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HIGH-TEMPERATURE RELATIVE ENTHALPIES AND RELATED
THERMODYNAMIC PROPERTIES OF Cul

By M. J. Ferrante,? R. V. Mrazek,2 and R. R. Brown?

ABSTRACT

Relative enthalpies of cuprous iodide (Cul) were measured at the Bu=~
reau of Mines to provide thermodynamic data for the advancement of min-
eral technology. Enthalpy measurements between 298.15 and 1,396.3 K
were made with a copper-block drop calorimeter. The temperatures of
transition were measured by differential scanning calorimetry (DSC).
Reversible transitions were determined at 643 K with a standard enthalpy
of transition (AH$,.) = 0.74 kcal/mol, at 679 K with a AH},. = 0.65
kcal/mol, and at 868 K with a standard enthalpy of fusion (AHR) = 1.895
kcal/mol. Tabulated values are listed at selected temperature incre-
ments from 298.15 to 1,600 K for the standard relative enthalpy
(H® - H3g9g), heat capacity (C,°), entropy (S°), and Gibbs energy func-
tion [-(G® - H%q9g)/T]l. The enthalpy data are also given in the form of
equations and combined with thermodynamic data from other investigations
to derive values of standard enthalpies of formation (AHE®), Gibbs ener-
gies of formation (AGE®), and logarithms of the equilibrium constants of
formation (log Kf).

TResearch chemigt, Albany Research Center, Bureau of Mines, Albany, OR.
2chemical engineer, Albany Research (enter; professor of chemical engineering,

Oregon State University, Corvallis, OR.



INTRODUCTION

The relative enthalpies of cuprous io=-
dide (Cul) were measured by the Bureau of
Mines to provide reliable thermodynamic
data for the correction of some of the
problems of copper technology described
by Schroeder (L).3 The present investdi-
gation 1s part of a program by the Bureau
to determine the thermodynamic properties
of dimportant copper compounds such as
those reported by Ferrante (2-3) and
Beyer (4). In addition, a monograph on
the thermodynamic properties of copper
and 1ts 1lnorganic compounds was compiled
by King (5).

No reliable high~temperature thermo—~
dynamic data for Cul could be found in
the 1literature. Experimental measure~
ments of heat capacitles or relative
enthalpies above 298.15 K  reported by
Carré (6), Miyake (7), and NOlting (8)
could mnot be adequately interpreted be-
cause the data were only shown graphilcal-
1y, The enthalpy data given by Carré
were also badly scattered. Le-Van-My (9)
and Ghosh (10) listed only the tempera-
ture and enthalpy of transition for the

phase changes. None of these investiga-
tors presented standard enthalpies of
formation or Gibbs energies of formation.
Complete thermodynamic data are reported
in the present investigation, and these
reliable results consist of relative
enthalples measured with a copper-block
calorimeter and transition temperatures
determined with a differential scanning
calorimeter~thermogravimetric analyzer
(DSC-TGA). The DSC 1investigation was
also made to clarify the anomalous rise
in heat capacity before the first crystal
transition.

Unless designated otherwise, Cul refers
to the stable a—-phase that exists from O
to 643 K and has a face-centered cubic
structure as shown on the Powder Diffrac~
tion File (PDF) card 6-246. The B-phase
exists Dbetween 643 and 679 K and has a
hexagonal structure as listed on PDF card
6~685. The y-phase exists from 679 K to
the melting polnt at 868 K and crystal-
lizes in a body-centered cublc structure
as given on PDF card 6-623.

MATERTIALS

The Cul used was ultrapure material.
The material was purchased from Alpha?
and purified in 50-g 1lots as follows:
Fach lot was digested with 100 mL water
and 5 mL HI (hydroiodic acid) by heating
to boiling and maintaining boiling for
about 15 min. After cooling, the liquid
was decanted off, fresh liquid was added,
and the procedure was repeated a total of
five times. The final solution was re-
moved by suction filtering, and the solid
was washed first with 100 mL of methanol
containing 0.5 mL HI, and then with
anhydrous methanol. The Cul was then

dried wunder vacuum for 2 days. All
of the lots were blended together befere

preparing samples for analyses and
the determination of thermodynamic
properties.

Chemical analyses of the dried material
showed  33.38 pet Cu and  66.60 pct I,
compared with theoretical values of 33.37
pet and 66.63 pct, respectively. Optical
emigslion spectroscopy detected only sili-
con at less than 0.0l pct. X-ray powder
diffraction analysis showed that the pat-
tern matched PDF card 6-246 for the room—
temperature a-phase of Cul.

EXPERIMENTAL WORK AND RESULTS

Enthalpies relative to 298.15 K were
measured with a drop calorimeter 1in an
isothermal jacket. In this method, an

encapsulated sample was heated in a
furnace to a known temperature and
dropped 1into the copper block. In order

3underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

4reference to specific products does
not imply endorsement by the Bureau of
Mines.




to provide a nearly isothermal region for
heating the sample, one furnace with a
cylindrical heat sink of silver was used
to 1,200 K, and another furnace with a
cylindrical heat sink of platinum was
used between 1,200 and 1,400 K. The tem-
perature of the sample in both furnaces
was measured with platinum versus
platinum—~10 wt pct rhodium thermocouples,
which were calibrated agalnst the melting

point of gold as required according to
previously established temperature-time
criteria. The temperature of the calo-

rimeter was measured with a transposed—
bridge—-type reslstance thermometer that
18 wound around the copper block, which
provides a significantly greater tempera-
ture sensitivity than a single winding.
The use of the resistance thermometer in
conjunction with a six-dial potentiometer
and mnanovolt null detector can resolve
changes equivalent to *50 pK or *0.02 pV.
Before and after a series of enthalpy
determinations for each substance, the
calorimeter was calibrated electrically,
and the constancy of this calibration
served as a check on the precision of
measurements. The average deviation of
the electrical calibrations was 0.02 pct.
The enthalpy of periclase (Mg0) was also
measured before and after a serles of
enthalpy determinations for each sub-
stance to serve as an overall check of
the entire equipment. Results of the Mg0
measurements agreed within 0.1 pct with
the values derived by Pankratz (11) from
studies conducted by Barron (12), Victor
(13), and Pankratz (14). Detailed de-
scriptions of the construction and opera-
tion of the drop calorimeter and furnaces
are given by Ferrante (15).

Experimental measurements of relative
enthalples were made with Cul sealed in a
capsule of pure silica (5105). After the
capsule was filled with powdered Cul in
alr, it was evacuated overnight. The
neck of the evacuated capsule was sealed
by fusion while the portion of the cap~-
sule containing the Cul was I1mmersed in
ice water. The Cul 1in the sealed capsule
was melted by heating at 1,510 K for 1 h,
and the melt was quenched on an aluminum
block. Under these conditions, X-ray
powder diffraction of the <capsule con—
tents disclosed only the room—temperature

showing the reversibility
of the phase transitions. Enthalpy mea~-
surements were then made with another
sample of Cul sealed 1in a Si0, capsule,
melted at 990 K, and quenched as just de-

o~phase, thus

scribed. For thils sample, a mass of
11.74729 g Cul was sealed 1in 5.23726 g
Si0p. This amount of 510y contributed an

average of 52 pct of the total enthalpy
measured for the Cul sample and the Si0j
capsule. The enthalpy change of the emp-
ty 810, capsule was measured in separate
experiments. The empty capsule had an
internal volume of 4.21 cm3. The volume
of Cul 1in the capsule was calculated to
be 2.06 cm3, based upon a density of
5.71 g/cm3.  The mass of the filled cap-

sule was periodically checked for con-
stancy by weighing between enthalpy
measurements. The molecular welght of

190.451 for Cul conforms to the 1981

Table of Atomic Weights (16).

The relative enthalples are expressed
in terms of the thermochemical calorie
where 1 cal = 4.1840 J. Enthalpy mea-
surements were conducted after the sample
attained the desired temperature, which
was then maintained an additional 1.5 to
2 h. Measurements made with double these
residence times showed no change in rela-
tive enthalpy. Therefore, the sample and
capsule attained temperature equilibrium
in the furnace at the minimum residence
time, which was employed in 85 pct of the
measurements. The results of experimen-
tal measurements were converted to kililo-
calories per mole and are listed in table
1 in order of increasing temperatures as
standard enthalpies relative to 298.15 K
(H° ~ H3gg). The temperature (T) is in
kelvin as defined by the International
Temperature Scale of 1968 (17). The data
in table 1 also show the reversibility of
phase transitions when the runs are ar-
ranged sequentially, as discussed later.
In addition, the percent deviation be-
tween the experimental and smoothed
values 1s given. Smoothed wvalues are
given in the "Discussion” section.

The transition temperatures for Cul
were also measured with a DSC~TGA, Met~
tler model TA2000C. The instrument was
calibrated at the melting points of indi-~
um (429.75 K) and of gold (1,337.58 K).
Both of these standards were better than



TABLE 1. — Experimental relative enthalpies of Cul{c,&)

T, K | H® - H}gg, | Deviation,! | Run T, K H® - H%gg, Deviation, ! | Run
keal/mol pet keal/mol pct
2402.6 1.389 -0.12 1 75243 9.134 0.26 8
443.3 1.948 -.03 2 802.1 9.940 .13 16
502.6 2,787 .12 3 851.0 10.715 -.13 17
555.1 3.568 ~.15 4 865.0 10.960 02 18
601.2 4.349 .16 9 870.4 12.933 -.06 24
621.7 4,757 -.05 10 880.1 13.091 -.03 23
627.3 4,889 -.05 5 901.8 13.449 .09 19
640.3 5.236 ~-.13 12 1,001.3 14.978 04 20
645.9 6,171 .14 13 1,103.8 16,505 .03 21
651.9 6.356 -.07 6 31,111.2 16.587 ~.13 25
665.5 6.800 ~.16 L4 1,194.3 17.835 .15 22
677.9 7.231 .13 11 31,209.1 18.001 -.11 26
686.3 8.004 ~+29 15 31,301.9 19.323 -.01 27
702.1 8.294 .09 7 31,396.3 20.627 01 28

lpeviation between experimental and smoothed values.
2Cul melted at 990 K for 1 h before starting measurements.
3Furnace with Pt heat sink usad; other measurements used furnace with silver

heat sink.

99,99 pct pure, This temperature cali-
bration showed an accuracy of 0.3 K for
temperature measurements. The tempera-
ture calibration was confirmed by
measuring the temperature of solid-solid
and solid-liquid transitions of selected
compounds and metals. Results of these
measurements are listed in table 2 and

are 1In good agreement with the values
reported by Breuer (18), Rajeshwar (19),
and Pankratz (11). Data by Breuer and
Rajeshwar were obtained by DSC measure-
ments using Du Pont thermal analyzers
1090 and 990, respectively. Table 2 also
shows the measured transition tempera-
tures for Cul.

DISCUSSION

Relative enthalpy measurements were
smoothed using a curve-fitting program
developed by Justice (20). In this pro-~
cess, the high-temperature data were
smoothly merged with the low~temperature
data reported by King (5). The fitting
process used polynomials to derive the
smooth thermodynamic values shown in
table 3 at selected temperature inter-
vals. The tabulated values are listed to
three decimals to maintain internal con-
sistency among the values, even though
the experimental precision does not war-
rant this exactness. The smooth enthal-
pies of table 3 are estilmated to have an
absolute uncertainty of *0.3 pct., The
standard deviation of the experimental
enthalples from the smooth wvalues was
0.13 pet. Polynomials from the computer
program were also used to derive smooth
values of relative enthalpies at the

temperatures of the experimental wmea-
surements in order to calculate the
deviations shown in table 1. The aver-
age deviation of the measurements was
0.10 pct.

The DSC is a more precise technique for
measuring temperatures of transition than
drop calorimetry; however, the DSC is not
as precise for determining enthalpies of
transition, except for slow solid-solid
transitions. Thus, the transition tem—
peratures were established by the DSC,
and enthalpies of transition by the drop
calorimeter. Three reversible transi-
tions were shown by the thermal behavior
of Cul. Temperatures of transition were
measured by the DSC at 642.8%0.3,
679.1%0.3, and 868.4%:0.3 K. These tem—
peratures were rounded to the nearest de~
gree for the derivation of thermodynamic
quantities from enthalpy measurements.



TABLE 2. = Transition temperatures measured by DSC
T, X T, K
Substance Transi- This Substance Transi- This
tion! Literature? investi- tion! Literature? favesti-
gation gation
INecessnes MpP 430.15 429.8 Illeasssasne Mp 692.15 692.7
SNevessasne MP 505.15 505.1 Ag oSOy eses ss 699.15 700.1
KClOgooesse 89 573.15 (19) 572.6 CsClecosss ss 749.15 740.2
Cdesesonns MP 594.15 594.0 Cul{y-2).. MP 3873~ 868.4
Cul{o=B).. ss 3642~ 642.8 875
653 Aliesesans MP 933.61 (11) 934.3
Cul{B=Y).. ss 3670~ 679.1 KoCrOyes .. ss 941.15 943.6
693
IMp = melting point; ss = solid-solid transition.
2A11 data by Breuer (18) unless otherwlse noted by a reference number.
35ee "Discussion” section.
TABLE 3. - High-temperature thermodynamic properties of Cul(c,2)
T, K cal/(mol-K) H® - H%g3,
Cp° s¢ ~(G® - H%gg)/T kcal/mol
298.15 12.920 23.087 23.087 0
300 12.940 23.167 23.087 .024
350 13.348 25.180 23.245 677
400 13.672 26,989 23.601 1.355
450 13.812 28.604 24,069 2.041
500 14.481 30.088 24.597 2.746
550 15.481 31.513 25.160 3.494
600 18.380 32.947 25.748 4.320
le43 31.534 34.561 26.278 5.326
643 33.100 35.712 26.278 6.066
650 33,100 36.070 26.382 6.298
2679 33.100 37.515 26.826 7.258
679 16,400 38.472 26.826 7.908
700 16.400 38.971 27.183 8.252
750 16.400 40,103 28.007 9.072
800 16,400 41.161 28.797 9.892
850 16.400 42,155 29.554 10.712
3868 16.400 42.499 29.818 11.007
868 15.903 44.682 29.818 12.902
900 15.714 45,256 30.357 13.408
950 15.431 46.098 31.164 14.187
1,000 15.165 46.882 31.930 14.952
1,050 14.915 47.616 32.660 15.704
1,100 14,681 48.305 33.356 16.444
1,150 14,464 48,952 34.020 17.172
1,200 14.263 49.564 34.655 17.890
1,250 14.078 50,142 35.263 18.599
1,300 13.910 50.691 35.846 19.298
1,350 13.757 51.213 36.405 19.990
1,400 13.621 51.711 36.943 20.674
1,450 (13.502) (52.187) (37.461) (21.352)
1,500 (13.398) (52.642) (37.959) (22.025)
1,550 (13.311) (53.080) (38.440) (22.693)
1,600 (13.241) (53.502) (38.904) (23.356)

14-8 transition.

NOTE.-~Values in parentheses are extrapolatilons.

ZB—Y transition.

3Melting point.



Accordingly, the transitions at 643, 679,
and 868 K are illustrated graphically in
figure 1, which depicts the relationship
between the smoothed and experimental
enthalpies as the mean heat capacity,
(H® - H89g)/(T~298.15), versus T. The
reversibility of the phase transitions
and the reproducibility of the enthalpy
measurements were verified when measure~
ments made at temperatures above and then
below the transitions again fell on the
smooth curve of the mean heat capacity.
(See sequential order of runs in table 1
and then figure 1.)

The first solid-solid transition was
found between 640.3 and 645.9 K by rela-
tive enthalpy measurements. The selected
temperature for this transition was es-
tablished at 643 K after rounding the
temperature measured by the DSC at
642.8%0.3 K. Enthalpy data at 643 K gave
a standard enthalpy of transition (AHY.)
of 0.74 kcal/mol. An anomalous increase
in heat capacity starting about 150 deg
below the transition temperture of 643 K
was found; however, the bulk of the heat
absorption occurred 1isothermally at the
transition temperature. This anomaly for
the crystal transition was also found by
the DSC of thils investigation and by
heat~-capacity measurements made with the
adlabatic calorimeter of Nolting (8) and
Miyake (7). Nolting gave a transition
temperature of 642 K. Miyake reported a
transition temperature of 642 K with an
estimated AHY, of 1.7 kcal/mol. Both
Miyake and Nolting showed thelr experi-
mental measurements of heat capacity only
graphically, and their data could not be
satisfactorily evaluated. Le~Van-My (92)
reported a AH}. of 0.61 kcal/mol at 648 K
by averaging measurements made by differ-
ential thermal analysis (DTA). Similar
work by Ghosh (10) gave average values of
1.18 kecal/mol and 643.9 K. Carré (6)
measured transition temperatures with a
DTA and relative enthalples with a
copper-block calorimeter; however, hig
experimental enthalples were badly scat-
tered and were only depicted graphically.
He gave a temperature of 653 K with AHY,
= 1.95 kcal/mol. His enthalpy data for
each of the Cul phases were represented
by equations. Enthalpy values calculated
from the equation representing the data

given by Carré from 486 to 653 K were
from 21 pet to 29 pct above the data of
the present investigation.

Experimental enthalpy  measurements
showed that the second crystal transition
of Cul was between 677.9 and 686.3 K, and
the selected transition temperature of
679 was established from rounding the DSC
measurement at 679.1%0.3 K. Enthalpy
data at the rounded temperature gave AH%,
= 065 kcal/mol. Temperatures and/or
enthalpies of transition reported by
other investigators  were 681 K by
N6lting, 685 K and 0.66 kcal/mol by
Le—-Van~-My, 680 K and an estimated 0.77
kcal/mol by Miyake, 693 K and 0.63
kcal/mol by Carré, and 670 K with an es-
timated 0.19 kcal/mol by Ghosh. The rel-
ative enthalpies calculated from the
equation representing the data of Carré
from 653 to 693 K were 24 pct higher than
the values of the present investigation.

The measurements for the third transi-
tion of Cul from the solid to liquid
phase established a melting point at
868 K from the DSC and a standard en-
thalpy of fusion (AHR) of 1.895 kecal/mol
from the drop calorimeter.- A fusion tem-
perature of 868.4%0.3 K was actually mea~-
sured by the DSC. The fusion temperature
from the DSC was verlfied by drop calo-
rimeter measurements that showed the tem—
perature was between 865.0 and 870.4 K.
N6lting gave a melting temperature of
875 K, and Le-Van—My gave a melting point
of 873 K with AH} = 0.95 kcal/mol. Carré
listed 873 K with AHR = 1.975 kcal/mol.
The equation representing the data of
Carré For the 1iquid phase gave relative
enthalpies from 11 pect to 14 pct above
those of the present Ilnvestigation, while
his equation for y—Cul gave values that
were from 11 to 15 pct above those of
this work.

Enthalpy measurements were discontinued
at about 1,400 K to prevent devitrifica-
tion of the Si0s capsule. X~ray powder
diffraction analysis of the Cul removed
from the capsule after completion of
relative enthalpy measurements yielded
the same pattern as that of the starting
material, o-phase Cul. No vapor pressure
correction was necessary even at the
highest extrapolated temperature of
1,600 X because the data of Krabbes (21)

P ——



(H*-H%9e)/(T-298.15), cal/{mol-K)

23 [ 1
O‘O
\O
22 I~ -
o]
21 -
3\(\ %
20 |- R \ -
\\ 3
19— tMel’ring point, |
868 K o
t

o~ Transition point, 679 K
J i

%

\Experimenfcl measurements
P7 | —
16— -

o]

J*Transition point, 643 K
/
4/ i
/
O/O
~
O
13 /// | | i l !
300 500 700 900 1,100 1,300 1,500 [,700

TEMPERATURE, K

FIGURE 1.—Variation of mean heat capacity with temperature for Cui(c,f}.



showed the correction would be less than
0.03 pct.

The smoothed enthalpies presented 1in
tabular form (table 3) are now given in
simplified algebraic forms to better meet
the needs of various wusers. The equa-
tions were derived from the smooth en-
thalpies of table 3 by Kelley's method
(22). Because these equations contain
gix or fewer dliglits in a maximum of four
terms, they glve less precise enthalpies
than the tabulated values calculated from
the polynomlials. However, the poly~-
nomials are not given ©because they can
have up to 10 terms, with each term
having 17 digits, and rounding of these
numbers results 1n significant differ=-
ences from the precise smooth wvalues
glven 1n tabular form. The simplified
equations derived by Kelley's method are
obviously more convenient to use than the
polynomials. The equations have been
widely adopted as the standard form for
the algebralc representation of high-
temperature enthalpies because they give
an adequate fit of the values without in-
troducing undue complexity. The equa-
tions are expressed in kilocalories per
mole and are given below with the temper-
ature range of valldity and the average
deviation from the smoothed data shown 1n
parentheses after each equation:

a: H° - H3gg,15 = -8.478x1073T
+ 21.064x1076T2
- 7.855x102T"1
+ 3.290
(298-643 K; 2.1 pct)
AHgy3(0-B) = 0.74.
B: H° - H3gg,15 = 33.100x1073T

- 15.217

(643-679 K; <0.01 pet)

0.65.

il

AHE79(B-Y)
y: H° - H3gg, 15 = 16.400x1073T
- 3.228
(679-868 K; <0.01 pect)
AHggs = 1.895.
2: H® - H3gg, 15 = 16.693x1073T
- 1.321x10~6T2
-~ 11.321x1021~1
+ 0,712
(868-1,600 K; 0.03 pct).

The average deviation of 2.1 pct for
the equation of the a-phase is much high-
er than usual because of the anomalous
increase 1in heat capacity before this
transition. The average deviation of
less than 0.01 pct for the B~ and vy~
phases shows that little accuracy 1s lost
in using enthalpies calculated from the
equations for the B~ and y-phases lnstead
of the tabulated values. Even the equa-
tion for the f£-phase 1s a fairly good
representation of the smoothed values
because 1its average deviation 1s only
0.03 pct.

Standard  enthalpiles of formation
(AHE®), Gibbs energles of formation
(AGE®), and logarithms to the base 10 of
the equilibrium constants of formation
(log Kf) were derived as functions of
temperature for Cul by combining relative
enthalples from the present investigation
with supplementary data from King (5).
The results of these calculations are
listed in table 4.

A

[PV



TABLE 4. — Formation data for Cu(c,2) + 0.5 Io(c,2,g) = Cul(c,®)

T, K kcal/mol Log Kf T, K kcal/mol Log Kf
AHE° AGE® AHE® AGE°
298.15 -16.200 -16.583 12.155 5868 -18.788 -11.857 2.985
300 ~16.199 ~16.585 12.082 868 -16.893 -11.857 2.985
1386.8 -16.166 -16.701 9.436 900 -16.746 -11.675 2.835
386.8 -18.021 ~-16.701 9.436 1,000 ~-16.330 -11.134 2.433
400 -18.048 -16.656 9.100 1,100 -15.984 -10.631 2,112
2458.4 -18,171 -16.443 7.840 1,200 -15.707 -10,158 1.850
458.4 -23.181 ~16.443 7.840 1,300 -15.500 -9.705 1.632
500 -23.028 -15.838. 6.923 || ©1,357.6 -15.416 -9.453 1.522
600 ~22.529 -14,440 5.260 1,357.6 -18.536 -9.453 1.522
3643 -21.989 -13.876 4.716 1,400 -18.481 -9.170 1.432
643 -21.249 -13.876 4,716 1,500 -18.366 -8.509 1.240
%679 -20.449 ~-13.485 4.340 1,600 ~18.272 -7.854 1.073
679 ~19.799 -13.485 4,340
700 ~-19.685 ~-13.291 4,150
800 -19.147 -12.414 3.391
IMelting point of I,. Ja-B transition of Cul. °“Melting point of Cul.
2Boiling point of I,. “g—y transition of Cul. 6Melting point of Cu.
REFERENCES
1. Schroeder, H. J., and J. H. Jolly. Halides). Bull. Soc. Chim. Fr., 1969,
Copper. Ch. in Mineral Facts and Prob- pp. 2322-2328.
lems, 1980 Edition. BuMines B 671, 1981, 7. Miyake, S., S. Hoshino, and T.
Takenaka. On the Phase Transition in

pp. 227244,

2. Ferrante, M. J., and R. R. Brown.
High~Temperature Relative Enthalples of
CuBr. BuMines RI 8917, 1984, 10 pp.

3. Ferrante, M. J., J. M. Stuve, G. E.
Daut, and L. B. Pankratz. Low-Tempera-
ture Heat Capacities and High-Temperature
Enthalples of Cuprous and Cupric Sul-
fides. BuMines RI 8305, 1978, 22 pp.

4., Beyer, R. P., and H. C. Ko. Low-
Temperature Heat Capacities and Enthalpy
of Formation of Copper Difluoride (CuFj).
BuMines RI 8329, 1978, 8 pp.

5. King, E. G., A. D. Mah, and L. B.
Pankratz. INCRA Series on the Metallurgy
of Copper. Monograph II. Thermodynamic
Properties of Copper and Its Inor-
ganlc Compounds. The Inter. Copper Res.,
Assoc., Inc., New York, 1973, 257 pp.

6. Carrd, J., H. Pham, and M. Rolin.
Détermination des Courbes Enthalpiques
des Halogéﬁures d'Argent et de Cuilvre
Monovalent (Enthalpy Curve  Determlin-
ations for Silver and Monovalent Copper

Cuprous Iodide. J. Phys. Soc. Jp, v. 7,

1952, pp. 19-24.

8. N&lting, J., D. Rein, and J. Troe.
Negative Temperaturkoeffizienten Spezi-
fischer Warmen von Ionenkristallen (Nega-
tive Temperature Coefficlents of Specific

Heats of Ionic Crystals). Nachr. Akad.
Wiss. Goettingen, Math.-Phys. Kl., 2,
NOQ ‘{{', 1969, ppo 31"‘350

9. Le-Van-My, G. Perinet, and P.
Bianco. Evolution Thermique du Bromure
et de 1'Iodure de Cuivre (Thermal Modifi-
cations of Copper Iodide and Copper Bro--
mide). Bull. Soc. Chim. Fr., 1965,
pp. 3651-3654.

10. Ghosh, B. P., and K. Nag. Differ-
ential Scanning Calorimetric Studies of
Several Compounds Showing Order-Disorder
Transition. J. Therm. Anal., v. 29,
1984, pp. 433-437.

11. Pankratz, L. B. Thermodynamic
Propertles of Elements and Oxides. Bu-
Mines B 672, 1982, 509 pp.




10

12. Barrom, T. H. K., W. T. Berg, and
J. A, Morrison. On the Heat Capacity of
Crystalline Magnesium Oxide. Proc. R.
Soc. London, v. A-250, 1959, pp. 70-83.

13. Victor, A. C., and T. B. Douglas.
Thermodynamic Properties of Magnesium
Oxide and Beryllium Oxide from 298 to
1,200 K. J. Res. NBS, v. 67A, 1963,
ppe. 325-329.

14. Pankratz, L. B., and K. K. Kelley.
Thermodynamic Data for Magnesium Oxide
{(Periclase). BuMines RI 6295, 1963,
5 pp.

15. Ferrante, M. J. High-Temperature
Enthalpy Measurements With a Copper-Block
Calorimeter. Paper in Proceediungs of the
Workshop on Techniques for Measurement of
Thermodynamic Properties, Albany, Oreg.,
August 21-23, 1979, comp. by N. A.
Gokcen, R. V. Mrazek, and L. B. Pankratz,
BuMines IC 8853, 1981, pp. 134-151.

16, International Union of Pure and
Applied <Chemistry, Inorganic Chemistry
Division, Commission on Atomic Weilghts.
Atomic Weights of the Elements 1981.
Pure and  Appl. Chem., v. 355, 1983,
pp. 1101-1136,

17. Comité 1International des Poids et
Mesures (International Committee on
Weights and Measures). The International
Practical Temperature Scale of 1968,

U.8. GOVERNMENT PRINTING OFFICE: 1987 - 605.017/60021

Amended EBdition of 1975.
v. 12, 1976, pp. 7-17.

18. Breuer, K.-H., and W. GEysel.
Calorimetric Calibration of Differential
Scanning Calorimetry Cells. Thermochim.
Acta, v. 57, 1982, pp. 317-329.

19. Rajeshwar, K., V. R. Pai Verneker,
and J. Dubow. A Differential Scanning
Calorimeter Study of the MClO, (M = Na,
K, Rb, Cs, and NH,) System: Heats of
Crystal-Structure Transformations and
Other Thermochemical Data. Combust. and
and Flame, v. 37, 1980, pp. 251-260.

20, Justice, B, H. Thermal Data Fit-
ting With Orthogonal Functions and Com-
bined Table Generation. The FITAB Pro~
gram. Univ. MI, Ann Arbor, MI, contract
C00~1149~143, 1969, 49 pp.

21. Krabbes, G., and H. Oppermann.
Die Thermodynamik der Verdampfung der
Kupfer (1) -~ Halogenide {(Thermodynamics
of the Vaporization of Copper (1) Ha~
lides). Z. Anorg. und Allg. Chem., ,
v. 435, 1977, pp. 33-44,

22. Kelley, K. K.
the Data on Theoretical Metallurgy.
XI1L. High-Temperature Heat-Content,
Heat—Capacity, and Eatropy Data for the
Elements and Inorganlic Compounds. Bu-
Mines B 584, 1960, pp. 6-7.

Metrologia,

Contributions to

INT,-BU,OF MINES,PGH, ,PA, 28436





