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THE CONSTRUCTION OF AN ADIABATIC CALORIMETER
AND ITS USE IN MEASURING SPECIFIC HEATS

ABSTRACT

A fluidless adiabatic’ calorimeter was constructed and was
used to measure the specific heats of manganese-aluminum-carbon
and manganese-zinc-carbon alloys from -150° to 150°C.

In an adiabatic calorimeter, the temperature of a shield sur-
rounding the calorimeter vessel is kept at approximately the same
temperature as that of the vessel, so that the thermal leakage
between the two is reduced to a negligible quantity. Thus the
ordinary rating period, in which the thermal leakage modulus is
calculated, can be eliminated. Since leakage modulus variations
are reduced by the adiabatic method, it can be used for large
temperature rises, resulting in fast and accurate measurements.
The aneroid (fluidless) adiabatic calorimeter eliminates stirring
and ‘evaporation errors, and makes possible measurements at ex-
treme temperatures. . '

The calorimeter consisted of a cylindrical silver-plated copper
vessel surrounded by an electrically heated adiabatic shield and
an evacuated outer case. A platinum resistance th_ermomet)er-
heater was used to supply heat to the calorimeter vessel and to
measure the vessel temperature. The heat input and the ther-
mometer resistance were measured by using a potentiometer
in conjunction with standard resistances. X

The thermometer was calibrated by measuring its resistance
at -183, - 40, 0, and 100°C. The calorimeter was calibrated from
- 150 to 150°C. The accuracy of the calorimeter was approximately
0.5%, the main error arising from the method of measuring the
temperature of the calorimeter vessel.



The specific heat curves of the single phase magnetic alloys
Mn3;AlC and MnsZnC were measured. A second order specific
heat anomaly was found, as expected, for the ferromagnetic

alloy Mn;AIC at its Curie point, -10°C. Although the anomaly
was close to the theoretical shape, dropping to zero over only a
10°C range at the Curie point, its maximum height was less than
saturation magnetization measurements would indicate.

The alloy MnsZnC showed second order specific heat anom-
alies at - 35°C, and at 65°C. This double specific heat anomaly
indicates, in agreement with neutron diffraction results, a com-
plex magnetic behavior for the alloy. Although the high temper-
ature: Curie point anomaly did not have a sharp peak the low
temperature anomaly’s shape approached that of the theoretical
Weiss curve.
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ABSTRACT

A fluidless adiabatic calorimeter was constructed and was used to
measure the specific heats of manganese-aluminum-carbon and manganese-zinc-

carbon alloys from -150° to 150°C,

In an adiabatic calorimeter, the temperature of a_shield surrounding
the calorimeter vessel is kept at approximately the same temperature as that of
vthe'vessel, so that the thermal leakage between the two is reduced to a
negligible quantity. Thus the ordinary rating period, iﬁ which the thermal
leakage modulus is calculated, can be eliminated.. Since leakage modulus varia-
tions are reduced by the adiabatic method, it can be used for large temperature
rises, resulting in fast and accurate measurements. The aneroid (fluidless)
adiabatic calorimeter eliminates étirring and evaporation errors, and makes

possible measurements at extreme temperatures,

The calorimeter consisted of a cylindrical silver-plated copper
vesselsurrounded by an electrically heated adiabatic shield and an evacuated
outer case, A platinum resistance thermometer-heater was used to supply heat
to the caiorimeter vessel and to measure the vessel temperatﬁrew The heat input
and the.thermometer resistance were measured by using a poteniiometer in

conjunction with standard resistances, -

The thermometer was calibrated by measuring its resistance at =183,
-40, 0, and 100°C, The calorimeter was calibrated from -150 to 150°C. The
accuracy of the calorimeter was approximately 0,5%, the main error arising from

the method of measuring the temperature of the calorimeter vessel,

The specific heat curves of the single phase magnetic alloys Mn3AlC

and Mn3ZnC were measured, A second order specific heat anomaly was found, as



expected, for the ferromagnetic alloy Mn3AlC at its Curie point, -10°C, Although
the anomaly was close to the theoretical shane, drooping to zero over orly a 10°C
range at the Curie poiht, its maximum height was less than saturation magnetiza- |

tion measurements would indicate,

AN

The alldy Mn3ZnC showed second order specific heat anomalies at -35°C,
and at 65°C, This double specific heat anomaly indicates, in agreement with
neutron diffraction results, a complex magneyic behaviour for the alloy. Although
the high temperature Curie point anémaly did not have a sharp peak, the low

temperature anomaly's shape approached that of the theoretical Weiss curve,
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THE CONSTRUCTION OF AN ADIABATIC CALORIMETER

AND ITS USE IN MEASURING SPECIFIC HEATS.

I, INTRODUCTION

1, Specifig Heat Theory

a. General Theory:

The object of the present research is to construct ‘a calorimeter in
order to measure the specific'heats of certain alloys., From these specific
heats, the basic magnetic properties, and consequently the atomic structure of

these alloys might be explained,

The specific heat of a substance is defined as
C = 8q/4T

where 8q is the amount of heat required to change the temperature of alunit
mass of the substance by dT, The specific heat at constant volume for simple
substances has been calculated by Debye,1 the results agreeing well with
experiment. If the specific heat of one substance is plotted against l&g,,
where eb is the Debye temperature, a.constant dependent on that‘substance,

the resulting.curve is the same as that for many other simple substances,



6 cal/mole/°C, ===~~~ " TTmm-S- T - oS s s - o oo o -sso-s--

At high temperatures, the specific heat approaches the classically
calculated value of six cal. per ﬁoie per degree centigrade, if the electronic
specific heat,Cg, is not considered. Howevér, although the specific heat

. produced by the elettrons' is negligible at ordinary temperatures, it becomes
appreciable at‘high temperatures, Mofeover, transition metals, which are
involved in the present work, theh have a larger Ce tﬁan simple metals because
of the high density of electrqn‘levels in their unfilled 'd' bands. Ce can be

of the order of 6 cal./mole/°C. at very high temperatures for transition metals.

At low temperatures the Debye theory agrees with experimental results,
predicting that the specific heat will vary as the cube of the temperature,- The
present researph,.hqwever, is concerned with values in the ;ntermediate
temperature range (0.5< T/e‘ < 1.5), where the slope of the specific heat cﬁrve

is decreasing rather rapidly,

b, Specific Heat Anomalies:

The present work is devoted primarily to measurement of specific heat

anomalies. They are caused by transitionszﬁin a substance, which involve a
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change of symmetry in the structure of the substance. Forba first order transi-

tion, the first order derivatives of the Gibbs function, G, change discontinuously,

G

U-TS + PV by definition
where U = internal energy"

S = entropy ﬁ

T = absolute temperature
P = pressure
N

= volume,

dG = VAP - SdT
since dU = TdS - PdV

therefore G} = =S ' .
2T .

P
(22.g Cp
a_nd (b ) = -
'\2.‘5'1'2 P T
since a@s = CpdT
T
S E Consequently, the entropy changes discontinu-
E ously for a first order transition (e.g.:
"”1 melting, vaporization), and the specific heat
I '
T

increases to an infinite value at the transition

point (producing a latent heat).

=
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For a second order transition, the

first order derivatives of the Gibbs function

A

change continuously and the second order
derivatives change discontinuously, Thus a

second order transition is accompanied ideally

\

by a discontinuity in the specific heat curve,

e e ——
' T

Some examples of second order transition are the transitions from an
ordered to a disordered state, from a suverconductor to an ordinary conductor,
and from a magnetic to an non-magnetic state. These transitions all oroduce

similar specific heat anomalies,

The transition pertinent to the present research is the magnetic one,
The specific heat anomaly resulting from a ferromagnetié transition can easily
be deduced from the theory of Weissol The energy of magﬁetization per unit mass

of a ferromagnetic substance is

U = -jixedc | (1)

where ¢ is the magnetic moment per unit mass, and the effective field

H, = H+ NI . § (2)

-H is the applied field, I is the magnetic moment pér unit volume and N is the
‘Weiss intermolecular field constant, which is very large for ferromagnetic
materials,

Since H is negligible in comparison with NI, and I =pP¢,

S
U ==( Npsdes . (3)
s
‘where @ is the density. of the substance.
Thus . S ' 2
v = -

(4)
—— o



and the anomalous specific heat of magnetization is>
Cy = ~ NP Bc = —Nj)‘_%i (5)

For the theoretical (g, T) curve, Cy should rise to a maximum at the

.+ Curie temperature, © , and then drop discontinuously to zero,

0 ‘ ' ® T o ‘ o T
Since this ideal ¢ - T curve is never achieved and since perfect expérimenﬁal
- conditions can never be attained, the discontinuity has not been observed
éxperimentally. However, it has been apprdached. The smallest discovered
température range through which the specific heat drops near the Curie point

3

has been about seven centigrade degrees, observed by Lapp” on nickel,

Cp

(for nickel)

s

g - -
-
-
-
- -
-

[4 )] S

‘Similar anomallies should occur for antiferromagnetic and ferrimagnetic
substances, since large internal exchange forces must exist in them, like in

ferromagnetic substances, and the energy of magnetization depends on these
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forces between atoms., Whereas in ferromagnetics the spontaneous magnetization
vectors of all atoms line up parallel, in antiferromagnetics the vectors of twb
or more types of atoms oppose, causing zero resultant magnetization. In ferri-
magnetics, the vectors also oppose, but do not completely cancel, so that a
resuitant spontaneous magnetization exists. The anomalies observed for anti-
férromagnetic and ferrimagnetic substances at their Curie points should be just
as large as those observed for ferromagnetic substances if the exchange forces

are as large, even though the resultant magnetization may be much smaller,

24 The Alloys to be Investigated.

One aim of the present research is to determine the tyve of magnetiza-
~tion of certain substances by investigating their specific heat anomalies, These
substances are single phase allbys*of Mn-Al-C and Mn-Zn-C. These alloys have an
ordered face—centéfed cubic ®perovskite! structure and exhibit 3pontaneouslb
magnetizatioh‘étlfbom temperature. Because of the.great stability of the of&eféa
structure ovef‘a wide range of composition, it would seem that bond formatign,
vrather than avno;ﬁal superlattice attraction, is responsible for the ordering.M of
particular intéfestfare the alloys Mn3AlCh and Mn3Zn05, whose structures ﬁave the'

maximum ordering (see Figure 1),

Mn?AlTC_alloys are single phase for a region near the Mn3AlC composition,
If the carbon*gdnténp is twenty atomic percent the qlloys are éingle phase for -
60-69 atomic percent Mn and thus for 20-11 atomic percent Al, The lattice
parameter is 3.869‘K for MnsAlC and varies iittle with comvosition, indicatihg'that
the Mn'and"Al‘atoms have almost the same diameter. In these alloys the saturation
magnetization below the Curie temperature varies with temmerature in a normél
ferromagnetic manner, but the paramagnetic behaviour above the Curie point indicates

ferrimagnetism, or at least a departure from Curie-Weiss behaviour. Neutron



Figure 1:

Al or Zn

Perovskite Structure,
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diffraction results indicate that Mn3A1C is ferromagnetic above liquid helium

temperature,

As the Mn content is increased from 60 to 69 atomic percent, the Curie
temperature increases from 0°C to 300°C, while the saturation magnetization
decreases from 1,20 to 0,6 Bohr magnetons per Mn atom. This decrease in
magnetization as the Mn content is increased past the value for maximum ordering
(60 atomic percent Mn) can be explained in one way by assuming that the magnetiza-
tion of the additional Mn atoms (which must revlace Al atoms in cube corner
positions) is antiparallel to that of those in face-centered positions, The
magnitude of the decrease in magnetization corresvonds to the extra Mn atoms
having an approximat_e effective Bohr magneton value of _w=m=4ug(see Avpendix I).

(This, incidentally, is the value of & for manganese in the Heusler alloys).

This interpretation could possibly be verified by snecific heat
measurements, By simple Weiss theory, the height of the specific heat anomaly
varies directly as the Bohr magneton number for a ferromagnetic substance., Thus,
if the Mn-Al-C alloys were always ferromagnetic, the height of the anomaly and
also its total size would become smaller as the magnetization decreased., But for
a ferrimagnetic alloy, the anomaly?s height depends on the Bohr magneton number
of the separate atoms, 'Thus; the anomaly height would increase while the magne-
tization decreased if the extra manganese atoms had large negative AL, as
hypothesized, Moreover, other things being equal, the total size of the anomaly
would increase if Mn atoms of large negative AL were added to the alloy (see

Appendix II),

The Mn-Zn-C alloys, like the Mn-Al-C alloys, are single phase over
the range of composition from MngoZnpgCso to MnegZngoCso. The lattice parameter

of Mn,ZnC is 3,925} and it varies only slightly with composition, The Curie



temperature varies from about 80°C for MnzZnC to A1500°C for MnyoZnyoCso. The
variation of the saturation magnetization for the alloys with Mn content near

60 atomic percent is unusual at low temperatures,5 (see Figure 2), The magnetiza~
tion has a maximum near -40°C, corresponding to the behaviour at low temmeratures
predicted by Néel (see Appendix II) for one tyve of ferrimagnetic substance. The
paramagnetic behaviour above the Curie point also appears to agree with that
predicted by Néel for ferrimagnetics., He deduced that the inverse of the

suseceptibility,

l- o (see Appendix II)
X T -6

1 = T+
x C

The curvature of the resulting (1, T) curve is concave to the temperature axis,
x
rather than convex, as is usual for a ferromagnetic substance.

However, neutron diffraction experiments carried out at Chalk River

by Dr. B, Brockhouse6

on the alloy of approximate composition Mni3ZnC suggest a
different and entirely new magnetic concept to explain the magnetic properties
~of this alloy. These experiments indicate that between the transition temperature
of =40°C and the Curie temperature, Mn3ZnC is a normal ferromagnetic substance
with magnetically equivalent manganese atoms. But below the transition temvera-
ture, a complex magnetic structure exists., The actual structure is unknown, but
ofne in good agreement with neutron diffraction and magnetic data is that

proposed by B.N. Brockhouse and H,P. Myers.6 Manganese atoms having magnetic
moments of gerc, two and three Bohr magnetons are arranged as shown in Figure 3
for the state at absolute zero temperature. The magnetic moments of the 2iry
manganese atoms are opposing, so that the algebraic mean moment of the alloy is
lup per manganese atom at 0°K; in agreement with magnetic measurements, If the
magnetic moments of the manganese atoms above the transition temperature were the

same as their arithmetic mean moment in the low temperature structure, then the

ferromagnetic moment extrapolated to 0°K would be 1.664tg. This is in good
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(:) No moment
@ v,
' 0 BﬂB

Figure 3., Possible Magnetic Structure
' at 0°K of MnsZnC.

Only one- half of the large unit cell is shown;
the other half is similar but displaced one-half
unit along the x-axis, Only manganese atoms are
shown, The moments are oriented along a [111]
diagonal,



agreement with the experimental extrapolated value of l.5up.

At the transition temperature the magnetic moments of the proposed
complex lattice must rearrange themselves to become equiyalent, This
rearrangement involves a change in interatomic exchanrge forces, so that a
seéond order specific heat anomaly comparable to that occurring at the Curie
temperature should be observable., In order to understand the form of the
experimental magnetigzation curve for MniZnC in terms of the two magnetic
-structures mentioned, one may consider that below the transition point an
opposiﬁg sublattice of magnetic moments comes into effect., The Curie tempera-

ture of this fictitious lattice is the transition temperature.

Although the cubic structure of Mn;ZnC becomes slightly distorted
into é face-centered tetragonal structure (c¢/a = 0,995) near -40°C, this phase
change is gradual, so that no appreciable first or second order anomaly'should
result, Thus, if the ferrimagnetic model for Mn3ZnC wére‘correct, the onl&

anomaly which would occur at -40°C would be a small third order one.

It is seen that measurement of specific heat anomalies should prove
very useful in checking the validity of magnetic models and thus in determining

basic atomic structures of allays.,

3. Calorimetric Theor_y'r‘7

Ge General Theory:

" The specific heat of a substance is measured by means of a calorimeter,
which is a device into which heat can be introduced and the resulting_temperature

change measured. Part of the heat brought into the calorimeter raises its
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temperature and part is lost to the surroundings. In precise calorimetric
measurements, the temperature change of the calorimeter and its thermal leakage
(the amount of heat lost from the calorimeter during the.measuremént) must be
accurately determined, Since the greatest calorimetric error frequently arises
from measurement of the temperature change, an accurate thermometer must be used.

For precise work, a platinum resistance thermometerS’ 9

is most often used. The
resistance of pure platinum, varying almost linearly with temperature,follows a
smooth curve Which is determined by calibration at International Temperature
Scale fixed points. Because of its stability, strain-free platinum dées not
require recalibration very often. A platinum resistance thermometer, used with a
Mueller bridge, will measure temperatures to 0,001°C accuracy in the intermediate
'rangeq
| For less accurate work, thermocounles may be used; they have the
advantage of having practically ﬁo heat capacity, but are inaccurate because of
thermal gradients. Mercury thermometers, besides having little accuracy, can be
used for only very restricted temperature ranges, and are not suitable for vacuum
| apparatus, |

Mosﬁ of the types of calorimeter design are the result of thermal
leakage considerations. The leakage depends on the thermal head, ¢., which is
the temperature difference between the calorimeter and its surroundings. The
formula usually used té calculate the leakage is | = ¢ kt, W is the temperature
change in the calorimeter caused by the leakage for an experimental time t. k is

the thermal leakage modulus of the calorimeter,

In the ordinary calorimetric method;, since the thermal leakage is
' relatively high, it must be accurately estimated. To do this; k is found by
measuring “/t and P for a rating period immediately after each experimental

-

period, and it i1s assumed to be the same in the experimental period. In order to
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‘measure the thermal head, @ , accurately, the calorimeter vessel surroundings
must be at a constant uniform temperature; a water jacket is often used for this
purpose. The temperature change of the rating period must also be accurately
measured, Because the error in measuring this temperature change must be added
to the temperature error of the experimental period, the total thermometric

error is doubled by the leakage correction,

Since the thermal leakage modulus varies with temperature and other

- conditions, it must be measured after each exverimental period for accurate
results, unless its variation is greatly reduced by some experimental arrangement.
The vécuumyjacketed calorimeter invenﬁed by Dewar decreases the thermal leakage
modulus, so that @ néed not be so precise in order to accurately estimate jo In
Joule's method, twin calorimeters are heated the same amount, so that the thermal
leakage,‘temperature,'and heat capacity determinations become comparativé measure-
ments, made with differential apparatus. Other methods, such as the adiabatic

method, indirectly reduce the errors involved in estimating the thermal leakage.

be Thg Adiabatic Calorimeter

In the adiabatic calorimeter, the thermal head is reduced almost to
zero by keeping the temperature of a jacket or shield almost equal to that of
the calorimeter vessel, - Thus, since the thermal leakage is greatl? reduced, it
is gsuaily neglected, But because the error involved in adjustingtthe jacket
temperature for adiabatic conditions is greater than that in measuring the thermal
head, the resulting error in the thermal head is greater for the adiabatic method
than for the ordinary method. And so the leakage neglected in the adiabatic
method may be greater than the error in the leakage calculation for the ordinary
nmethod.

One advantage of the adiabatic method is that it reduces the effect of

variations in the leakage modulus, which are a chief source of error in non-
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adiabatic methods., ‘The smallness of the”thérmal head reduces the effect of
fluctuations in the leakage modulus in two ways: First, the fluctuations during
an ekperiment aré,caused mostly by convection, which is directly devendent on
the thermal head. Second, any change in the leakage modulus will cause a

corresponding change in the thermal leakage; but the thermal leakage is already

negligible, so that any such change in it will also be negligible,

Because leakage modulus variations are reduced by the adiabatic method,
it is especially useful for protracted experiments, for which the leakage modulus
might ordinarily change considerably. Also, although large temperature rises can
not be used with accuracy for non-adiabatic methods, beéause of the convection
‘ effects, they can be successfully used with the adiabatic method. Consequently,
‘the imbortant temperature measurement errors can be greatly reduced. A tempera-

ture rise increase from two to ten degrees, fér example, would reduce the
temperature measurement error by four fifﬁhs. Moreover, larger temperature rises
will:permit more rapid measurement of a specific heat curve., The adiabatic method
'avoids the ordinary rating period, in which the leakage modulus is found, but a
period is often required for which ahy constant temperature drift (such as caused

by the heat of stirring) is determined,

The aneroid, or fluidless, adiabatic calorimeter, by eliminating
stirring, may almost completely eliminate temperature drift. Thus no corrections
.for leakage need be made, and considerable time and calculations are avoided. One

'exﬁerhnental period can follow another without pause for large temperature ranges,
Extreme temperatures can be much mdre easily attained with an aneroidicalorimeter

than with one containing fluids,

Another advantage of the aneroid method is that small dimensions (and

less dead material) are possible for the calorimeter, because of the absence of
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fluid circulation problems. Smaller dimensions mean faster thermal equilibrium
énd thus a shorter experimental time (producing less total thermal 1eakage);
which is usually an advantage. However, at very low temverature, since the main
heat losé is by conduction along wires, smaller dimensions are not so
advantageous.

The main disadvantage of fhe aneroid calorimeter is that the temperature

‘equalization must be by conduction alone. In order to speed the conduction:

(1) Metal of high conductivity (copper or silver) is used,

(2) The heat is generated uniformly.

(3) The thermal head is kept small, so that temperature differences
are not produced by thermal leakage. The adiaﬁatic method is

thus especially useful,

Necessary to the aneroid adiabatic calorimeter is the measurement of -
the thermal head between calorimetervaﬁd shield, The most convenient way to do
this is with thermocouples. The lag of the thermocounles should present no
prbblem, since it is small and probably constant. If only a few couples are used,
the average of the thermal heads measured may not be the correct average head,
unless the thermal equilibrium is very good for both calorimeter and shield,

Thus, pains should be taken to insure good thermal equilibrium,

The anercid adiabatic calorimeter was chosen as most suitable for the

present work, because of the following reasons:

(1) It can give suitable accuracy (approaching O.2%)for the
temperature range required: -150 to 150°C,
(2) It can give quick and simple méasurements, especially if the

rating period is eliminated.
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(3) It can be constructed simply and economically, even though

the adiabatic controls introduce some complexity.

II, THE CONSTRUCTION OF AN ANEROID ADIABATIC CALORIMETER

1, Desigg

a. General Aim:

The basic design required was one of simplicity coupled with accuracy,
since the simplest construction which will still give the required accuracy is
undoubtedly the most desirable. The precision desired for the calorimeter was

épproximately 0.5%, with a reduction to 0.2% possible by means of modification,

Fésﬁ oﬁé;étion of the calorimeter by one person was desirable, for:
convenience as well as economy. The calorimeter must be operable for samples in
powder form over the temperature range -150 to 150°C, since the alloys to be
'meaSured'required this, Also, adaptability to samples of a different form was

advantageous, with regard to future use of the calorimeter,

b, Basic Design:

The basic designi®

of the adiabatic calorimeter is shown in Figure 4.
The cylindrical calorimeter vessel (2) contains the specimen whose Specific'
heat is to be measured, and the platinum resistance thermometer-heater (1). The
vessel is filled ﬁith helium for good conduction. The thermometer-heater-is
used, in conjunction with standard resistances and a potentiometer, to measure
accurately the heat it has introduced to the vessel and the resulting temverature.
change.

The adiabatic shield (3) is heated electrically so that its temperature

remains close to that of thé.vessel, and thermal leakage may be neglected. The

temperature difference-bétﬁeén vessel and shield is measured with thermocouples
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Figure 4: Basic Calorimeter Design



connected to a galvanometer, The outer case (4) is evacuated through the tube
(6) so that thermal leakagé between the shield and the vessel, and between the
shield and the case is reduced. In order to reduce thermal leakage through the

leads, they are wrapped around the shield and the brass ring (5) before emerging

through the evacuation tube,

1

2. Materials and Detailed Constructionll’ 12

a. The Calorimeter Vessel:

(i) Theory:
To promote fast conduction, the calorimeter vessel was made of copver,
By placing the thermometer-heater in the center of the vessel, the heat was
generated uniformly, and thermal equilibrium was speeded. Also, a central
position of the heater made more gradual the temperature change of the vessel

surface, so that the adiabatic control was easjer.

The calorimeter vessel was made an air-tight cylindrical container,
so that it could accommodate practically any type of solid material, and in

particular thé powdered, easily corroded substances which were to be investigated,

The size of the calorimeter vessel depends on several factors., As
mentioned earlier, smaller dimensions result in faster thermal equilibrium; which
is advantageous., However, the leakage modulus will increase as the dimensions
decrease, since it varies directly as the surface area but inversely as the heat
capacity or volume; if the dimensions decrease by 'n® times, the leakage modulus
is ﬁB/n2 = n times as large, However, for a smaller calorimeter, the shortening
of the experimental time caused by faster equilibrium may more than compensate

for the increased leakage modulus, and produce less total thermal leékage,

For very small dimensions, technical difficulties are encountered,

Also, the increase in weight of the calorimeter vessel with respect to the
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weight of the sample decreases the precision. Thus for the calorimeter
constructed here, a compromise size was chosen, which enabled the sample weight
to be larger than the vessel weight, while still retaining quite rapid equilibrium

conditions,

(ii) Constructions (see Figure 5)

The calorimeter vessel (2) is a silver-plated cylindrical copper
container, approximately 4 by 5 em. (l.57 x 1.97 in.), and 0,05 cm.thick (,020 in.).
It wés made by electroplating copper onto a stainless steel mold having a 1/4°
pitch and shouldered to facilitate removal, The electrolysis solution was a
dilute sulphuric acid solution of CuSO, containing a small amount of gelatin. A
plating current of 0.3 amperes for 120 hours was used, corresponding to a thickness

of 0,044 in., and the excess copper was machined off to the required thickness,

The calorimeter vessel was silver-plated inside and out (to reduce
the radiation of heat) to a thickness of ~0,003 in, The solution used

containeds
AgCN 36 g./liter

KCN 52 g./liter
K»CO3 38 g./liter
A small amount of CS; was added as a brightener. A current of 1 amvere (current

density of 5 amp/sq.ft.) and a woltage of 1 to 2 were used.

The bottbm of the calorimeter vessel was soft soldered on. The
thermometer (1) was fixed within the vessel and its leads (3) axited from the
vessel by soft soldering a disk connected to the thermometer onto the top of the

‘vessel. (The thermometers used will be described in detail later),

- A kovar meial-glass seal (4) (No. 96,1010 from the Stupakoff Ceramic

and Manufacturing Co.), soldered through the top of the vessel, was used to admit
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Figure 5: The Calorimeter (Actual Size)
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helium to about four fifths atmospheric pressure, in order to speed thermal
equilibrium. After the helium was introduced to the vessel, the glass tube of
the seal was drawn off in an oxygen-gas flame. In order to change samvles to
be measured in the vessel, the kovar seal and thermometer were removed, and the
| sampie was admitted through the vessel top. The total weight/of the calorimeter

vessel plus thermometer was about 43 g.

Binding posts (5) were soldered to the side and top of the calorimeter
- vessel for thermocouple connections. Three wire hooks (6) were soldered to the

vessel top for suspension of the calorimeter within the shield.

b, The Adiabatic Shield

(1) Theory:

The adiabatic shield must be heated so that its temperature remains
close to that of the calorimeter vessel surface. 1In order to keep the shield
surface temperature uniform, the shield must be a highly conducting materiai.
The uniformity of surface temperature is especially desirabie if only a few
therﬁocouples are used to deﬁermine the temverature., To lessen temperature_lags,
the heat capacity of the shield must be small;, and thus the shield walls must be
thin. The shield must not be air-tight, since a vacuum between shield and

calorimeter vessel is necessary to reduce thermal leakage.

(ii) Construction: (see Figure 5)

The shield (7) is a 6 by 8 cm. (2.4 x 3.2 in.) cylindrical brass
container, 0.07 cm. (.030 in.) thick, with a removable bottom. It was made by
reduéing brass tubing to the desired thickness in an acid bath, ﬁnd'silver

soldering on a brass top, The bottom was machined into a friction-fitting cap.

The shield was heated by means ‘of a non-inductive uniform winding of
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No. 32 gauge silk-covered manganin wire., The total resistance of the winding was
L20 6hms: 300 ohms for the side and 60 ohms each for the top and bottom. The wire
was insulated and connected to the shield with Dow Corning 935 varnish. This is a
silicone electrical insulating varnish having good flexibility from -55° to‘260°C°
It dfys tack-free in three hours at 200°C, The winding onto the shield waé

accomplished in stages, the varnish being baked after each few windings.

In order to prevent conduction along the thermocouple and thermometer
leads (No. 29 B.and S, Cu formex), they were wrapped non-inductively around the
outside of the shield under the manganin winding. Aluminum feil was cemented onto

‘the shield surfaces (with the same varnish) in order to reduce radiation of heat.

Three small screws (8) were fastened to the shield side, top and .
bottom for thermocouple comnections., Differential coprer-constantan thermo-
couples (No, 30 B and S, insulated with the varnish) were attached from the
shield side to the shield top, the shield bottom, the calorimeter vessel side,
and the calorimeter vessl top. Thus all temperatures were found relative to the
shield side temperature. Three small holes through the shield top permitted
suspension with threads of the calorimeter vessel within the shield and the shield

within the outer case,

¢. The Adiabatic Shield CQntrols

The differential c0pper;constantan thermocouples were used to find the
temperature difference between éhe shield side and shield top, shield bottom,
calorimeter side and calorimeter top. The thermocouples were connected to a
Leeds and Northrup galvanometer having a sensitivity of 0.6 oV per mm., giving a
v‘deflection of 60 mm per °C at room temperature., Any one of the four differential

thermocouples was connected to the galvanometer at one time. (see Figure 6b),



Shield

Heaters

N ~Tap Key

| o ’|

L00

350

- 24 -

Figure 6a:  Power Control

B ]

1 .
Thermocouples

)

Figure 6b: Thermal Head Measurement

Figure é: - Adiabatic Shield Control Circuit

Galvanometer



- 25 -

The manually operated power control circuit for the adiabatic shield

~ is shown in Figure 6a, The power was suppiied by a 60 cycle 120 volﬁ stabilizer,
VA 0-110 V powerstat permitted nower control; the fine control, obtained with a

50 ohm variable resistance, was not normally used. The current was raised briefly
by means of a tapping key shunting out a 400 ohm resistance, and the current was
lowered briefly by switching a 350 ohm resistance into the circuit. Part of the
current was shunted from the top shield heater through a variable 500 ohm

resistance in order to equalize the shield top’ahd bottom temperatures,

Since the controls became difficult for a temperature difference of
.more than 50°C between the shield and outer case, the difference was kept smaller

by controlling the case temperature,

d. The Outer Case

(1) Theory:

The outer case serves primarily as an evacuation chamber to make
temperature control easier. When it is evacuated, the thermal leakage between
the adiabatic shield and the calorimeter vessel is decreased greatly, enabling
the leakage to be neglected. Equally important, the leakage between the shield
and the outer case .is reduced, so that the shield temperature control is
simplified,

By keeping the outer case temperaturé near the shield temperaturé, the-
shield control is made still easier, The case temperature was controlled by
- immersing in a temperature bath in a Dewar flask. For temperatures up to 90°C,
a water bath was used, containing a heating element supplied with a variable
alternating voltage. For low temperatures, down to -80°C, a mixture of dry ice
‘and acetone was used. For temperatures from -80°C to -160°C, liguid oxygen was
fed through a copper coil immersed in gasoline; the gasoline was first cooled to

-80°C with dry ice.
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(ii) Construction: (see Figure 5).

The outer case (9) is a 10 by 15 cm. (4 x 6 in.) copper cylinder,
0.2 cm, thick (1/8 in,), with a brass bottom soft soldered on, and a removable
brass cover, A groove was machined into the cover, so that it could fit onto the
case in a vacuum grease seal (10) (Dow Corning high vacuum grease was used). To
reduce thermal conduction along the leads, they were wrapped around a brass ring
(11) (1/8°* thick and 3/4'* long) soldered onto the inside of the cover. Three

holes were drilled through the ring for suspension of the shield.

The case was evacuated through a thin walled 3/8"! German silver tube.
(12), silver soldered to.the cover, A glass T-tube was connected to the German
silver tube, so that the leads might emerge from the vacuum system through one
arm of the T-tube, which was sealed with de Khotinsky wax. Flexible leads were
soldered to the No, 29B and S Cu formex leads where they emerged from the system,

and the junctions were fixed with de Khotinsky wax.

The case was suspended within the Dewar flask on a plate held by three

1/8** threaded steel rods, as shown in Figure 7.

e, The Thermometer—Heater

(i) Theorys

A platinum resistance thermometer-heatere’ 9 was used both to supply
heat to the calorimeter vessel and to measure the vessel temperature, This dual
purpose can be accomplished for an adiabatic calorimeter, since no temperature
measurement need be made while energy is being suvplied to the calorimeter vessel,
The double use of the thermometer enables all temperature and heat input measure-
ments to be made ‘with one potentiometer., The disad#antage of a thermometer-heater
is that the error in heat input measurement is increased, unless special precaupions

are taken, because of the variation of resistance of the heater with temmerature.
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-(41) Construction: Two different kinds of platinum resistance

* thermometers were used.,

(a) Glass embedded coil: A commercial 100 ohm platinum resistance
thermometer (produced by Wheelco Co., now Barber-Colman Co.) was used first. It '

consists of a non-inductive winding of fine platinum ribbon embedded in a soft

/

Lt glass tube (0,17 in. x 1,75 in.). The two
= :

0.010 in, platinum leads emerge from a

cup~shaped top,

A platinum disk, 0,005 inches thick

and 0.5 inches diameter, punched so that it

] : fitted into the cup, was sealed to the glass

Thermometers
Actual Size

by heating it by induction to a bright red
color, Flexible copper leads were soft
soldered to the platinum leads, doubled back

into the cup, and fixed there with araldite

cement, Two leads were soldered to each
araldite
flexible lead to make the four-lead type of
thermometer, (The resistance of the two

flexible leads - 0,01 ohm - was negligible
in comparison with the platinum resistance),

The thermometer was fixed withih the calorimeter vessel by soft soldering the

platinum disk to the vessel top.

The disadvantage of this type of thermometer is that its calibration

varies because of strains produced in the platinum by expansion of the glass,

(b) Strain-free thermometer: In order to avoid remeated thermometer

calibration, a strain-free platinum resistance thermometer was constructed. The

thermometer must be small, in order to fit into the calorimeter and to have fast
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thermal equilibrium, but the platinum wire must be free to expand and have no

possibility of short circuits. The usual methodlB’ 1k

of satisfying these
conditions is to wind fine platinum wire into a small diameter coil and then
wind the coil around an insulating support (usually mica)., The whole is then

enclosed in an air-tight container, to avoid contamination of the platinum and

water condensation on it, as well as for mechanical protection,

This was the method adOptéd. Chemically pure platinum wire 0,003 in,
diameter was used, The specifications ensuring purity are that the ratio of the
resistance at 100°C to that at O°C‘is greater than.l,390 and the ratio of the
'fésistance at =183°C to that at 0°C is less than 0,250, From 100 to 200 cm of
“the wire was wound under 10 g tension on a stretched steel wire mandrel 0,010 in,.
.'diameter. ‘The helix, from 2.5 to 5 inches long, was slipped off the mandrel and
§tretched to about 10 inches, so that none of the coils were in contact. The
platinum helix was then wound under 1 g tension non-inductively around a notched‘
mica cross held in a mandrel., For assembly of the mica cross see Apnendix III.

One 20 chm and one 50 ohm thermometer

Strip_.
Wire ==

were constructed.

Of the many types of protective
Burner

Pincers

case materials‘used for resistance
thermometers, pyrex glass was chosen
because it ?s easy to work and is suitable
.for thé temperaturebrange desired, Thin=-
Pt wire ) "

- Tube walled pyrex was used for the préféctive
Pt strip ' i i

tube; and thin platinum strips were used
Plug -
for leads in order to make a vacuum seal

through the glass., The sealing procedure

is ‘detailed in Appendix IV,
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The platinum strips emerging from the seal were fused to 0,020 inch
platinum wire leads, The wire was flattened at one end by rolling, was held in
contact with the platinum strip by pincers, and was fused with an oxy-gas flamqi
A pyrex tube was then fitted over the leads and collapsed, so as to fix the
platinum strips and leave only the heavy platinum leads emerging from the
thermometer, /

The thermometer was then cleaned in a dilute nitric acid solution,
annealed for 15 hours at 490°C, and de-gassed for 3 hours at 400°C. After the
seal was leak-tested, the therﬁometer was filled with dried helium at two-thirds
atmospheric pressure and the pyrex tube was sealed off. The actual size of the

thermometer is shown in the diagram.

$.

042801
WL )

21,6278 —— >

Kovar seals were used to attach the thermometer to the calorimeter
vessel and to bring its leads out of the vessel, The two platipum leads were
soldered to kovar seals, which were soldered to a silvered phosphor bronze disk.
This disk was soldered to the calorimeter vgssel top, Two fine leads were
connected to each kovar seal on the“outside° The resistance of the kovar seals

(~ 0.001 ohm) is negligible in comparison with that of the resistance thermometer.

£f.' Energy Input and Temnerature Measurement

The poten?iometer méthod was used to measure bqth the thermometer
resistance, for temperature determinationé, and the energy inPut to the'thermometer
when used as a heater, Both measurements were made with one_potentiometer, using
one circuit. The circuit, Which was 8lightly different for the commercigl 100 ohm

thermometer and the strain-free 20 ohm thefmometers is shown in Figure 8,
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To produce a very stable direct current source, six 120 amp.-hour
2 volt storage batteries were used. Thqywere arranged to create two 6 volt
sources in parallel, Before an energy input, the batteries were discharged
through a dummy resistance, so that'ﬁhgir voltage would be qonstant while
measurements were being made, For temperature megsurements, the switches were
thrown to position T in Figure 8, and for heat input the switches were at

position H.

The potentiometer connections are at P and Q. A Tinsley type 3387B

1

potentiometer was used, having ranges O to 1.9 x 10'2, 1.9 x 107~ and 1.9 volts,

readable to 0.005% or 1 of the maximum. The accuracy is 0,01% of the
19,000 '

maximum, or 24 V for the lowest scale. All resistances, the potential across

which was to be measured, were standard resistances.. All leads inside the

calorimeter were No, 29B and S copper, formex insulated, and outside were

"No. 18B and S flexible copper.

(1) Energy Input:

The potential across the heater was found by using a potential divider,

consisting of a 10 and a 10,000 ohm resistance. The potential across the 10 ohlm

resistance was measured; it was

VQ = 10 times
10,010 + Rjyeads

the potential across the heater. Since the resistance of the leads was about

1 ohm, the potential across the heater,

Vo= 100L.1V, ;

neglecting the lead resistance produced an insignificant error of 0,01%.

The current through the heater was found by measuring the potential

across a 1 ohm standard resistance, This potential, Vp, was equivalent to the
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- total current through the circuit., The current through the heater, I, was equal
to the total current minus the current through the potential divider:

I=VP-VQ
0

The energy input = VIt. The duration of energy imput, t, was measured .
with a stopwatch to better than 0,05% accuracy. At 0°C, V= 6 volts and
I= 0,05 amp. for the 100 ohm heater; V '—:3 volts and I = 0,12 amp. for the 20
ohm heater., Thus the power was approximately.0035 watts for each thermometer at
0°GC, produéing a temperature rise 9f-v 0.5°C per minute for the calorimeter.

LveSSel_when?éontaining_a sample:. weighing 30 g.

Since the heater resistance varied with temperature, the power input
varied'also, and had to be averaged. The voltage, V, acrossvthe 100 ohm
heater (Figure 8a) was virtually constant during one heat input, but the current
éhanged considerably. For a 10°C temmerature rise, the heater resistance
éhanged<by L ohms or one twenty-fifth of its value, Thus the current also
changed by épﬁroximately this fraction., Since the battery potential =V + Vp = 6,
V=26-7Vp, Vpwas only i%a of V, and changed by only E%, so that the change
in Vwas _1 or 0,04% for one heat input.,

2500

For the strain-free heater (Figure 8b), the circuit was arranged so
that the power input remained approximately constant. As the temperature rose,
the heater resistance increased, and the current was lowered. Thus the wvoltage
drop across the 20 ohm resistance of the circuit decreased? and the potehtial
across the heater rose, Since the heater resistance was approximately the same
as the 20 ohm resistance, the rise in potential across the heater approximately

compensated for the lowering of current through it. (See Appendix V for power

change calculations).



23y -

(ii) Temperature Measurement: (Figure 8)

The temperature was calculated from the resistance of the thermometer,
which was found by comparing with a standard. The potentials across the
thermometer, VQ, and across a standard 10 ohm resistance; Vp, were measured for
the 100 ohm thermometer, Since the currents'were the same through each
resistance, the thermometer resisfance,

10 Vg
Vp

Ry

W ith the 20 ohm thermometer, a 20 ohm standard resistance was used, so that
Ry = 20 Y9
Vp
Because the four lead type of thérmometer was used, the measurements were

independent of lead wire resistances,

A current of 1,2 milliamperes was used for the 100 ohm thermometer and
0.6 milliamperes for the 20 ohm thermometer. These relatively high currents
reduced the effect of parastic thermal e.m.f.®s in the circuit, while apparently
causing negligible heating. The power generated by the current for the 100 ohm

L 6

thermometer was l.4 X 10° " watts (7 x 107w for the 20 ohm thermometer). This

was 3 x 104 as much power as used when heating the calorimeter vessel,

The resistance measurements were reproducible to 0,01%, which

corresponded to 0,02°C near 0°C,

III. CALIBRATION AND PERFORMANCE

1. 'Calibration of 3esistance Thermometer

a, Fixed Points:

The resistance thermometers were calibrated at International Temperature
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Scale fixed points.9 The calibration points were:

Basic fixed points:
(i) The temperature of equilibrium between liquid and gaseous
oxygen at the pressure of one standard atmosphere (760 mm,

of Hg):
Oxygen point - -182,97°C

(i1) The temperature of equilibriﬁm.between ice and air
saturated water at normal atmospheric pressure:
Ice point 0,000°C .
(iii) The temperature of equilibrium between liquid water and‘its
vapour at the pressure of one standard atmosﬁhere:

Steam point 100,000°C

Secondary fixed points
(iv) The temperature of freezing mercury at the pressure of
one standard atmosphere:

Mercury poiﬁt -38.87°C,

Although the basic sulphur point (444.60°C) is recommended for
calibration, the secondary mercury point was used because of the relative ease

of attaining this temperature,

b, Calibfation Apnaratu 9

ol

(1) Oxygen vpoint:
In order to standardize it aphthe oxygeﬁ?point, the thermometer,
containeqbin»a glass tube, was immersed in,li@uid oxygens The formula used to
find thé.teﬁperature of equilibrium between liquid and gaseous oxygen at a

pressure p (mm. Hg) is:3 t, = =182,97 + 9,530 -1
v (%)

=3.72_§_=12+ 2,2 : ..,_3
(760 ,) (750 )
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Because of the commercial brand of liquid oxygen used and because of the

uncertainty in p, the oxygen point was accurate to only -~ 0,1°C..

(1i) 1Ice point. and mercury point (see Figure 9a)3

To calibrate at the ice and mercury points, the thermometer was
placed in a glass tube containing acetone for fast thermal conduction, The tube
waé imﬁefse&%in distilled water or mercury, which was cont%}ned iﬁ an eVééuable
Dewar flask., The flask was surrounded by azmixture of dry ice and acetone., When

the temperature approached the transition point, the flask was evacuated, so that

the temperature remained constant for some time at the ice or mercury point.

- (1ii) Steam point:
The steam point apparatus is shown in Figure 9b. _Steaﬁ in
equilibrium with water rises about the thermometer, and insulates itself from-the

sﬁrroundings by circulating down outside the inner tube,

(iv) Determination of fixed points:

A Leeds and Northrup platinum resistance thermometer, calibrated
by the Néﬁional Burgau of Standards above-d°CS was used to determine the mercury
and steam pqint temperatures. The calibration of this thermometer was checked
at the ice point. Since its resistance at 0°C differed by only ~ 0,0005 ohms
from its calibrated value of 22,5117 ohms, thé change was assumed to indicate a
linear shift in resistance, with no change in the calibration constants,

Rloo ,_ RO and 80

The resistance of this thermometer was measured with a Leeds and
Northrup Mueller dial bridge. The lead resistances were eliminated by using a

mercury commutator to switch leads. For a balanced bridge (see diagram),
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Rh +C = R

1 g * T

where Rl is the bridge reading. With

T and C and £ and c¢ switched,

R+ T = Ry +C
C , ”'. Rt = Rl + Rz
: 2

The connecting resistances of the
R
] commutator also are eliminated by

taking measurements with the thermometer resistance, Ry , shunted out,

¢, Calibration Formulae

The relation between resistance and temperature, t, of a platinum

8
resistance thermometer for temperatures from O to 630°C iss ’ ?

Ry, = R_(1+ At + Bt?) (1)
Ry is the resistance at 0°C and A and B are constants determined by calibration

at the steam and sulphur points, For températures from =183 to 0°C,
Ry = Ro[} + At + BtZ + C(t - 1oo)t§] (2)
The additional constant, C, is determined by calibration at the oxygen ncint,.

For these ranges, the temperatures found from these formulae, using a
standard platinum resistance thermcometer, represent the International Temperature
Scale, The first equation is equivalent to Callendar?®s equations

t = B "% 100 4+ 8 [30001 £)° - 0.01 {] (3)
B100™ Bo
10% B

where & = - _ - "
A + 100B

(See Appendix VI),



Th'e'- second equ_ation,'ie_ e&;ﬁiira;leﬁt to:

R_L_..Ee_..leo .3 [(o.ou'.):2 - 0,01 {l,+'D(t-;100)t3 (W)
Rmo Ro | .

whereDﬂ- -G
Lo A+ 100 B

(See Appendix VI),
These formulae enable the temperature to be "‘easily calculated from the

resistance by a successive _approx:lmatidn method, The first approicimation,"

- B "% 10

Ri00 =B,

‘tl

The second approx:Lmation is. attained by subatit.uting t in the right hand side
of equation (4), ‘ 7
ts ﬂ'tli.--,:*' 8[(%01 tl)z '.'.-.--e@;ei’ tﬂ + D(ty - 1)1;13
‘g s f’(-ti) _ S
The"third appréximatien,' s - t-l'+' f£(tp)yand 8o on. In practice; tg can be
estimated 8o that only one calculation need be made to find the final approxima,-

d. Calibration Results_.

(i) Conmerclal thermometer:
The first callbrat.ion of the commercial 100 ohm thermometer gave

the following resultss

Oxygen point R 182 9 = 2h,7h0 abs, ohms
He;‘cyry» point. 38 gL ® 81;,725
Ice point Ro = 100,21 ' (5)

Steam point RlOO = 139.02
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The temperature of the mercury point was found from the Leeds and Northrup

thermometer resistance at that point.

The value Rjpp was calculated using the Leeds and Northrup
thermometer, whose calibration constants were Ro' = 2.5117, R100' - Ro' =
0.9732, and 8' = 1,502, At the steam point, the resistance of the Leeds and
Northrup thermometer was Re' = 3.4844.  Thus, using equation (3), the tempera-
ture,

t = 3.4844 - 2,5117 100 +(a negligible quantity) = 99.95°C,

0.9732 ‘

at which Ry = 139.00 for the commercial thermometer.

Since Ro = 100.24 ,

399°95 - BO = 38,76

To find Rjgo:

SR for 0,05°C is 38-76 x 0,05 x 0.985 = 0.019,

99.95
where 0,985 is the value of _A(pt) (and pt = Ry - Ro 100)
- ' 4t B100 - Ro
near 100°C for a thermometer with & = 1.50 .
Therefore Ripo = 139.00 + 0,019 = 139.02

Rigp - By = 38.78 abs, ohms,

The resistances obtained by calibration (equation (5)) were

substituted in equation (2) to find the constants:

A =3.952 x 10~3
B = -8.38 x 1077
= -1.3 x 1012

c
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Thus & = 2,17

and D = 3,4 x 1010
Equation (4) becomess

.t = (Ry - 100,24) 2.5786 + 2.17[20.01 )2 - 0,01 {] + 3.4

x 10710 (¢ - 100)t3

After this commercial thermometer had been used for temperatures

from =150 to 150°C, it was recalibrated. The results were:

Rog.g7 = 8465

R, = 100,06

Ri00 = 138,91

-therefore Rjgg - Ro = 38,85
and 1) = 147

therefore t = (Rt - 100,06) 2.5740 + 1.47 [(0.0l t)2 - 0,01 f] V

for 04 t < 630°C,

The calibration of the thermometer had changed c¢onsiderably. .The”
change caused an appreciable error in temperature interval measurements, which

increased as the temperature differed more from 0°C,

(ii) Strain-free thermometer: .

The calibration of the strain-free thermometer gave the following

results:
Bo1g3,0 = b9l

Rzggy = 12390

]

18,218

25.348

Ro

]

K100



From these, Riopo - R = 7.130
b = .lokb
and D = 1.14 x 1079
- 2 '
Thus, t = (Ry - 18.218) 14,025 + 146 [(.01 £)% - .01 t]

+ 1.14 x 1072(t - 100)t3

After the thermometer had been used from ~100 to 150°C, its zero point was

checked and was found to be the same within 0,001 ohm,

2o, Heat Capacity of the Calorimeter

The calorimeter was calibrated by measuriﬁg its capacity when it
contained a standard substance. This method was preferable to calibrating the
empty éaldrimeter, becausg conditions were closer‘to those achieved when the
célorimeter contained a specimen. Of the heat capacity standards rgcommended,15
aluminum oxide was chosen because of its availability and stability.

Electrically fused crystalline carbon-free alumina. (RR Alundum),_produced by

Norton Co., Mass., was used.

The calibration results for low temperatures, obtained using the
qommerqigl thermpmeter, are shown in Tables I and IT and Figure 10.' It is
ééen ﬁhat, as expected from.the.behaviour of copper, the heat—canacity of the
éalgrimeter decreased rathér rapidly bglow 0°C. OSince the capacity at»ﬂ
femperatures abbve 0°C was found from preliminary measurements to be approximate-
ly constant, it was assumed to increase only from 15.8 j/°C at 0°C.(see Figure 10)

to 15.9 j/°C at 100°C,

3. Accuracy of Svecific Heat Measurements, '

The accuracy of results and consistency of performance of the

adiabatic calorimeter are limited by certain errors inherent in the apparatus:



Table 1

-,

Measured Capacities of Calorimeter

Plus Aluminum Oxide

(Plotted in Figure 10)

Weight. of Calorimeter = 42,26 g. .Weight of Al1;0; = 19.91 g.

(Temperature intervals varied from 1l to 15°C.)

Average Temperature Capa¢ity

(°C) (3/°c.)

-92.8 22.9

‘ -80.6 24,2
-60.4 26.3

-60,0 26.1

=461 27.2

333 28.3

~21.4 28,9

- U8 -
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Cp(Cal. +

A1203)

(3/°C.) ¢, (Cal.)
(3/°C.)
©

15
- , | 14
| g | L 1
=100 . =80 -60 -40 =20 .0

Temperature (°C.)

Figure 10, Heat Capacitiés of Calorimeter and of Calorimeter
‘ plus Alumina.




Table IT

Calorimeter Cavacity

(Capacity of calorimeter plus Al,0,

- obtained from Figure 10)
(Plotted in Figure 10)

102026 Eo

Weight of Calorimeter =
Weight of Al,03 = 19,91 g. = 0,1953 moles
T°K Al1,03 Cal. + Al 03 Cal,
Cp Cp Cp(J/°C)
180 8.55 22,93 14,38
190 9.28 24,02 1h.Th
200 9.99 25,05 15706
210 10?66 25,95 15.29
230 11,31 26,75 15,44
230 11.93 27,50 15.57
240 12,52 ‘ 28,20 | 15.68
éSO 13,09 28,80 15.71

- 15 -



as Thermal Leakage Error

”.Since for any calorimeter heat is transferred betweeﬁ the ;élori-
meter vessel and its surroundings, an error in accounting for this heat transfer
is involved. In an adiabatic calorimeter, the heat transfer is not calculated,
buﬁ is reduced to a minimum° The resulting error in temperature of the calorimeter
is 3 .
- n = Pkt
wheré W.ié the thermal head or the difference in temperature between the
calqrimeter vessel and shield, k is the leakage modulus and t.is the length of

timé for which the thermal head occurs.

The maximum error, W... = # pax ¥t if @ ;.4 is the maximum thermal

head for the time t,.

For this adiabatic calorimeter, the thermal leakage modulus was
measured for various temperatures and pressures by controlling the thermal head
by means of the adiabatic shield controls. The resulting values (for a 30 g.

sample in the calorimeter vessel) weres:

Temperature (°C.) -70- -20 - =20

Pressure (microns) 0,2 0.1 0.5

k (°C/min./°C head) .01 0,015 0,02
Temperature 20 20 40 4O 100 - 100 lAO
Pressure 0,15 | 2 0.2 0.5 0.1 3 0.3
k | o.015 0,06 0.012 0.03 0,025 0,07 0.04

(See Figure 11)
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Figure 11: Variation of Thermal Leakage Modulus, K, with Pressure.
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For a thermal head between calorimeter and shield bottom only:

Temperature (°C.) | 50
Pressure (4¢) 0.2

k, (°C/min./°C) 0,004

A Philips ionization gauge, calibrated with a Mcleod gauge, was used
to measure the pressures. As can be seen by the Tables and Figure 11, the thermal
leakage modulus increases only slightly with temperature, but gréatly with

pressure up to about one micron of mercury.

The lowest pressure obtained with this calorimeter was aboutlo.l
micron, because of the volatiles present (mainly the insulating varnish). As the
thermal head between the shield and outer case ipcreased, and thus the éhield current
incre;sed, the pressure from the volatiles multiplied. Thus with this thermal
head a minimum (less than 50°C), the least thermal leakage was obtained because
of the low pressure, and also because of the ease of controlling the shield
temperature, ’

The maximum error in temperature arising from thermal leakage can

be calculated from the formula noted previously:

Npax = Phax Xt

For a 10°C temperature rise, heat was supplied to the calorimeter vessel for
about 20 minutes, and an equilibrium period of 5 to 10 minutes was requiredoA'Thu§
t = 30 minutes, If ), = 1%410°C, and k = 0.03°C/min./°C, then h__ =~0.1°C,
Consequent;y, the maximum error in t emperature interval would be 1%. Since ¢
will average much less than its}maximum, the error from this source will be much
less than 1%. .With_ca;gfgl shig}@lgogtyql,QQ cqulq be kept within l°/30 c, and"

the resulting maximum ﬁéssible error would be 0.,3%. The probablé thermal leakage



- 19 -
error (the mean value of a random selection of positive errors) would then likely

be less than 0,1%.

Besides the thermal leakage caused by a thermal head measurable with
the thermocouples, there can be leakagé“by other means, such as by conduction
along leads and by radiation from hot spots, This leakage causes the calorimeter
vessel temperature to drift linearly with time. However, this effect was usually
negligible for this calorimeter if the shield temperature was within 50°C. of the

outer case temperature,

b. Energy Input Error

Since the resistance of the thermometer-heater varied considerably
with temperature, the power supplied by the heater also changed. The averaging

of this power introduced an error in the energy input measurement.

The voltage across the commercial 100 ohm thermometer remained almost
constant during a heat input, but the current decreased by ~ 4% for a ten degree
temperature rise (seg Section II, 2f)., The decrease in current was not uniform.
It was rapid as the power input was started and quick local heating occur;;d, but
aftér one or two minutes it became uniform as the heating rate became more
constant. In order to average the current, it was measured at one to two minute 
intervals., The averaging process introduced a maiimum error of 0,1% in the

total energy input measurement.

The circuit for the strain-free 20 ohm thermometgr was arranged so
?hat_the power remained'almQSt constant (see Section II, 2f). The theoretical
powér change for a 10°C ‘temperature rise is 0,05% if the initial heater
resistance is equgl to the resistance Qf the rest of thg circuit (see Appendix ).

In practice, the power change resulting from a 10°C temperature rise was about
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0.5% near 0°C. The error involved in averaging the power was thus about 0,05%,

An additional error in power input measurement resulted from
inaccuracies in potentiometer readings, This error amounted to ~ 0,05%. The

total maximum error in measurement of the energy input was thus ~ Q.I%.

c. Temperature Measurement Error. !

The largest error in specific heat calculations (as is usually the
case in calorimetry) was caused by inaccurate temperature measurement. Errors in

temperature as measured by a platinum resistance thermometer may be caused by:

(1) 1Inaccurate calibration or change in calibration of the thermometer?

Uncertainties in the thermometer calibration cause errors in the
temperature measurement, and consequently in the temperature inter#al mgasurement.
The latter must be the more accurate;_although a temperature error of 0,5°C is
not serious, a 0.,1°C error in the temperature‘interval is rather large, since it
causes a 1% error in specific heat if the temperaturéﬁinterval is 10°C.
For@unately, errors caused by calibration deviations t%ﬂdéto céncel out’?or

temperature differences, so that they are not so serious as might be supposed.

Errors caused by inaccuréte calibration are not‘large, because the
calibration must be very poor to produce significant errors (see Appendix VII),
Moreover, these errors will not vary with time, and will change gradually with

temperature, so that their effect on specific heat anomalies will be small,

Changes in the ca;ibration constants‘of the:thermometer, causeq by
strains'or impurities in the platinum, are}more serious. The error in temperature
interval -caused by the measured changes in calibration of the 99mmercial
thermometer was ~ 0,1°C for a 10°C interval near 100°C (8ee Appendix VII),

Although this error was large, its effect on the specific heat anomaly was reduced



because of its gradual change with temperature,

Errors resulting from calibration deviations were greatly reduced by
using the strain-free thermometer, whose calibration constants remained very

steady,

AN

(ii) Inaccurate resistance measurement:

The greatest error in temperature measurement for the strain-free
thermometer was caused by £he error in potentiometer readings. The potentiometer
was accurate to 0,01%. Since the thermometer resistance was found from the
quotient of two potentiometer measurements (see Section II, 2f), the maximum
error in the resistance was 0,02%, which corresponded to a température error of
0.05°C. The maximum error in the femperatufe interval was then 0,1°C, but the
probable error was considerably less, approximately 0.015°C. In a 10°C temvera-

ture interval, this produced an interval error of 0.15%.

As the maximum error was considerably greater fhan this, a more
accurate means of measuring the thermometer resistanée would have been desirable,
A more accurate potentiometer could be used. Some form of Wheatstone bridge
circuit‘is often‘uged; a Mueller bridge is perhaps the most accurate one available,

giving precision up to 0.,001°C,

The total error in specific heat measurement for this calorimeter,
under adequgte working conditionsvand using the strain-freg thepmome?er, was thus
made up of probable errors of a 0.1% thermal leakage error, a 0.05% power measure-
ment error, and a O.lS% temperature measurement error. The total maximum error
was ~ 1.5% and the probable error was ~ 0.2%, However, the accuracy of the
'calorimeper is perhaps best ‘described by‘an error which is not likely Fo be

exceeded, If an error is used which only five percent of a random sample of errors
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exceeds, the accuracy was ~ 0,5%. For all practical purposes, this is a

suitable value to use, so that the accuracy of the specific heat measurements

was O, 5%0
IV, RESULTS

l. Preparation and Properties of Alloys.

a. Preparation of Alloys:

Alloys close to the compositions Mn3AlC and Mn3ZnC were prepared,
The materials used were:

~Mn

..

99.9%'pprity, donated by the Electromanganese Corp., of America,
Al: 99.99% purity, donated by the Aluminum Co. of Canada.

Zn: 99489% purity, donated by the Consolidated Mining and Smelting
Co. of Canada,

C ¢ spectroscopic grade.

The alloy Mn3;AlC was prepared by induction melting under an argon
atmosphere in an alumina crucible, The chill cast alloy was homogenized in an

evacuated silica tube for 72 hours at 1000°C.

The alloy Mn3ZnC was sintered, using components Mn3C and zinc, for
three days at 550°C in an e#acuated silica tube containing little free' volume,

It was then ground and resintered for 12 days at 600°C,

b. Properties of the Alloys:

(i) Mn3AlC:
- The alloy Mn3AlC was metallic and brittle, but easily corroded
in humid -conditions, X-ray powder p@ptographs showed the alloy to be about‘98%

: °
the ordered face-centered cubic phase expected, with parameter 3.876 A.
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The saturation magnetization, 0", in a magnetic field of 16,000 oersteds
‘was measured from -iéO to 20°C. (113 - 293°K®, using a Sucksmith ring balance,
The behaviour (Figure 12) was-that gf a ferromagnetic substance. The Curie point,
obtained by plotting U‘against temperature and extrapolating the straight line
to 0= 0, was 6 = 286°K = 13°C, yThe saturation magnetization at 0°K, obtained
by plotting absolute temperature squared against 6’,\and extrépdlating to zero
temperature, was d = 102 ergs/g/oersted, which corresvonds to 1.2 Bohr
magnetons per manganese atom, (The same value was obtained by previous

researchersé).

(i1) Mn3ZnCs
The alloy Mn3ZnC was in powdered, non-metallicyeasily-corroded
form. X-ray powder photographs showed the alloy to be > 95% the ordered face-
centered cubic structure expected, Two alloys were used: |
Alloy 1 Thé first was the same”alloy on which neutron diffraction measurements
| were made, The X-ray photograph indicated'a small amount ( ~ 2%) of a
second phase., The main phase had lattice parameter: 3.9228 K,
Alloy 2: A large alloy of 70 grams was sintered in order to make Specific heat
measurements more accurate. About 5%~of a second‘phase was present
even after rgsintering. The lattice parameter of the cubic structure

was 3,9233 Z.

The variation of satﬁration magnetization with temperature for the two
alloys is shown in Figure 13, The maxima were 82,6 and 80.7 grg/g/ogrsted for
alloys 1 and 2, occurring at =45 (32)°C or 228 (#2)°K, Extrapolating the curve
to 0°K for alloy 1 gave a mggnetization at absolute zero which co?reSponded to a
?ohr magneton value of one per Mn atom (éee Section T, 2), Extfapqlating #he
part of the curve abogg =45°C to O°K gave a value of ~ 1.5 Bohr magnetons per Mn

atom, These results agree within experimental error with those obtained
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Figure 12, The Variation of Saturation Magnetization, ¢,
with Temperature, T, for Mn,AlC.
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previously5 (see Figure 2). The Curie temperatures of alloys 1 and 2 were

6, = 391°K = 118°C and B,= 368°K = 95°C in a field of 16,000 oersted.,

2., Specific Heat Measurements

a. The Specific Heat of Mn3AlC:

The specific heat of Mn3AlC was measured from -140 to 100°C., using
the commercial thermometer. The capacities of the alloy plus calorimeter are
plotted in Figure 14 and are listed in Table III, The capacity of the alloy
alone, obtained by using the calorimeter calibration curve of Figure 10

(Section III, 2), is plotted in Figure 15,

The specificAheat curve of Mn3;AlC showed the expected ferromagnetic
~anomaly at the Curie point, and its shape was close to that predicted by Weiss
(Section I, 1). This anomaly occurred at -10 42°C, wﬁich is the Curie tempera-
ture in zero magnetic field of the alloy - the Curie temperature obtained by

magnetic measurements in a field of 16,000 oersteds was of course higher (13°¢C).

The size of the specific heat apomaly_was.conside?ably'smallef than'
expected -for an alloy of“magnetizationil.Z Bohr magnetops per mangahese atom.
According 'to the Weiss theory, the height of the anomaly for a‘ferrémégﬁetid’
substance of magnetizationihpB per atom is S‘h%;qal/°C/g atom.l But the
height of the Mn3AlC anomaly wasV~»2.2 j/°C for 0,157 moles, or ~1.1 ca1/°C/
g atom of Mn, which would correspond to only 0,37 Bohr magnetons per Mn atom,
The greatest specific heat‘measured'for the alioy (ignoring the anomaly) was

6.6 cal/g atom/°Cyat 100°C,

The measurements were repeated for the same alloy, using the stfain-
free thermometer, with good general agreement in results (seg Figure 16), .The
Curie temperature was -9 42°C and the‘anomaiy height was ~ 1.9 j/°C. for 0,151

moles, or ~ 0,33 Bohr magnetons per Mn atom,



Table III

Capacities of MnyAlC (31.97 g)

plus Calorimeter (42,18 g).

as measured with the Commercial Thermométer

(Temp, intervals varied from 5 to 12°C).
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Average Temp, Capacity Average Temp. Capacity
(°C) (3/°c.) (°C) (3/°¢)
-138.6 25.3 2,0 35,1
-136.8 25.4 -0,8 34.9
-124.8 27.0 Le9 34.8
-111.7 28.5 6.2 34.9
-102.2 29.7 17.1 35,2
-97.3 30,1 26.0 35,2
-89.2 31,1 31.5 35.5
-89.1 30,8 36.2 35.6
-76.8 31.7 11,7 ~ 35,3
-61.6 33.2 43.8 3543
~57.2. 33.2 51.6 35.6
~L3.4 34,1 52.8 35.5
~30.7 35.2 61.0 36.1
-17.4 36.1 62.3 35.9
-13.6 36.3 70.2 35.9
-11.0 36.3 7.2 3.0
0.4 36.7 83?0 36.3
-8.8 36.6 91.7 35.9
'—6.4; 36,0 100,2

36,2
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Figure 14, Capacity of Mn;A1C Plus Calorimeter,
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Figure 15, Capacity of Mn,AlC.
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Figure 16. Capacity of Mn.AlC + Calorimeter.
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b. The Specific Heat of Mn3ZnC:

(i) Alloy 1:

The heat capacity of the sample of MnzZnC on which neutron diffraction
measurements were made was found from -100 to 60°C, using the commercial
thermometer, The temperature intervals used were from 8 to 12°C, which were
large enough to obtain accurate interval measurements, and small enough to

discern sudden changes in heat capacity,

Thevresults are shown in Figure 17. The specific heat anomaly,
occurring at ~-37°C, had the form of a normal ferromagnetic Curie point anomaly.
The anomaly height was 1.8 j/°C for 0.033 moles of Mn3ZnC, or 1,7 cal/°C/g atom
of Mn, The corresponding Bohr magneton number was 0,6 per Mn atqm. The maximum
yalue of the specific heat reached.was 7e5 cal/g. atom/°C at 80°C, and at this

point it was still rising quite rapidly.

(i1) Alloy 2:

"Because the sample of alloy 1 was rather sgall, another larger sample
was madé; in order to increase the accuracy of the specific heat measurements,
The results, obfained using the strain-free thermometer, are shown in Table IV
and Figure 18, The specific heat values show two anomalies, a very sharp one

at =35°C, and a more rounded one at ~ 65°C,

The high temperature anomaly occurred at the normal ferromagnetic
Curie tempergture of Mn3ZnC. Its rounded shape was orobably due to measurement
errors, and possibly a}so due to inhgmogeneity in the alloy,_since the Curie
temperature is very dépendenp on composition. The largest specific heat '
measured for the alloy (except for the anomaly) was.6.8 cal/g atom/°C at 100°C,

which was apbroximately the same as that for Mni3AlC,
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Table IV,

y Capacities of MnaZnC (Alloy 2:51,.38g.) plus Calorimeter (43.66 g.)

as measured with the Strain-Free Thermometer,

(Temperature intervals varied from 5 to 11°C.)

Average Temp., Capacity Average Temp, Capacity

(°C.) (3./°Ce) (°C.) (§./°C.)
-69,2 40,2 - 39.5 16,3
-58.4 L2.0 L745 L7.1
-56.7 LR.1 L7.8 L6l
=53.3 42,6 49.3 46.8
-48.0 44.0 56.5 46.9
-46,5 Lia3 59.8 46.8
~45.7 Li. 6 66.0 L7.0
-40.9 L6.1 69.3 46,9
-38.3 47.0 72.5 46.2
-36.8 46.5 73.1 46.0
‘3601 Ll»7t3 7703 ‘ 1#5.7
"3102 l$207 7900 l¢502
-28.3 42,6 82,2 45.3
-17.9 43.0 82,2 4L5.6
- 7.6 43.3 89.6 - 45.2
27.9 L5.6 91.9 46,0
29.7 45.3 101.6 L5.8
37.9 45.8 111.4 45.8
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Figure 18, Capacity of Mn,ZnC (alloy 2) plus Calorimeter,
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The low temperature anomaly had a very sharp peak, dropping to zer§
over only about a 3°C interval. This anomaly thus was very close to the
" theoretical form predicted from the WEissltheory, which‘has a discontinuity at
the Curie temperature, Sﬁch_an approach to discontinuity has not been observed
before. The height of the anomaly was 5.5 3j/°C for 0.212 moles, or 2,1

cal/°C/g atom of Mn.

- . Ceo Mapnetic Specific Heats andjEn§;qp§eB:

The dnomalous specific heat caused by the magnetic‘Change at the

Curie point may be found by writing the observed specific heat a&zzl6

Co = Cq+ (Cp~-Cy) +Cy +8

where Cq = specific heat at constant volume from Debye theory.
Cp = Gy = correction for dilatation
C4 = excess over the Debye value common to most metals.

S = excess caused by magnetie and other changes,

In order to use this procedure, however, measurements over a large
temperature range must be made. In particular, specific heats near 0°K must
be found in order to calculate the electronic and the lattice specific heats,
Consequently, because of the limited ﬁemperature range of these experiments,

method was not suitable,

The magnetic specific heats in the present research were thus
approximately determined by extrapolating the observed specific heat curves
from above and below the anomalies., The results are shown in Figures 19 and
20, In Figure 19 the magnetic specific heat MCy of MnjAlC (from Figure 15) is

plotted, as well as the values of -¢’do/dT obtained from the magnetization
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curve (Figure 12), (M = gram molecular weight, Cy = magnetic specific heat/gr.).
A curve of M CM/T versus T is aléo plotted, which when integrated gives the
entropy cha.nge{ assoclated with the magnetic change:AS '=/M CM dT/T =

1.8 j/mole/°K = 0.15 cal/g. atom Mn/°K. The magnetic energy, U =//MCMdT =

460 j/mole = 37 cal/g. atom Mn,

Figure 20 shows the magnetic specific heat of MnZnC (alloy. 2,from
Figure 18), and a curve (M Cy/T, T)., The entropy changes corresponding to
the low and high temperature anomalies respectively were AS:L = 1,7 J/mole/°K =
0.14 cal/g. atom Mn and 4S5, = 1,3 j/mole°k = 0,11 cal/g. atom Mn/°K. The
magnetic energies, Uy = 385 j/mole = 31 cal/g. atom Mn and Up = 420 j/mole =

3L cal/g. atom Mn,

V. DISCUSSION AND CONCLUSIONS

1., Discussion of Results

The specific heat curves of Mn3AlC showed a second order anomaly at
its Cufieé point (=9°C), as expected for this ferromagnétic alloy. The curve
for Mn3ZnC showed secon@ order anomalies at. =-35°C amd at 65°C, which suﬁported
the previously discussed (Section I, 2) concept of the magnetic structure of
the alloy: it is ferrimagnetic below =-35°C, ferromagnetic between =35 and

65°C and paraﬁagﬁetic above 65°C,

a. Weiss Theory:

The experimental results will be discussed in terms of existing
magnetic theoriés° One of the first ferromagnetic theories was the phenomeno-
logical *molecular field® theory of Weisg,l9 the quantum modification of which
is in good agreement with experimental results, Weiss made the important

assumption that the elementary magnets of a ferromagnetic substance are under
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the influence of an effective magnetic field, He, which is the sum of the

applied field, H, and the molecular field, NI, which is proportional to the

magnetization, I, The

proportionality constant, N, called the molecular

field constant, is a measure of the exchange forces acting between the atoms

of the substance, The

statistics in a manner

magnetization can then be evaluated by using Boltzmann

.analogous to the Langevin treatment of a paramagnetic

gas., The magnetic moment of an atom in the quantum notation is

where

Let

where

Then

where I0
Then I
I

]

u =J g up

J = the resultant angular momentum quantum number
of an atom = the sum of orbital (L) and spin
(S) quantum numbers,

g = gyromagnetic ratio

= 2 for spin angular momentum only (=2 for
ferromagnetic materials experimentally)
up = the Bohr magneton, the magnetic moment ofva‘
single spinning electron

= eh/4bWme = 9.27 x 10‘21erg/gauss.

o = uAHe/KT

K

n

Boltzmann®s constant and the effective field,

He= H + NI

the average magnetic moment of the substance, U, is

deduced from:

1 g

u
uA IO m=—yJ J

= m/Jd
m

magnetic moment per unit volume at 0°K,

il

2J + 1 coth(2J + 1)a -1 coth a_
2J 2J 2J 23
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This is the Brillouin function, The Curie temperature, 8= (J+l)guBNIo/3K .
For 7 = 1/2 (a single electron spin),

I = tanh uAHe = tanh a

I
© KT
IfH=0, I =tanh I/I
I, T§e
where 8 = y NI /K

This curve agrees well with e:qperi,mentml7

/

The saturation magnetization (I/I,, T/g) curve calculated for
J = 1/2, and the expérimental curves fof Ni and Mn3A1C are plotted in
Figure 21, The calculated curve is éuite close to experimental results for
Ni, but differs considerably from the observed MnjAlC results. It should be
noted that in general the curves observed for alloys are less concave to the
T/ axis than the curves for pure metals,<0 ( Stoner's collective electron

theory gives results close to the Mn3AlC curve).

Using &= ugNI_/K = 264°K, the molecular field constant for

Mn;A1C,
N = 6600 gau352 ce/erg.

The molecular field, NI, = 3.9 x 106 gauss,
For ferromagnetic Mn3ZnC,
| N = 7AdO gau352 cc/erg.
NI =5,1x 106 gauss, assuming the saturation momenf.

o
at 0°K to be 1.5 ug per Mn atom.

From the Brillouin function, the molar susceptibility above the

Curie point is
‘

Ky = Oy = (J+1) g ugly = Oy
I  T3K(T -@) T-6
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The Curie constant per mole,Ci/I = (J+1)gup OgM where Opmis the magnetic

K
moment per mole with all elementary mggnets aligned parallel (at 0°K), From
paramagnetic data for Mn3ZnC,

N = @M = 2700 gauss® cc/erg, where
o
M = gram molecular weight,
This result is not very reliable because of the experimental difficulties of
!

paramagnetic measurements (especially zinc evaporation).t The value of CM

could not be determined for Mn3zAlC because of the curvature of the (1, T) curve,
' X

For best overall agreement with ferromagnetic and paramagnetic data,

J is between 1/2 and 1,

The calculations of magnetic specific heat based on the Weiss theory
have been summarized in Section I 1 b. The magnetic specific heat per unit

mass,

2,

Cy =Np do?
M3

o}

Then if the Brillouin function is used to evaluate Cy, the resulting
‘specific heat anomaly rises continually with increasing temperature to the
Curie point, where it drops discontinuously to zero. The form of the curve
is shown in Section I 1 b, If the gyromagnetic ratio, g = 2, the magnitude
of the discontinuity per gram—afom at the Curie point is AA.CM = 3 Rn,/2 for

J =1/2 and 2 Rn, for J =1 (where n. = the number of Bohr magnetons per atom.

(o)

and A = atomic weight),

The general form of observed magnetic specific heat anomalies is
in agreement with these results.B’lé’zl The differences are that the observed

drop at the Curie point extends over a range of temperature (from 5-100°C),

& However, the values of N calculated from ferromagnetic and from para-
magnetic data usually do differ considerably.
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attributed to local ordering above the Curie temperature, and that the
observed curves rise more rapidly than the calculated ones below the Curie
point. The decreases in Cy at the Curie temperature for Fe, Co and Ni are

in fair agreement with theory for J = 1/2,

Because of the difference between the theoretical magnetization
curve and that observed for Mn3AlC, the observed specific heat anomaly for

this alloy can not be identical with the anomaly predicted for J = 1/2.

The values of 0°dg/dT taken from the magnetization curve for
Mn3Al1C are plotted against T in Figure 19, It is seen that the resulting
curve is much flatter thaﬁ the (CM, T).curve° Thus the value of the molecular,
field constant N in CyM = -NPsdo/dT must be changing rather rapidly over the
measured temperature range; This is to be expected, since the very similar
alloy Mn3ZnC experiences a transition from ferri- to ferromagnetism in this

region, which entails a reversal of sign in the molecular field.

The anomalies observed for Mn;AlC and Mn3ZnC (Figs. 15, 16, 18,
19, 20) were typical of magnetic anomalies reportea in the literature.3’16’2l
The anomaly heights were R/2 per Bohr magneton for Mn;Al1C and O.4R per Bohr
-magneton for the ferromagnetic Mn3ZnC anomaly, as compared with the theoretical
3 R/Z,also observed for pure metals, The low temperature MniZnC anomaly was
Quite steep, indicating a réther abrupt tramnsition from ferrimagnetism to

ferromagnetism, The usually observed *tailing off* above the transition

point was absent, but was perhaps masked by the ferromagnetic anomaly,

b. Entropy Changes:

The total entropy associated with a ferromagnetic anomaly may be
calculated from the partition function, Q, evaluated above the Curie

temperature,
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Q= e/ J using the previously mentioned notation,

The free energy, F = -RT1nQ

The entropy, S = -dF
oT

Thus for J = 1/2 and the effective magnetic field, Hg = O (T?8), S = Rln2 per

gram-atom. In general, S5 = th(ZJ + 1),

The ferromagnetic transition may also be considered in terms of a
eimple model, in which each atom has one electron spin (S = 1/2) capable of
an orientation parallel or antiparallel to a given direction., At absolute
zero temperature, ‘all spins are oriented parallel, giving zero entrepy. Above
4the Curie temperature, the electrens will represent a paremagnetic gas, with
half oriented parallel and half antiparallel. Then the entropy is

S = Kln Ne!
Ne!.Nefl. for Ng electrons.

therefore S = Rln2 (to a good approximation for one

gram-atom)

At temperatures approaching absolute zero, the magnetic specific
heats (and thus the entropy changes) involved in a magnetic transition can
be determined quite accurately, since the specific heats at constant pressuvre
and at constant volume are almost identical, and the lattice specific heat is

quite small, The specific heat curve for the transition from the.antiferro-

- magnetic to the paramagnetic state of CuCl;.2 Hy;0 has been found by

Friedberg21

to have the typical sharp peak at the transition point (4.3°K).
But above this temperature it tailed off according to a T"'2 low, probably
because of short range order. The magnetic entropy change below the Néel

temperature was O.45R and in the tail was 0.20R, the sum of which is close
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to the theoretical RIn2 = 0,69R = 1.4 cal/g.atom/deg. expected, Similar

results have been obtained for other paramagnetic sal.ts.22

For ferromagnetic materials at elevated temperatures, the results
are however far from satisfactory. The difficulty in separating the magnetic
part of the specific heat is undoubtedly responsible for the error involved
in calculating the entropy change. The change corresponding to the magnetic
anomalies of some ferromagnetic substances has been calculated by the author
from.specific heat curves found in the literature., For nickel, Stoner®3 has
used the data of several researchers to separate carefully the magnetic part
of the specific heat, The corresponding entropy change was AS = 0.5 cal/
g.atom/deg. (AS = 0,3 for only the peak of the curve, neglecting the long low-
temperature tall). The expected value is 0,83 if six-tenths of the atoms have

= 1/2 and the rest have J = 0, If, however, as predicted by Mott and Joneszh
J = O for 70 percent of the atoms and J = 1 for 30 percent of them, the
expected value is 0.3 Rln3 = 0.66. This approach assumes that the individual
electrons are not free in the paramagnetic state, and resﬁlts from tight
bonding theery° The experimental result for iron<’ was AS=2,0 cal/g.atom/
deg, The expected value is at least 2.4 (for J = 1), These experimentel
§elues are considerably less than the theoretical, but are reconcilabie with
it if a rather large degree of local ordering not observed in the form of a

magnetic specific heat is assumed present above the Curie temperature,

A theory of *constant coupling® for Heisenberg ferromagnetism has
been proposed by Kasteleijn and Van Kranendonk 26 to explaln the presence of
. short range order above the Curie point, The entropy above the Curie peint
is then calculated to be 0,31 RIn2 for eoordination"No.é and 0,12 Rin2 for.
coordination No. 12, These values have the order of magnitude of the above

mentioned discrepancies,
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It is seen that even after very careful calculation of the
magnetic specific heat anomaly, only qualitatively correct results for the
enﬁropy change can be obtained for transitions at elevated temperatures,
The results obtained for Mn3AlC by the author (AS = 0.15 cal/g.atom/deg.)
are indeed very low and indieate that for aecurate results a larger tempera-
ture range;and in particular measurements at low temperatures to determine the

Debye constant,are required.

The entropy changes observed for each of the anomalies of Mn3ZnC
(AS = 0,15 cal/g.atom/deg.) are similarly very low. The total entropy
‘yéhange for both anomalies should be 3/2 Rln2 per gram;atom of manganese, if
J = 1/2 for the ferromagnetic_state. The entropy change for the upper transi-
\£i6n from -33°C to 100°C (for T/8 >0.,70), assuming the theoretical (Cyp T)
cﬁrve for J = 1/2, is (0.41)3/2R.. Thus the entropy change for the low
ﬁemperaﬁure anomaly is 3/2 R(O.28)'= 0.8 cal/g.atom/deg. This is of course
only-a crude estimate, since local ordering above the ferromagnetic Curie
temperature, as well as other factors, were not taken into consideration,
Nevertheless, it is apparent that the experimental results for Mn,ZnC are not

of the correct order of magnitude,

| If’is feasible that accurate specific heat measurements over a
large temperature range would make possible a precise determination oflﬁhe
entropy change and consequently a verification of the low temperature magnetic
- structure of‘Mh3ZnC. To do this, a detailed theory of the degree of disorder
in the ferrimagnetic and ferromagnetic structures, and the degree of order in
the paramagnetic state would be necessary. But difficulties would certainly
be encountered in the overlap of the two anomalies, and the rapid rise of
the lattice and electfonic specific heats in the anomalous region make an

accurate separation of the magnetic specific heats doubtful., The object of
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the presant research in any case was merely to determine the presence of the
two anbmalies, and the small experimental température range permitted no
accurate entropy change calculation., However, the determination that

transitions from ferrimagnetism to ferromagnetism to paramagnetism occurred

is in itself significant,

Calculation of the magnetic anomaly of a ferromagnetic substance
is further complicated by the possibility that the drop in the magnetic
spécific heat at the Curie point may be masked by a'sudden increase in the
séecific heat caused by electronic distribution. This result is produced by

o
vpﬁe collective electron theory of . Stoner.27 He assumed that ferromagnetism

e

was caused by holes in the 3d band, which was assumed parabolic near the
Fermi limit., HNe also assumed that the exchange energy varied as the square
of the relative magnetization (as did Weiss), and that the particles obsyed
Fermi-Dirac statistics. Then it was found that at the Curie point a drop"
in magnetic specific heat of ACM/R = -1.8 was compensated by a rise in
électronic specific heat of ACp/R = l.2,lso that the resultant discontinuity
ﬁas only AC/R = =0.,6. This is not however in agreement with experiment for
'many ferromagnetic substances., By making the exchange energy also vary wifh
higher powers of the magnetization this difficulty was overcome, and also the

magnetization curves were in better agreement with experiment.28

c. Theories of exchange interactions:

In order to fully appreciate the phenomena of ferro- and ferri-
magnetism, the cause of the Weiss intermolecular field must- be considered.
Heisenberg29 originally exp;ained it by exchange interaction between electrons
of neighbouring atoms in terms of the Hei;le}-London method of localized atomic

wave functions,
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Slater3© extended this theory to apply to férromagnetic materials,
He assumed that a positive exchange integral (and thus ferromagnetism)
resulted from exchange between adjacent 3d shells when the ratio af inter-

nuclear distance to d shell diameter was larger than a certain value.

] Ze_ner,,BgL however, stated that d-d coupling always gives a negative

' exchange integral (producing antiparallel spins), and that ferromagnetism is
céused.by a positive exchange ihtegral between conduction electrons and
i&éaﬁblete d shells, (In his calculétiohs he used localizéd atdmic wave
functions for the incomplete d shell electrons and band wave functionsvfoé'the
qgte:\s electrons)., Zener's theory is useful for Heusler alloys and ferrites,

but some disagreement with neutron diffraction data has been noted.

Slater32 has proposed that to overcome difficulties of non-
orthogonal wave functions of the Heisenberg method, determinaptal wave functioﬁs
composed of orthogonal energy-band orbitals should be used. If a single deter-
minantal wave function is used, the energy-band or collective electédn theory' '
results, which is quite useful for small internuclear distances, However, for
complete accuracy all possible linear combinations of possible determinantal
~ wave functions @ﬁgpfbe made, This however entails an enormous amount of

calculations, and makes practical applications difficult,

The difficulty in explaining the presence of ferrimagnetism and
antiferromagnetism in terms of exchange energies is more profound. One approach
is the consideration of exchange interaction between excited valence states of
cations of the same transition element (super exchange).33 The completely
general theory of Slater?? is also certainly theoretically applicable to this

problem,
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2. Gonclusions.
a, The Calorimeter,

‘/ An anereid:adiabatic calorimeter Was_coﬁstructed in order to measure
sﬁeéific heat armomalies of certain magnetic alloys between -150 and 150°C,
- The difficulties of accurate temperature and heat input measurement were over-
come by using a strain-free plaiinum.resistance thermometer-heater, The
acéurﬁcy of the'caloriméter was 0,5%; the use of an accurate bridge for

resistance measurements would increase it to 0.2%.

b. Specific Heat Measurements,

Specific heat curves were successfully measured for the alloys
Mn3A1C and MnyZnC. The expected second order specific heat anomaly was
observed for the former at its ferromagnetic Curie point, -10°C. The presence
of two second order anomalies on the specific heat curve of Mni3ZnC supported
the idea of a complex magnetic behaviour for the alloy: it is ferrimagnetic

below =35°C, ferromagnetic between -35 and 65°C and paramagnetic above 65°C,

The observed anomalies were qualitatively in agreement with the
theory of Weiss, Accurate separation of the magnetic specific heats, which
~would make a quantitative theoretical interpretation of the results feasiblé,

was impossible because of the limitations of the experimental data,
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- VI, APPENDICES

Appendix I

Calculation of Effective Magnetization of Mn Atoms,

The alloy MngoAlpoCpo has a magnetization of 44, = 1,224p7 per Mn atem;. -

The alloy Mng4Ala6Czo , in which L atomic percent of Mn atoms have replaced Al
atoms, has an average magnetization o = 0.89up ver Mn atom, The decrease is
assumed caused by the extra c (=4) atomic percent Mn atoms, with a magnetization
of Mz, which is assumed independent of ..,
then

(c + 60)w, =604, + cup

iy =g+ 60(ug - )/

Lz = 0,89 + 60(0.89 - 1.22)/4

A 2 = "1-&006/4 B

Thus, if replacing Al atoms by Mn atoms in.the alloy Mn3AlC does not ,
.change the magnetization of those Mn atoms;already present, the resulting -
decrease in magnetization is explained by assuming the extra Mn atoms have:a'.

magnetization of -A}LB.



Appendix II

Antiparallel Spin Systems

1, General Theory of Antiparallel Spin System513:
A ferrimagnetic or antiferromégnetic substance consists of two or more
sublattices with antiparallel spin systems (with opposing magnetization vectors),
Consider two sublattiées, A and B, and let the fractional volume of A and B

atoms be A and 4 (A + 4= 1), The magnetizations of the sublattice atoms are '

TA and fb, so that the resultant magnetization is

I = NI, +u1g (1)

The internal W eiss molecular fields, ﬁA and ﬁB, acting on A and B

atoms depend on EA and Ip @

fiy = NeAX, —‘,u.IB) (2)
fg = NBalp-nly »(3)
e Hy = N(aAIp +_«lp) =|H,| \ (4)
Hg = N(Baulp + NI;) | (5)

since TA is in the opposite direction to Ig . N is the Weiss intermolecular
field constant and a and B represent the strength of the effect the sublattices

have on their own molecular fields,

And, according to Curie, for pafamagnetism:

T .
and iB = C (H + ﬁB) (7)
T

C is the Curie constant and H is the applied field. The effective field,

Hy = H + Hy or H + Hy
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Solving eqﬁations (1), (2), (3), (6), and (7):

- _ & (8)

Hix
ol

Ri-

where o = susceptibility,

= Cc

%o S + 6

6 = ~¥-6(n~+6)
c v

© = NCuA(2+a+B)
and <= -NC(MB +na)
W = N2C2uA(aB - 1)
This is the equation for the paramagnetic behaviour_of a ferrimagnetic substance,

J
It is a hyperbola with curvature concave to the temperature axis,

Néel predicted several types of variation of saturation magnetization

with temperature for ferrimagnetic substances., Three of these are as shown:

2, Energy of Magnetization of Antiparallel Spin Systems:
The absolute value of the effective field actingon A or B atoms is:
Be = HA or Hp

Therefore the energy of magnetization per unit mass,
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from equations (4) and (5),

For an- antiferromagnetic substance,
Al = ulp ,’ since I = O,

and a= B , since Hy = Hp

thus U

-}%E 7\2(0, + B + 2‘)

U

1

- N I n2(a + 1)
/O

o \7‘2 o

This value is the same as that of a ferromagnetic substance of magnetization

IA (see equation (4) of I, 1) if 27\2(a + 1) = 1, This would be the case if

a =1and A= 1, which would occur for a simple lattice in which A and B atoms

2

were identical except for antiparallel spins, and they occupied equivalent

lattice sites,

Assuming the ferrimagnetic postulated behaviour of Mn-Al-C alloys, the

magnetization energy can be calculated for an alloy MngsAlysCao, in which four

out of every 64 Mn 'B' atoms have a spin of -4, antiparallel to the spin of 1.2

of the other 60 'At atoms:

= 4 1, = %91
M= b= A
&

therefore _u«lIp = 2_7\1A
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thus

§1A2[2 292 . 2;22]
Fo PR T 5A T BR T SR

12 2 + +
..g ._,12;_ éi[sla LB 36]

If a=B =1, Uvz-z_llIZZ
i

Since Mn3AlC is ferromagnetic, then its magnetization energy,

. 2 .
Urt = NEd (equation (4) of Section I, 1),
2

But por=A Iss since the magnetization of the Mn atoms in Mn3AlC is assumed equal
to I,, the magnetization of the Mn atoms of the A sublattice in Mng4AlyeCao. Ais

the same for both alloys, because the Mn and Al atoms have about the same diameter,

Thus '
’ gee = o Nﬂz IA2 = 27Ut
2p 3

The total magnetization energy, U'?, is_ only 2 as great as for the ferrimagnetic

state (if N is the same in both cases).



Avppendix IIX

Assembly of the Thermometer Mica Cross

The mica cross was assembled as follows: mica sheet 0,003 inéh thick
was clamped between smooth steel bars and cut with a razor blade into 0.20 by
1.1 inch pieces, Two pieces were slotted half way so that they could fit
together lengthwise at right angles, forming a cross, A die formed from four
small steel bars was used for the slotting. Small holes were drilled through the

mica at one end to permit anchoring of the leads,

The pieces of mica were notched along each’side by placing them in a
grooved die and éutting out the mica with 0,008 in, piano wire held in a metal
bow, The die was made by machining 0,30 in. of 3/8'* brass rod down to 0,2 in..
diameter and then threading at 29 per inch. The thrgaded part of the rod was

-then split by cutting lengthwise, One half of the split rod was removed and
attached to the other half with screws at either end, so that the mica could

be held firmly between the halves,

' screw
tt
T % 0,20
mica 4

Notching Die Notched Mica

The mandrel used to hold the assembled mica cross was constructed by

soldering together four bars of 3/16 inch brass and machining down to a 0,150
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diameter rod, The platinum helix was wound non-inductively on the mica cross
and the two leads were fastened through the holes drilled for the purpoSe.'

o
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Appendix IV

Construction of the Thermometer Pyrex Case

The thermometer case was made by first drawing out 1 inch diameter
pyrex glass tubing in a broad oxygen-gas flame to about 0,28 inch diameter, in
order to obtain thin-walled tubing. This tubing was necked slightly at the end

where the leads were to emergs,

In order to make a leak-tight seal of the platinum leads through
pyrex glass, a special technique was used.lb Platinum strips, rolled from
0,010 inch wire to less than 0,001 inch thick, were used for the seal, Because
of their thinness and the resulting feathered edges, these strips give a

vacuum~-tight seal through pyrex.

To fuse a strip to the 0,003 inch platinum thermometer wire, the strip
was folded over the end of the wire, and the wire was fused to the corner of the
fold with a small oxy-gas flame., A

micro-burner is not needed for this

h ‘
<;:£;;' —\ flame if pincers are used, as shown, to
Pt O ~ \ Pincers

Strip

prevent melting of the fine platinum

Wiree

After the platinum strips were fused tc the leads, the thermometer
coil was pushed into the pyrex tubing and the two strips were bent over the
necked end, The strips were cleaned with acetone, and fire polished at near the

melting point with a gas flame, A plug,

Plug
made from pyrex rod, was placed in the
tube end, and fused with a soft flame to
c the tube and about 1/8 inch of the
ross

platinum strips., The seal was cooled slowly in a yellow flame to remove strains,

The seal was tested in a vacuum system, after being immersed in liquid oxygen.
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Avpendix V

Calculation of Power Change for the Thermometer-Heater (see Figure 8b)

Let Rt, = the initial heater resistance,
. Ryy = Re, + ARy = the final heater resistance,
L,.'.'A,.,-,-;'J E = the constant voltage supply,
Rt 1 Vp R = the resistance of the circuit minus

heater resistance,

R-1 Vos Vl = initial, final voltages across heater.

The initial current, I, = __E___

R + Ry
The final current, I = B
R + Rtl

Vo = IéR't,o

= ER

Vi o= LRy = 20
R

+Rtl

VI, = Rtoloz = P, , the initial power through heater;

v §

E 2
the final power, P, = V,I, = .___Rt_l = IR R+ Bty

E;.=Rtl R+Rt°2

Py Rto R + Rtl

For R<4< Ry, as with the 100 ohm thermometer (Figure 8a):

__Pl = R__‘l_"_q — gg_ for a 10°C temperature rise.
P Ry, 2
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For R = Ry , as with the 20 ohm thermometer (Fig. 8b):
7o i

= Rep 4 Rto2 = 4Ry, (Bty + 8 Ry)
P, PRty (Rty * Rt1)* (2 Rg  + ARt)?

For a 10°C temperature rise,

Athooh Rto

therefore Py = A.Rto 26 Bto = L x 26

P, 25(2 Ry, + JOL Ry )>  (2.06) x 25

o

1 = 4160 = 0.9995
Py 4162

The percent difference is 0.05%

for Pb = 1,

Po

R = 1.02 Rto if A Rt = 0.0h Rto

That is, for no power change, R must be half way between Rto and Rtl°
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Appendix VI

Equivalence of Resistance-Temperature Eguations for a Platinum Resistance
Thermometer. ’

The general equation connecting resistance and temperature for a

platinum resistance thermometer is:

R, = Ry (1 + At + Bt?)

for 0< t < 630°C.

thus t - Bt - Ro 100 = t - At + Bt 2 100
P4
= 100Bt - Bt?
A + 100B

therefore t - Rt - RC? 100= '100° B t - _E_ 2
Ri00 - Ro A + 100B | 100

100

=—dt -(x)?
100 100
according to Callendar's equation,

therefore { = - 100°B

A + 1008
=~ 1.5 for pure platinum

For teﬁperatures between -183 and 0°C.,
Rt = ROEL + At + Bt + C(t - 100)t3]

- R 2 3
R100- Bo 100A + 1002 B

= 100Bt - Bt2 - C(t - 100)t>
A + 100B

Rt - ' 2 |
t- 5t -Ro 309 - 10078 _ 2 . ¢ o o ;
Ry00 = Bo A + 100B (IBU) - Yoo m(t - 100)t



t

The last term may be written:

+ D(t - 100)t3

where D = - C
A + 100B

Thus in Callendar form, the equation is:

= R‘t - Ro loo + g EO.Olt)2 - OoOlt] + D(t
R100 - Bo

- 100)t>3
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Appendix VII

i

Error in Temperature Interval Caused by Error in Calibration of Resistance
Thermometer. :

Above 0°C, the temperature of a resistance thermometer is:

t= M -Fo 100 * 6|:(.01t)1 - .01t]
RlOO - K,

The interval between two temperatures,

' 2 2
t -ty = At = B¢ = Bty 4, +JE.01t) - (,01ty)” + .01ty - .01t:|
RlOO" Ro

AR 100 glCon’(e + t)AL - w0aE]
Ri00 - R,

therefore At = ARy 100 - 1l
- RlOO - RO 1 -68501)2 ('t + tl) - aO]]

= M | {1 + SE.Ol)Z(t +t1) - .01] |

R100 -.Ry
+52E,01)2(t +t1) - .OZ£12+ }

for 0<t <100,

§° I:(°01)2('° +t1) - .0‘1:|2 < (.018)°< 0004

so that this term is negligible in comparison with unity,

therefore At = ARt 100 1 +£|: (,01)2(t + ty) - 01]}
Ri00 - Ro

With a different calibration,

Att = (E?Rt lOOR ¥ {1 + & [(.01)2(t + tl)" - .Ol]}
100 = Ho)" '




Thus the error in temperature interval,

(1) At - Att = ARy -__ 100 . 3oo8[-] . 1008'C-]"
Rloo “ R, (R100—Ho)' R100- Ro (R100- Ro)"

If §=28' and$ = 100°C.

At - At' = AR.100 1 - 1 +_0,015 _ _0,018
\ - ]R100 -Ro  (R100 - Ro)' K100 - Ro (R10g=Ro)®
= AR, 102 1 - 1 .
R100-¢ Fy (R100 - Ro)'
if '-8 - 2. ‘

Rloo- Roz O.h RO for platinum ;
put (RlOO - Ro)' = (Q.4 +€ )RO .

In a 10°C. temperature interval, ARy = .04 Ré

therefore At - At' = ,04 RglO2 1 - 1
' : O.4 Ry (0.4 +€ )R,

= L'_.OS €
0.4(0.4 + € )

If €= 0,002 (eg. if R,00- B, changed by 0.2 ohms for the 100 ohm

thermometer: a very large change),.

At - At = 4,08 x 0,002 = 0.051°C.
0L x Oohoz

Thus the error in temperature interval would be:

At - At 190 = 0.05 100 = 0.5%
At 10
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This error is considerably less than the error in temperature caused by a
change in RlOO' Ro of € Ryt if Ro remains the same, RlOO' changes by € Ro“

Thus the temperature error would be € RQ 100 = 0.5°C at 100°C for €= 0.002;
0.L Ry

The error in temperature interval caused by the change in calibra-
tion observed for the commercial thermometer (see Section III, 1d), for

ARy = 4,00 at 100°C, was

At - At = 4,00(2,5786 - 2.5740 + 2,5786 x 2,17 x .01 - 2,5740 x 1.47x.0101)

= 0,09°C (using Equation 1)

Since At == 10°, the error was 0,9%, This error would be less for any

temperature between O and 100°C.
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