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Low Temperature Heat Capacities of MgCd; and

Mg,;Cd and a Test of the Third Law of Thermodynamics for the MgCd,
Superlattice'?
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Heat capacities between 12 and 320°K. are presented for alloys containing 24.98 and 74.98 atomic per cent. cadmium.

These data are used to calculate entropies at 25° relative to absolute zero.

From these results and additional data in the

literature the residual entropy of MgCd; has been computed to be 0.21 e.u./g. atom. This has been accounted for in terms

of frozen-in Schottky defects, which at 25° are present to 1.7%5.
The experiments have revealed a broad solid state transition in Mg;Cd

values expected from the Kopp—Neumann rule.

The measured heat capacities deviate appreciably from the

beginning at about the ice point and one or possibly two such transitions in MgCd; between 182 and 320°K.

In paper V of this series® (hereinafter referred to
to as V) low temperature heat capacities of the
MgCd superlattice were presented and the data
were used to determine the residual entropy of
MgCd. This paper presents similar data for Mg-
Cd; and Mg;Cd, except that for the latter alloy
the high temperature heat capacities are so dis-
cordant that a reliable residual entropy calculation
is not possible.

Experimental

Calorimetric Apparatus.—This was identical with that
used in V except that the sample container was the modified
version described* in paper VI of this series.

Preparation, Analysis and Heat Treatment of Samples.—
Except for the details of the heat treatment the procedure
was identical with that used in V. The results of the
analyses were 74.98 + 0.04 and 24.98 =+ 0.04 atomic per
cent. cadmium.

To ensure homogeneity the alloys were kept molten for
about 0.5 hr. and were stirred 100 times with a reciprocating
stirrer. The cast ingots were then heat treated for further
homogenization as follows: MgCd; at 290 to 300° for 30
days, Mg;Cd at 345 to 350° for 47 days. They were then
machined to a size and shape suitable for the calorimeter
and returned to the annealing oven for an additional two~
day period to remove strains. MgCds; was given further
heat treatments as follows: it was removed from the 350°
oven and placed in an oven at 295° for 11 days and then
held at 130°, 25° below the order—disorder transition point,
for 18 days to develop the MgCd; superlattice. The ade~
quacy of this time was established from Stepanov and Korni~
lov's studies® of the kinetics of the ordering process in Mg;Cd
and were confirmed by observations in this study which are
referred to below. Since Stepanov and Kornilov found®
rapid ordering in quenched MgCd; at the ice point, no low
temperature heat treatment of this alloy was necessary.

The quantities used in the heat capacity measurements
were 597.991 g. or 6.6171 g. atoms of MgCd; and 262.179 g.
or 5.6506 g. atoms of Mg;Cd. Atomic weights used were
Mg, 24.32 and Cd, 112.41.

Experimental Results

The Low Temperature Transitions.—In V it
was shown that the effect of the change in order
became apparent in the heat capacity measure-
ments of MgCd at about 230°K., fully 300° below
the order—disorder transition point. Thus with

(1) From a thesis submitted by I.. W. Coffer in partial fulfill-
ment of the requirements for the Ph.D. degree at the University of
Pittsburgh, January, 1933.

(2) This work was assisted by the Atomic Energy Commission.

(3) C. B. Satterthwaite, R. S. Craig and W. E, Wallace, THIS
JournaL, 75, 232 (1953). This paper gives references to earlier
papers in the series.

(4) R. S. Craig, C. A. Krier, L. W. Coffer, E. A, Bates and W, E.
Wallace, sbid., 758, 238 (1953).

(5) N.I. Stepanov and I. I. Kornilov, Ann. Secteur anal. phys.-chim.,
Inst. Chim. gen. (U.S.S.R.), 10, 78 (1938).

(6) N. I. Stepanov and 1. I. Kornilov, ibid., 10, 97 (1938).

MgCd; and MgsCd, whose transition points lie at
temperatures considerably lower than for MgCd,
it was anticipated that the measurements would
be affected by configurational changes at possibly
even lower temperatures. Hence, considerable
care was necessary to be assured that reasonably
reliable data were obtained in the temperature
range immediately below the ice point. This
aspect of the work can better be presented after a
brief discussion of the phenomena which are as-
cribed to the low temperature transitions.

In V it was indicated that at temperatures be-
tween 230 and 260°K. temperature equalization
in MgCd was abnormally slow after the addition
of heat. On raising the temperature of the sample
a downward drift in temperature set in which
persisted for hours, and a cooling of the specimen
was followed by an upward drift in sample tempera-
ture for hours. These temperature drifts were
attributed to changes in degree of order with time.
Initially, the system has a certain temperature
and a configuration characteristic of that tempera-
ture. When the temperature is changed, there is
a new equilibrium configuration and the system
relaxes toward the new configuration with an
adsorption or evolution of heat, depending on
whether its initial degree of order is too low or too
high.

Heat capacity measurements on Mg;Cd and
MgCd; revealed slow temperature equalization at
low temperatures similar to that observed with
MgCd and described in V.  First, consicer MgCds.
A sample was carefully cooled (as described in the
next section) to liquid air temperatures and a series
of measurements was begun in which the tempera-
ture was raised toward room temperature in step-
wise fashion. Up to 177°K. the behavior was
normal in that the temperature became constant
about 0.5 hr. after the energy input was stopped.
In the next determination the sample temperature
was raised to 182°K. and there was noticed a
tiny upward drift of 3 X 107° deg./min. which
persisted for hours. Apparently up to approxi-
mately 180°K. the state of the system was frozen-
in, The upward drifts, which at first were barely
perceptible, became with increasing temperature
more pronounced for about 20° and then dimin-
ished until at 208°K. a downward drift set in.
Above 208°K. the downward drifts became stronger
and above 225°K. the time required for attaining
a constant temperature became shorter until at
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240°K. the behavior was again normal, i.e., teni-
perature equilibration within about 0.5 hr. These
observations indicated that a sample cooled accord-
ing to the program given in the next section exists
at temperatures below 180°K. in the frozen-in
state characteristic of about 208°K. and that above
180°K. the sample relaxes towurd an equilibrium
state with a rate which increases with temperature
up to 240°K., at which point the process becoes
so rapid that it is lost against the background of the
normal heat distribution characteristics of the
system.

On this basis it was anticipated that at still
higher temperatures the time of relaxation would
be further shortened and no drifts would be ob-
served. This was not the casc. Beginning again
at 283°K. downward drifts were observed and
these continued up to 324°K., the highest tempera-
ture that could be studied with the present equip-
ment. At 324°K., the initial drift rate after
raising its temperature from 319°K. was ~7.31 X
10~ deg./min. and 8§ hr. later it was still falling at
the rate of 1.7 X 10~*deg./min.

At present, the nature of the processes responsi-
ble for the thermal behavior just described is not
known. In fact, one canunot be sure that there
are two processes. There is some indication that
the temperature coetficient of the process occurring
above 283°K. is negative’ aud so it is possible that
there is a single process which has a rate which
increases with temperature between 182 and 240°
K., reverses itself somewhere between 240 and 283°
and then becomes slow enough to be observable
again at 283°K. and above’ Considering the
possibility that there are two processes, it has been
shown® that the axial ratio in MgCd; i1s a strong
function of the degree of order. Thus, when the
order parameter changes, crystallographic altera-
tions ensue, at least above 25°. In polverystalline
materials: such crystallographic changes should
have a considerable energy of activation and would
become frozen-in at a relatively high tempera-
ture. Following the conclusions reached in V con-
cerning MgCd one might attribute the process
beginning at 152°K. to the change of the degree
of order of the svstem, the axial ratio being frozen-
in at this low temiperature. Such a process cun
occur by a mwotion of vacancies over a lattice of
fixed geometry and should have a relatively low
energy of activation. At higher temperatures the
axial ratio ‘‘becomes unfrozen’” and varies with
order (and temperature). Tt is possible that the
process occuring at 283°K. and above is the
relaxation of the axial ratio toward different equi-
librium values as the temperuture is changed.
Some support is provided for this poiut of view
by noting that in MgCd the variation of the degree
of order with temperature is quite rapid at 25°
while the crystallographic change {orthorhouibic to
hexagonal) accompanying the order-disorder transi-

(7} R. 8. Craig, unpublislied ecaleul:itions.

(8) Suclt reversals are frequently observed in solid state reactions.
For example, tliis lias been observed bv J. Nystrom (Archiv. Fysiv, 2,
151 (1950); for the ordering of AuCu and L. Scheil and H. Stadelmaier
(Z. Metalkunde, 43, 227 (1952)) for precipitation m NaCl-KCl solu-
tions.

() E. A Udwards, W, 15, Walluce wnd RS0 Crudy, Tars Jours s,
74, 5256 (1952).
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tion exhibits! very pronounced hysteresis cffects at
temperatures roughly 200° higher.

No drifts which could be attributed to the sample
were observed below 260°K. in the determinations
of the heat capacities of Mg;Cd. Slight upward
drifts were noticed between 2068 und 306°K. at
which point the drift became reversed. Above the
reversal points the drifts were the largest so far
observed with any of the magnesiunr-cadinium
alloys. Several experiments were performed to
establish the factors controlling the reversal tem-
perature 7. For a sample which had been held
for some hours at 323°K., quenched to liquid air
temperatures and then rapidly warmed up to
prevent alterations in the quenched material 7
was 317°K. In the region around 7, samples in
non-equilibrium states had apparent specific heats
differing by as much as 109, from the equilibriun
state values. The large differences were caused by
the heat effects which accompanied the approach
of the sample to equilibrium, producing significant
alterations in sample temperature during an experi-
ment. These several observations clearly indi-
cated that some process is initiated in Mg;Cd by an
alteration in texnperature and it seems probable
that it is the variation of the degree of order.

Heat Capacities..—The experiments were per-
formed and the data treated so as to obtain results
corresponding as closely as possible to the equi-
librium state of the alloys. The samples were
cooled very slowly through the temperature range
where the above-mentioned slow processes were
occurring. With NMgCds; the temperature wus
reduced to the Dry Ice point at the rate of 6°/hr.
and the system was then allowed to stand overnight
at this temperature before making measurements
upward or cooling further for lower temperaturc
experiments. With this technique, measuremntents

TaBLE I
Atomrc Heat Caracitiis or MgCd; axp Mg;Cd

Temp., Cp,* cal./deg. atom Temp., Cp,% cal./deg, atom
°K. MgsCd MgCds °K. MgsCd MgCdsy
12 0.052 0.183 150 5.031 5.541
14 .096 286 160 5.154 5.617
16 159 4148 170 5.262 5.681
1R 233 619 180 5.358 5.728
20 .306 L7883 190 5.441 5.774
25 520 1.283 200 5.517 5.854
30 769 1.785 210 5.587 5.951
35 1.048 2.183 220 5.649 6.060
40 1.340 2.557 230 5.705 65.171
45 1.631 2.909 210 5.755 6.275
50 1.922 3.210 250 5.803 6.377
60 2.495 3722 200 HOR4AT 1. 481
w0 2.960 4.117 270 5 4R 6,590
80 3.383 4. 4432 280 5,008 6,732
a0 3.753 4.714 200 5,021 6,920

100 4.041 4.913 208.16 5.938 7.079

110 4305 5.085 300 5.940 7.118

120 4.923 5.222 310 6.408 7.404

130 4.717 5.363 320 7.258 8.009

140 4.888 5.140
2 The czlorie used is the “‘defined calorie” = 4.1840 abso-

lute joules.
16y Unpublishe]l mesnrements of Do AL Sidwards, o Do Phillips

md Wl Wallace,
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below 182°K. were free from drifts. Between
182 and 208°K. the drifts were small and intro-
duced negligible error into the heat capacities.
The slowness in reaching equilibrium between 208
and 240°K. was more important and so this range
was covered several times with varying procedures.
The accepted results were obtained in two measure-
ments extending from 208 to 225°K. and from 225
to 240°K., the temperature being followed for
approximately 8 hr. after the first of the heatings,
until it steadied off. When drifts were found with
either alloy, the rating periods were lengthened
until the drifts disappeared or became constant
and small and a suitable correction was made.
Smoothed data are presented in Table I.

Entropy Change between 0°K. and 25°C.—The
gain in entropy above 12°K. was evaluated by
graphical integration of the results in Table I.
The 7% law was assumed to hold below 12°K.
The calculations are summarized in Table II.

TaBLE 11

ENTROPY CHANGE BETWEEN 0°K. AxD 25°C.
AS, e.u./g. atom

Temp. region, °K. MgCd, Mg:Cd
12-298.16 11.15 8.69
0-12 (extrap.) 0.06 0.02
0-298.16 11.21 8.71

Precision of Experimental Quantities.—The av-
erage percentage deviation of the individual deter-
minations from a smooth curve was obtained asin V.
With MgCds;, the percentage error in () was 2.5,
0.03, 0.02 and 0.06 in the temperature ranges 12—
30, 30-70, 70-195 and 195-320°K., respectively.
The corresponding quantities for Mg;Cd were 2.1,
0.2, 0.02 and 0.06. These random errors in C,
produce no more than 0.19; error in the AS values
for heating from absolute zero to 25°.

Derived Results

Deviations from the Kopp—-Neumann Rule.—In
V it was pointed out that the Kopp—Neumann rule
(additivity of heat capacities) is tacitly assumed to
be valid in statistical treatments!! of solid solutions
in which they are regarded as regular assemblies.!?
The rule has been widely used in metal phvsics,
because there are few experimental data for alloys,
notwithstanding the fact that it has neither an
experimental nor a theoretical basis. The heat
capacity data in this paper constitute further

TasLg I1I

AC, VaLUEes FOR MAGNESIUM—-CADMITUM ALLOYS
ACp, cal./deg. g. atom
MgCd

T, °K. MgCds MgsCd
20 —0.164 —0.133 —0.068
40 — .012 — .043 — .051
60 + .021 — .081 — .041
80 .007 — .100 — .082

100 .012 — .088 — .094
150 .011 — .056 — .063
200 .032 — .022 — .037
250 .375 .005 — .011
300 .962 .101 — .069

(11) R, H. Fowler and E. A, Guggenheim, ‘“Statistical Thermo-
dynamics,”’ Cambridge University Press, Cambridge, 1939, p. 568.
(12) Reference 11, p. 245.
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evidence that appreciable deviations from the
Kopp-Neumann rule occur. The differences in
Cp between an alloy and the equivalent mixture
are listed in Table IIT along with data for MgCd
from V.

There appear to be some systematic trends in the
ACp data.  Each superlattice at 20°K. has a heat
capacity about 209, lower than the mixture. These
negative deviations tend to disappear with in-
creasing temperature but less rapidly the greater
their magnesium content. In fact with MgsCd,
ACy is still negative at 300°K. where the configura-
tional contribution is appreciable. These trends
have a fairly simple qualitative explanation.

Various lines of evidence point to the fact that
the cadmium lattice is greatly disturbed by the
incorporation of magnesium, much more so than for
the converse process, i.e., introducing cadmium
into the magnesium lattice. The flatness of the
solidus,? the positive volume change,!* the anom-
alously large entropy,® the exceptional number of
lattice imperfections!® and the low temperatures
required to develop the superlattices in the cad-
mium-rich alloys all indicate considerable weaken-
ing of the cadmium lattice by magnesium compared
to the behavior expected from the exothermal
nature of the process.’® This is also borne out by
the high heat capacities of MgCd; (positive devia-
tions from the Kopp—Neumann rule) between 150
and 200°K. where configurational effects are absent.
MgCd and MgsCd conform more nearly to the
behavior expected of exothermally formed alloys
in that their ACy’s are predominantly negative.
The positive ACp’s above 200°K., are largely, if not
entirely, due to the configurational contribution,
which becomes increasingly more important above
200°K. The structure-weakening factors responsi-
ble for the positive ACy’s in MgCd; between 60
and 200°K. and the tendency in that direction in
MgCd between S0 and 150°K. should become less
important as the temperature is reduced and the
total vibrational energy of the system is dimin-
ished. At sufficiently low temperatures one would
anticipate negative ACy’s for any exothermally
formed alloy and this is indeed what is observed
for the three alloys in Table II1.

Test of the Third Law of Thermodynamics for the
Superlattice (or Intermetallic Compound) MgCd,

The entropy of formation of MgCd; at 270°
was determined?®® recently in this Laboratory using
the electrochemical cell

0.25 Mg(s) + 0.75 Cd(s) = 0.25 MgCds(s) AS = 1.04 e.u.
From known specific heats of the pure metals* !

0.25Mg (0°K.) = 0.25Mg (270°) AS = 2.89 e.u.
0.75Cd (0°K.) = 0.75Cd(270°)  AS = 12.19 e.us.

(13) W. Hume-Rothery and G. V. Raynor, Proc. Roy. Soc. (Lon-
don), A174, 471 (1940).

(14) J. M, Singer and W, E. Wallace, J. Phys. Colloid Chem., 82, 999
(1948).

(15) F. A. Trumbore, W, E. Wallace and R. S. Craig, THIS JOURNAL,
74, 132 (1952).

(16) D. A. Edwards, W. E, Wallace and R. S. Craig, ¢bid., 74, 5256
(1952),

(17) O. Kubaschewski and E. L. Evans, *“Metallurgical Thermo-
chemistry,” Academic Press, Inc., New York, N, V., p. 218,
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Using these data the absolute entropy of MgCdy
at 270° is found to be 16.12 e.un./g. atom. The
present measurements together with published Cp
data'® for temperatures above 320°K. permit the
calculation of Ssree — Spox for MgCds.  The above
room temperature data extend to only 430°K.
and must be extrapolated for about 110°. Ordi-
narily such an extrapolation would be rather ques-
tionable. In this case ()} is almost constant for
the upper 70° on the measured curve so the extra-
polation is probably fairly reliable. Ssgo — Soox. =
1591 e.u./g. atom, of which approximately 1.2
e.n./g. atom is from the extrapolation above
430°K. Comparing the entropy gain between
0°K. and 270° with the absolute entropy at 270°,
one sees that Spex. = 0.21 e.u./g. atom. Similar
calculations for Mgs;Cd were made, but existing
heat capacity data above 50° are so divergent that
no significance could be attached to the results
obtained.

(18) K. G. Khomyakov, V. A, Kholler and V. A. Troshkina, Vest-

nik Moskoy Univ., No. 6, Ser. Fiz-Math. i Estest. Nauk No. 4, 5§, 43
(1950).

N. C. Dexo aND R. W, TarT, JR.
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The residual entropy 111 MgCd, cun be accounted
for if the number of Schottky defects observed!®
at 25° continue to exist at the absolute zero and
are randomly distributed over the lattice sites.
The number of Schottky defects at 25° is 1.79,.
The entropyv associated with these defects when
randomly distributed is simply the ideal entropv
of mixing. This calculates to be 0.17 e.u./g.
atom. Experimentally, Seex. = 0.21 e.u./g. atom
with a probable error of 0.07 e.u./g. atom, neglect-
ing error in AS for the extrapolated region between
430° and 543°K. Thus, the observed residual
entropies agree within the limit of error with the
value calculated as mentioned. This agreement,
while interesting, must be viewed with caution
until direct experimental verification is forth-
coming that: (1) the number of Schottky defects
observed at 25° remain at reduced temperatures
and (2) the composition of the superlattice is
exactly 75 atomic per cent. cadmium, an assumption
involved in arriving at the number of lattice im-
perfections.
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Concentrated Sulfuric Acid—Water

By N. C. DENo aND R. W. TaFr, JR.
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The H, function of Hammett can be precisely evaluated from 83-99.8%, (wt.) sulfuric acid and the activity of water can be
estimated to a reasonable agreement with experiment from 83 to at least 959, acid. The method assumes that the reaction
H,0 + H,SO, = H;Ot 4+ HSO,~ is of primary importance in determining the properties of these solutions and a mole frac-
tion equilibrium constant of 50 is shown to be applicable for this reaction over the entire range 83 to 99.8%, sulfuric acid.
These results are interpreted on the basis that the activity coefficients involved approach constancy in 83-99.89, sulfuric

acid solutions.
fused salts.
the validity of the conclusions reached.

Calculation of H,—Brand! has shown that the
Hammett acidity function,® H,, in the region 90—
99.89, sulfuric acid can be calculated by eq. 1

Hy (caled.) = —8.36 + log Xuso~/Xmso. (1)

The ratio of the mole fractions Xusos—/Xuso0,, are
obtained from the stoichiometric amounts of water
and sulfuric acid assuming that reaction 2 is com-
plete. This assumption is in close agreement with
the Raman spectra work of Young,? who found that

HQO + HQSO4 = H,";OA" + HSO4_ (2)

in this region, the addition of each mole of water
gave one mole of bisulfate ion.

Since equimolar water—sulfuric acid corresponds
to 84.5% acid, it seemed surprising to us that
eq. 1 would fail from 85-909, acid unless reaction
2 was substantially incomplete.

We have found that the calculation of the H,
function by eq. 1 can be extended with excellent
precision to the region 89--839, sulfuric acid if a
mole fraction equilibrium constant, Ks, of 50 is
assumed to be valid for reaction 2 over this region.

(1) J. C. D. Brand, J. Chem. Soc., 1002 (1950).

(2) L. P. Hammett and A. J. Deyrup, THis JourxaL, 54, 2721

(1932); L. P. Hammett and M. A, Paul, ¢bid., 66, 827 (1934).
(3) T. F. Young, Rec. Chem. Progress, spring issie (1951).

Several applications to reaction rates studied in the H,SO,~H,O system are made.

This ideal behavior is attributed to the high dielectric constant and similarity of the medium to that of

The rate data support

In Table I the observed values of H, are compared
with values calculated from eq. 1 assuming reaction
2 to be complete (Brand’s method!) and values
calculated from eq. 1 using Ky, = 50.

On the basis that observed H, values are accurate
to 0.05 unit, the value 50 for K, is precise to =10,
since the H, values calculated by eq. 1 do not fit
experimental values within this limit when larger
or smaller values of K, are used to calculate the
Xmso,/ X uso,-ratio. For example, a value of K, =
40 leads to a deviation of 0.08 between calculated
and observed H, values for 84.59, acid, the acid
concentration for which calculated values are most
sensitive to the value of K, used.

The following alternate equation can be used for
the computation of I,

Hy = —6.66 + log Xmo/Xm0 3
Equations 1 and 3 are equivalent by virtue of the

mole fraction equilibrium constant for reaction 2
which can be written in the form

Xasor _ Xmo _ _ .
lo Teso, o Xrr log Ko = 1.70  (4)

In a later section log fu,o is evaluated, where f
is the activity coefficient. Reference to Table III



