30K (Fig. 3.2).
Spectrographic analysis showed Ca 0.1 — 0.01 wt.%; Ba and

J.-Phys. Chem. Ref. Data, Vol. 23, No. 3, 1994

Fe 0.01-0.001 wt.%; Ag, Al and Cu 0.001 to 0.0001 wt.%.
The specimen was melted inside the container under vacuum.
The accuracy of measurements was about 1 %. An unex-
pected evolution of heat was observed between 4 and 16 K,
the total amount being about 0.2 J'mol™'. The effect was
explained by the annealing of defects created by the marten-
sitic transformation, but this is questionable since nobody else
observed a similar effect in this temperature range in Na. To
vary the degree of the martensitic transformation, the sample
was submitted to 7 different thermal trcatments (Table 3.28
and Fig. 3.2). The authors assumed that after cooling from
room temperature to 3 K, 50 % of B-Na transforms into a-Na,
whereas cooling to 20 X transforms only 25 % of 3-Na. By
thermal cycling between 90 K and 3 K, the martensitic trans-
formation was partially depressed, and separate heat capacity
values were estimated for B-Na and «-Na; they are repro-
duced in Table 3.29. The results correspond to the Debye
temperature of 8-Na Op = 152.5K and a-Na Op = 159 K.

3.2.2. Temperature above 298.15 K

[13REN], [14REN] ,

Rengade measured the heat capacity of a commercial Na in
a Bunsen ice calorimeter, which was additionally distilled in
vacuum at 673 K (analysis was not given). The melting point
of this material was determined as 371.05 K, and the enthalpy
of fusion as 2619 Jmol~'. The 11 results for solid Na are
given in a graph in [14REN]; they were described by an
equation for solid N,

C, = 14.83 + 0.0448T J-K™'-mol™".

The values calculated are given in Table 3.11 and shown in
Fig. 3.3. The heat capacity of liquid Na near the melting point
was determined as 32.14 J-K™!-mol™'. The obtained heat ca-
pacity data have low accuracy; however, the values of T, and
Ay H agree well with modern data and were included in
Tables 3.7 and 3.8.

[27DIX/ROD]

Dixon and Rodebush measured heat capacity of a commer-
cial sample of electrolytic Na, purified by vacuum melting.
The method was based on measuring the adiabatic tempera-
ture-pressure coefficient (d7/dP), and was subject to experi-
mental difficulties due to the high thermal conductivity of
sodium. Two values obtained at 394 K and at 451 K and are
shown in Table 3.14 and Fig. 3.4. They agree with modern
data.

[SO0GIN/DOU}

Ginnings ef al. measured heat capacity of Na between 304
and 1170 X in an icc drop calorimctcr. The distillcd Na sam-
ple was analyzed spectrochemically after the experiment; Ca
and Li 0.0001 — 0.001 wt.%, K 0.001 — 0.01 wt.%; the
samples contained about 0.01 wt.% of Na,0 and 0.006 wt.%
hydrogen. The measured 65 points were reduced to 14 aver-
age values given in Table 3.16 and arc shown in Fig. 3.5. For
solid Na the results are described by cquation
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H°(T cr)—H°(273 K,cr) = — 8612 + 41.536T—
0.058677 + 80.69X107°T° J'mol

-for liquid Na between melting point and 1170 K:

H*(T,)—H°(273 K,cr) =— 7239 + 36.674T—
66.7265X107*T? + 552000exp (—13600/T), J-mol ™"

The derived heat capacity values are reproduced in Table 3.17
and shown in Fig. 3.3 and 3.4. Later [S2DOU/BAL] changed
‘the heat capacity equation for:liquid Na to

Co = 37.466 — 19.148X107°T + 10.628X10™°T* J-mol .

The accuracy in the enthalpy measurements was estimated as
0.2 %:; this corresponds to an uncertainty of 0.4 % in-heat
capacity -values.-The authors did not notice any effect due to
thermal treatment. Ginnings ef al. also.determined accurately
the melting point as Ty = 370.96 = 0.03 K.- This valuc-was
found from 20 cycling expefiments in which Na was partially
‘melted; the enthalpy of fusion was found as AgH = 2602 =
9 I'mol ™. '

. [56SCH/HIL] - _ ,

Schneider and Hilmer measured- the enthalpy of Na
(Merck) from 323 to.523 K in a.mixing calorimeter. The 7
points for solid Na and 10 for liquid Na are taken from a graph
and reproduced in Table 3.20 and Fig. 3.5. At 343 — 368 K
the average heat capacity:for solid- Na was-30.75.% 0.6
J-K~'-mol ™, and for liquid Na 29.71 = 0.4 J-K™"-mol™' at
463 — 503K.‘The enthalpy of fusion was determined as-Ag, H
'=2640 %40 J-mol™".

[SOMIT]

“; Mit’kina measured heat capacity.of commercial-Na by a
method based on the measurement of the temperature increase
of a wire anode-sample bombarded by electrons. From 423 to
673:K the heat-capacity values (7 points) remained constant
30.8-J-K~''mol™%. The accuracy -of the study is low.

[5ONIK/KAL]

Nikol'skii et al. measured heat capacity of Na.(purity was
not given) at 373 to 1073 K by- direct -heating at constant
-temperature. The 18 experimental values are given in a graph
and: 13.-'smoothed -values: were - tabulated (Table 3.22-.and
Fig: 3.4). The accuracy of these measurements is about 5 %.

[62ALA/PCH]

-Aladyev and Pchelkin (quoted from [70SHP/YAK], p. 68)
measured heat capacity of liquid Na (stated impurities 0.04 %
K, 0.01 % Li) in an isothermal calorimeter at 373.to 1573 K.
The smoothed results (13 points) are listed in Table 3.27, and
shown in Fig. 3.4; the original‘data have scatter of about 8 %.

[63GRU/ROS], [69NOV/GRU]

In two studies Gruzdev, Roschupkin er al.. obtained the
enthalpy of a commercial Na measured in an ice drop
calorimeter from 373 to 1353 K. The specimen had 99.8 wt.%
Na and 0.0005 wt.% Fe. The error in these measurements was

estimated by the authors as * 0.3 %; however, it is probably
underestimated by at least 5 times. The 45 data points shown
in graph in [63GRU/ROS] and listed in [69NOV/GRU] are
reproduced in Table 3.35 and shown in Fig. 3.5. The authors
fitted the data to two equations quoted in [7O0SHP/YAK]:
for the interval 373 — 773 K

H(T ,D—H°(373 K,J) =—13226 + 39.1595T — 1.1489
X107272 +4.1955% 107673, J-mol};

and for the interval 773 — 1273 K

HO(T)—H°(373 K,I) =—9638 + 25.339T + 1.342X107°T?
+ 1900 log((T-273)/100), J-mol .

The smoothed C, values given' in - [63GRU/ROS] and
[69NOV/GRU] are reproduced in Table 3.36 and shown in
Fig.3.4. :

[63EWI/STO]
Ewing et al. measured the enthalpy of Na (analysis showed

:100-ppm-K, 10 ppm 0) at 428 to 1385 K :in a.copper drop

calorimeter, using containers of-two different constructions.
Two series of experiments were performed in the interval
428-925 K (6 points) and for 552 — 1385 K (7: points);-only
the derived heat. capacities are given in the study.. Above
1000 K they-are scattered within:3. %. The two sets of data
differ.by about 6%, and:they are given in Table 3.30 and

shown inFig. 3.4. The accuracy of measurements. is ‘consid-

ered to be low.

[65SHP/SOL]

Shpil’rain et al. measured the enthalpy of liquid Na-from
573 to 1273 K in a boiling water calorimeter. The sample
contained 99.8 wt.% Na, 0.008 wt.% Ca, and-0.007 wt.% of
other: impurities. The.-data (12 points, see Table 3.31: and
Fig. 3.5) were fitted to an equation

HYT )—H°GB73 K,) = — 12124+ 33.9137—
4,1066X1073T%+ 8.9421 X107"T? J-mol ™.

‘The heat capacity-values ealculated by this equation are given

in Table 3.32 and shown in Fig. 3.4. The experimental error
was estimated.as- = 1 %.

[67ACH/FIS]

Achener and Fisher (quoted. from [85FIN/LEI]) measured
the enthalpy of Na by drop calorimetry at 394 — 1451 K; 40
points are reproduced in Table 3.33 and shown in Fig. 3.5.

[67MAR]

~Martin measured.the heat capacity of Na from 300to 475 K
in an “adiabatic- calorimeter. The material from. the Koch-
Light, England, had impurities: Ca < 5 ppm, K <100 ppm, Mg
<.20.ppm, Fe 5 ppm. The accuracy of the measurements was
about.0.2 %. The results for solid Na were fitted to a seven-
term equation.and for-liquid Na:to.a four-term equation; the
calculated: smoothed results. are :given in.Table 3.34 and
shown in Fig. 3.3 and 3.4. The melting point was determined
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as 371.01 = 0.005 K, and the enthalpy of fusion as Ay H =
2598 = 1 J'mol ™",

[74FRE/CHA]

Fredrickson and Chasanov measured the enthalpy of Na
from 554 to 1505 K, using a high-precision drop calorimeter.
The material was reactor-grade Na containing 200 ppm K,
<20 ppm 0, <10 ppm C, <8 ppm Ca, <25 ppm H. The sample
was placed in a tantalum container in a dry box. The authors
listed 16 enthalpy values (see Table 3.37). The data are shown
in Fig. 3.5 after correcting to 273 K. The agreement with
[SOGIN/DQU], [65SHP/SOL] and [69NOV/GRU] is good.
The enthalpy data obtained were fitted to the equation with a
standard deviation of 0.52 %.

HO(T,1)—H°(298.15 K,cr) = 3062.4 + 19.348T +
3.53315X1073T2 — 2.47879X10°T"", J-mol~\.

The smoothied heat capacities are also given this study; they
are listed in Table 3.38 and shown in Fig. 3.4.-

3.3. Discussion of Heat Capacity and Enthalpy Data
3.3.1. B-Na below 298.15 K

Measurements below 4 K. Below 4 K the heat capacity
was measured in [SSPAR/QUA], [S7ROB], [60LIE/PHI],
[60GAU/HEE], [61MAR], [63FIL/MAR}]. The results of
these studies in form of vy and Op values are listed in
Table 3.1, and heat capacity values are shown in Fig. 3.1. It
should be remembered that these results represent two-phase
samples containing some amount of a-Na. Table 3.1 also
includes the results of resonant frequency measurements
[64BHA/STE] which have lower accuracy than calorimetric
data.

‘The ©p data of [STROB], [60GAU/HEE], [60LIE/PHI],
[61MAR] vary from 156 to 158 K; the average value 157 =
2 X was adopted here. The y data vary from 1.32 to 1.44
mJ-K~>mol™!, an average of three reliable concordant results
[STROB], [60GAU/HEE], [61MAR] gives v = 1.36 = 0.04
mJ-K~?:mol™" which was adopted here; almost the same
value was recommended in [73HULY]. It should be pointed out
that the adopted value of vy is close to the results obtained in
non-calorimetric measurements [64BHA/STE].

The selected values of -y and Op were combined in the heat
capacity equation for the range from 0 to 4K

Cy = 1.36T + 0.5027° mJ-K™'-mol™". 1

Measurements between 4 and 30 K. The heat capacity
measurements for this range were made in [26SIM/ZEI]
(above 17 K), [48PIC/SIM] (2 — 25 K), [SSPAR/QUA] (1.4
— 20K), [STROR] (1.5 — 20K), [BOMAR] (abave 20 K),
[63FIL/MAR] (3 — 30 K); the data agree within 3 % (Fig. 3.2
and 3-3).

Below 35 K samples consist of two phases, 3-Na and a-Na,
and the measured heat capacities depend on the proportion of
these phases which is not usually known accurately. Little
attention was paid to the thermal treatment of samples in
earlier studies [26SIM/ZE]], [48PIC/SIM], [S5SPAR/QUA],

[57ROB]. Martin et al. used seven treatment procedures in
[63FIL/MAR] and five in [6 OMAR]. For low temperatures
Martin preferred measurements made for a sample cooled
down from room temperature to 2-3 K. This treatment should
produce a sizeable fraction of «-Na. From measurements
made on two-phase samples, Filby and Martin estimated the
heat capacity of separate a-Na and B-Na. The partition was
based on the questionable assumption that samples cooled to
3 K contain 50 % of a-Na while those cooled to 20 K have
only 25 % (Table 3.29). Lacking structural measurements, the
data of [6(0MAR] and [63FIL/MAR] cannot provide reliable
heat capacity values for the separate phases. To decrease the
error arising from an unknown phase composition, the present
authors selected a treatment, which leads to a smaller percent-
age of a-Na, fast cooling from 293 to 20 K and slow from 20
to 3 K (No. 7 in Table 3.28). Similar results were obtained
after fast cooling from 293 to 3 K, followed by heating to
30K and a second cooling to 3 K (No. 2 in Table 3.28)
[63FIL/MAR]. The results obtained after treatment No. 7 at 4
to 28 K are reproduced in Table 3.2. It was assumed that the
tabulated values represent a two-phase specimen with a high
concentration of B-Na. The tabulated values were used to
derive equations for the temperature ranges 4 — 20K (Eq. 2)
and 20 — SOK (Eq. 3):

C, = 0.8892 — 0.24962T— 3.80457 7 + 0.024927
— 2.604x107*T* J-K™'-mol ™! @

Measurements between 30 and 298.15 K. Above 30K
the data of [26SIM/ZEI] (17 — 118 K), [S4DAU/MCD] (55
- 315K), and [60MAR] (20 — 300K) agree within 3 %
(Fig. 3.3). A better agreement is observed between [S4DAU/
MCD] and [60MAR] which were performed in the same
laboratory, However, the data of [S4DAU/MCD} had irregu-
larities between 150 and 250 K, and preference was given to
the more consistent study [60MAR]. The heat capacity value
measured at 30 K in [63FIL/MAR] 8.347 J-K™"-mol ™' agrees
with 8.32 J-K~!mol ™! obtained for a free sample in [(OMAR]
which was cooled from room temperature to 20 K. For 30K
the average 8.33 J'-K™''mol™! was selected (Table 3.3); for
35K the value 10.52 J-K ™' mol~! was taken from [60MAR].
Above 35 K the adopted heat capacity values were taken from
measurements made on a free specimen cooled to 35 K from
room temperature. This treatment should provide a single-
phase sample of B-Na. The selected values are listed below.
The value at 300 K measured in [6(OMAR] 28.37 J'’K '*mol *
does not coincide with other measurements above 298 K, and
was replaced by 28.16 J-K™'-mol™' obtained in [SOGIN/
DOU]J and [67MAR]. The heat capacity values listed in Ta-
bles 3.2 and 3.3 were fitted to three equations for the ranges:
from 20 to S0K

Cs = — 17.3956 + 1.1205T + 1198.6T"* — 0.011327*
+3.66X107°T° J-K "-mol ™", 3)

from 50 to 150K

C7 = 3.193 + 0.4154T~ 5570.2T — 0.0029177
+ 7.403X107°7% J-K ™"l ™", O]
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and from 150 to 298.15K

C, = 33.999 — 0.07412T— 7.4865X 10472
+2.6801X107*T% — 2.536X107'T* J-K "'mol™..  (5)

Egs 1 — 5 were used to calculate C;(T), H*(T)—H°(0) and
S%(T). The calculations are shown in Table 3.9. The enthalpy
- of transformation of a sample cooled to 35 K was determined
as about 8.4 J-mol™' from the area of AC, over a twenty-de-
gree interval [60MAR]. The corresponding entropy changes
were estimated as 0.14 J-K™!'mol™! from the area under the

AC,/T vs T curve. The reverse transformation reaches a max-

imum rate at 45 — 55 K. Therefore, the above values of the
enthalpy and entropy of transformation were attributed to the
temperature of 50 K in Table 3.9.

At the standard temperature the heat capacity, enthalpy and
entropy were calculated as

Cy(298.15 K)= 28.161 J-K™-mol™
§°(298.15 K)= 51.103 J-K™"*mol™"
H°(298.15K) — H°(0)= 6432.02 J-mol ™"

These values are compared with those recommended in other
reviews (Table 3.4).

The calculated values are close to the recommendations of
[73HUL]. The difference between the values listed above is
mostly due to the various treatments of the same information.
The maximum discrepancy for the enthalpy is about 30
J-mol~! and for the entropy 0.35 J-K~'-mol~". The difference
between the calculated values and the recommendation of
[82GUR] is noticeable. The present authors consider that the

influence of the martensitic transformation on the thermo-

dynamic functions was taken into account here more carefully
than before, and this may be the reason for the deviation of
the adopted values from previous recommendations. The
uncertainties were increased to 30 J-mol™' for
H°(298.15 K)—H°(0) and 0.3 J-K™*-mol ™' for §°(298.15 K).
They include the uncertainty in the phase composition be-
low 40K and in the enthalpy and entropy of the phase trans-
formation.

3.3.2. B-Na above 298.15 K

Above 298.15 K the enthalpy or heat capacity of solitl Na
was measured in [13REN], [14REN] (AH), [SOGIN/DOU]
(AH), [56SCH/HIL] (AH), [6TMAR] (C,); the data agree
satisfactorily within 4 %, and heat capacity values are shown
Fig.3.3. The best measurements [SOGIN/DOU] and
[67TMAR] differ by less than 0.5 % below 360 K, but near the
melting point the deviation increases to 2 %. Similar to the
method used in [85JAN], the values of [67TMAR] and [SOGIN/
DOU] were joincd smoothly. The heat capacity valucs were
fitted to an equation from 298 to 371 K

C, =53.941 — 194.429X107% T + 361.905X 10772
JK 'mol™", (6)

Reviews [73HUL], [82GUR], [85JAN] used the same
sources; their recommendations differ by less than 1 %.

Present values almost coincide with [85JAN]. {82GUR] rec-
ommended for solid Na the equation

C, = — 23346 + 120.736X107°T + 13.848 X 10°T2
J-K~'*mol~%.

3.3.3. Liquid Na

The enthalpy and heat capacity of liquid Na were mcasured
in a number of studies: [27DIX/ROD] (C,, T = 394 arid
451 K), [SOGIN/DOU] (AH, 373-1170K), [56SCH/HIL]
(AH, 372-494K), [S9MIT] (Cy = 30.8 J-K™'mol™', 423-
673), [SINIK/KAL] (C,, 373-973 K), [62ALA/PCH] (C,,
373-1573 K), [63EWI/STO] (AH, 589-926 K), {65SHP/

- SOL] (AH, 573-1273 K), [67ACH/FIS] (AH, 420-1475 K),

[67MAR] (C,, 371-475 K) [69NOV/GRU]] (AH, 376-1359
K), [74FRE/CHA] (AH, 554-1505K). The enthalpy data
(Fig. 3.5) agree well, except scattered values of [67ACH/
FIS]. The heat capacity data (Fig. 3.4) are scattered within 7
%. Initially the C, values decrease with increasing tempera-
ture from about 31.5-32 J-K™'-mol ™" at the melting point to
a minimum below 29 I-K~!-mal™! at 900-1000 K; at higher
temperatures the heat capacity increases again reaching 30.6
J-K'-mol™! at 1373 K [69NOV/GRU]J, and 31.6 J-K™"*mol™*
at 1600 K [74FRE/CHA].

Using the same data, previous assessments recommended
different values and equations. Shpil’rain ef al. [70SHP/
YAK] used the data of [SOGIN/DOU], {62ALA/PCH],
[6ONOV/GRU], [65SHP/SOL] and adopted the slightly
rounded equation of [SOGIN/DOU] for the range 371 —
1100K

C; = 37.45 — 19.15X107°T + 10.62X107°7? J-K~'-mol ™"

An equation proposed for 1100~1800 K was consistent with
the data of [SOGIN/DOU]

Cy = 24.60 + 423X107°T J-K "*mol™.

This equation agrees satisfactorily with the data of [SOGIN/
DOU], [62ALA/PCH], [69NOV/GRU], [65SHP/SOL], but
disagrees with [63EWI/STO] and [74FRE/CHA] (Fig. 3.4).

[73HUL] used data from [SOGIN/DOU], [65SHP/SOL],
[67TMAR]; below 1300 K the recommended values are close
to those described by equation of [SOGIN/DOU]. Above
1300 K Hultgren etal. assumed a constant heat capacity
value of 30.12 J-K™"\mol~*.

[82GUR] combined the results of several studies: [SOGIN/
DOU], [62ALA/PCH], [65SHP/SOL}], [67TMAR], [69NOV/
GRU], [74FRE/CHA] and rccommended onc equation for the
range from the melting point to 2300 K (Fig. 3.4).

Cy =38.121 — 19.493X107°T— 0.688X10°T % +
10.240X107°7? J-K™'*mol™

[85JAN] adopted heat capacities from [SOGIN/DOU] and
extrapolated them smoothly to 1600 X.
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Fink and Leibowitz [85FIN/LEI] used the enthalpy data of
[50GIN/DOU]}, [65SHP/SOL], [69NOV/GRU], [74FRE/
CHA] and derived an equation

Cy = 40.656 — 26.41 X107°T + 14.363X107°7* J-K~"mol .

This equation was compared with the heat capacity data of
[27DIX/ROD], [59NIK/KAL], (62ALA/PCH], (63EWV
STO], [67MARY). Between 600 and 1200 K, the heat capacity
data agree with the equation satisfactorily within * 2 %.
However, outside this interval, the disagreement increases.
The experimental heat capacity data show a more shallow
temperature dependence. Since most measurements are not
accurate, the discrepancy between recommended and experi-
mental heat capacity values could be ascribed to inaccurate
measurements. However, the study [67MAR] seems to be
reliable, and its experimental values are lower by about 3 %
than those calculated by the equation of [85FIN/LEI]. The
statement of [8SFIN/T RT] that the enthalpy data of [SOGIN/
DQUI, [65SHP/SOL], [74FRE/CHA]} agree well is correct
(Fig. 3.5); however, the heat capacities derived from the en-
thalpy data are very sensitive to small enthalpy changes. It
seems important to compare heat capacities derived from
individual enthalpy measurements with those of heat capacity
measured directly; this was not done in [85FIN/LEI], and it
Ied to an inaccurate equation. It should be pointed out that the
equation recommended by [82GUR} describes the data below
1100 K better than the equation of [85FIN/LEI].

According to the description of the method, material, and
procedure, the study [SOGIN/DOU] is accurate, It was se-
lected here as the best below 1200 K and as a basis for com-
parison with other studies; [65SHP/SOL]}, [69NOV/GRU],
[74FRE/CHA] confirmed the measurements of [SOGIN/
DOU] (Fig. 3.5). The heat capacity values obtained in
[67TMAR] are in excellent agreement with [SOGIN/DOU].
The heat capacity equation recommended in {SOGIN/DOU]}
was adopted here for the description of liquid Na between
melting point and 1200 K (Fig. 3.4).

C, = 37.466 — 19.148X1073T + 10.628X107°7?
I K tmol™! @)

Equation 7 was extrapolated to 1600 K and compared with the
measurements made at 1200 — 1600 K. It describes the avail-
able data with an acceptable accuracy, giving values which
scem to be better than those recommended Ly Fink and Lei-
bowitz (Fig. 3.4). Therefore, Eq. 7 can be safely used up to
1600 K. It should be remembered that a similar recommenda-
tion was made in [85JAN].

The values of C(T), S°(T) and H°(T)—~H"(298.15K)
were calculated up to 1600 K using Eq. 6 and 7. They are
listed in Table 3.10.

3.4. Phase Equilibrium Data
3.4.1. p~a Mariensitic Transformation. of Na

The martensitic transformation, as explained briefly in the
Introduction, cannot be described by one temperature and

requires for complete definition a set of characteristic tem-
peratures:

M, start temperature for the direct B—a transformation (or
M, — the highest temperature at which plastic deforma-
tion can promote the transformation, Mg>M);

A, start temperatures of the reverse a—f3 transformation;

A; finish temperatures of the reverse transformation.

Each of these temperatures can vary from sample to sample
depending on the purity and thermal treatment history. The
degree of the direct transformation, which never reaches 100
%, influences measured properties. This degree is difficult to
quantify. Therefore, the literature gives for Na a wide spec-
trum of values from 1 to 50 %, and the enthalpy of the
complete B-a martensitic transformation of Na is known very
approximately. The studies described below were concerned
with investigations of the different characteristics of this
transformation.

[48BAR]

The existence of a low-temperature transformation in Na
was first mentioned in this study. After cold working at 20 K
of a C.P. grade sodium, a small diffraction peak appeared in
addition to the B patte