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SUMMARY 

The main purpose of this thesis is to present a new me thod whic h 
enables one to perform simultaneous measurements of thermal 
conductivity and heat capacity. The method is practicable on liquids 
as well as solids and is particulary useful under high pressure 
conditions. It has been applied to organic glass formers » such as 
polymers, with an aim of hopefully contribute to anmoré 
understanding of these materials. It is further shown, that combined 
with a new technique, the method can provide data on thermal expansion 
under high pressure. 

The first part of the thesis containes a short review of existing 
methods available for determening the thermal properties. After some 
fundamentals concerning the glass transition, the method is presented 
from both a theoretical an a experimental view. The high pressure 
equipment as well as the constuction of samples and pressure cells 
is then described. 

After this description the experimental results on a number of organic 
substances are presented and discussed.TThis is followed by a description 
of the technique used to obtain values for the coefficient of thermal 
expansion. Finally, the dépendance of the thermal conductivity on 
volume, for the substances studied, is summarized and given a theo* 
retical interpretation. 

The appendices contain investigations made on two of the ammonium 
haIides, and a listing of two computer programs used. 
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] GENERAL INTRODUCTION 

Thermal transport properties of solids has been a subject of con
siderable interest since the beginning of 1920 when so me of the 
earliest measurements were presented. The energy crisis, which the 
world have experienced during these last years, has given rise to 
an increased interest in these properties, especially for materials 
which can be used as thermal isolators. These solid isolators are 
of importance for isolation purposes in houses as well as a great 
number of industrial applications. 

Polymers are most commonly used for these purposes. The common 
feature which makes them su itable is their amorphous nature, which 
as such i s found to give rise to a large thermal resistance. 
Polymers are quite compressible, and are often used in applications 
were they are subjected to substancial pressures. The fact that 
the thermal properties are very sensitive to pressure, which is 
demonstrated by the work presented in this thesis, makes measure
ments under pressure most important. Finally, data on thermal 
properties are neccesary in order to optimize processing in industry 
were pressure in many cases is a determening factor. 

The data on the thermal properties are also interesting from a 
theoretical point of view. Despite the fact that polymers are 
very complicated in a molecular approach, theoretical models have 
been able to explain the gross features of the variation of thermal 
conductivity with temperature and pressure. Amorphous materials 
can appear in two different states, namely glassy and rubbery ore 
liquid. The nature of the transition between these two states has 
been frequently discussed. Accurate data on heat capacity under 
pressure might resolve some of the questions still remaining. 
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2 METHODS F OR DE TERMINING THERMAL CO NDUCTIVITY 
AND H EAT CAPACITY 

2.1  Introduction 

Heat flow in a solid medium i s always caused by the existence of a 
nonuniform temperature distribution. The amount of heat flowing 
through a unit area, Q, caused by a particular temperature gradient, 
VT, is given by F ourier's law 

and leads to the concept of thermal conductivity, x. I n general x 
is a tensor reflecting the anisotropy of the solid medium. For iso
tropic materials, such as amorphous or polycrystalline solids, \ 
is reduced to a constant. This latter situation holds for all 
materials studied in this work. 

2.2 Thermal conductivity 

There are a number of different methods available for measuring the 
thermal conductivity. These can be divided into two main classes 
namely static and dynamic methods. In static methods one measures 
the temperature gradient produced by a known power and calculates 
the thermal conductivity using equation {2-1X In dynamic methods the 
temperature distribution varies with both time and position. There
fore one has to solve the complete differential equation of heat 
flow. 

As an exam ple of a static method using longitudinal heat flow con
sider figure 2.1. 

Suppose the heater produces heat at a rate Q. It is further assumed 
that all this heat is conducted through a cylindrical sample of 
uniform crossectional area, A, down to a heat sink. If the tempera
ture is measured at two points being a distance L apart, the ther
mal conductivity can at any point be calculated using equation (2.1) 

Q = - xvT ( 2 . 1 )  

, . Q d l 
* ~ j m ( 2 . 2 )  
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T, Tj 
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( » ( 

Cylindrical Sample 

Heater Heat Sink 

Fig. ZA longitudinal heat flow method 

The me an c onductivity between and is then 

x = Sir * arrfhpr {2-

To obtain this expression it is assumed that the heat leakage from ' 
the periphery of the sample is negligible. This condition is how
ever almost impossible to fulfil under high pressure conditions as 
the pressure transmitting medium intro duces considerable heat losses. 
Smimow and Moi zhes (1964) however used this method when meas uring 
X of different single crystals, subjected to uniaxial stress. Un
fortunately their results have never since been verified. 

In order to reduce transverse heat losses one can use samples in 
forms o f thin plates or films. Guarded hot plate methods in which 
the heater is sandwiched between sample plates and guard heaters 
are introduced to reduce heat losses are commonly use d for mea
suring the thermal conductivity of good in sulators, such as poly
mers. They are unfortunately very difficult to apply under high 
pressure as they are space consuming, and a great number of wires 
has to be brought out of the high pressure cell. An ung uarded hot 
plate method has been used by Barker and Chen (1970) at pressures 
up to 0.4 GPa. Their results did not agree with those obtained by 
Andersson and Bäcksträn {I973) at low pressures. The discrepancy is 
probably explainable in terms of an increasing contact area in the 
hot plate experiment as pressure is increased. 
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Radiai heat flow methods are those most wide!- used in high pressure 
experiments. They have been employed by a number of investigators, 
Bridgman (1924), Hughes and Sawin (1967)» Andersson and Bäckström 
(1972)» Alm and Bäckström (1975), to mention a few. The heat flow 
can be directed either inwards or outwards, the latter being most 
common. 

figure 2.II shows the experimental set up used by Aim and Bäcksträn 
C197S5 for measuring x o f NaCl single crystals up to 4 6Pa. 

Ä differential thermocouple was placed at two different radii and 
a central manganin wire was used as a heater. A c ylindrical shell 
of aluminium being in contact with the pressure apparatus served as 
a heat sink. To avoid axial heat losses pyrofyllite was used as 
insulation. There are, however, some possible sources of errros 
in this type of experiment. The radial temperature distribution 
might vary with the axial coordinate. Furthermore the measured \ 
are averaged over the existing pressure gradients. These gradients 
also introduce a non-homogeneous deformation of the sample which in
creases the uncertainty 1rs thermocouple positions. Finally it can 
be Questioned whether the introduced thermocouples disturb the tem-

d fir Fig. 2.II High-pressure cell for 
j W thermal conductivity 
!/ measuremehts using radial 

heat flow. 



perature field in an elsewhere perfect crystal. 
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2.3 Thermal diffusivity 

from experiments using dynamical methods involving transient or 
periodic heating one usually obtains values for the thermal 
diffusivity, a. In some methods it is possible to determine both 
A and a, from which the specific heat at constant pressure can be 
calculated if the mass density is known. 

Andersson and Bäckström (1972, 1973b) used a dynamical variant of 
the radial method discussed, to measure the thermal diffusivity of 
some polymers under pressure. Their high pressure cell was quite 
similar to that shown in figure 2.II except that pyrofyllite was used 
instead of aluminium. The central heater was fed with a periodically 
varying current and the temperature was measure d at two different 
radii. The thermal diffusivity could then be calculated either from 
the amplitude ratio or the relative phase of the two oscillating 
temperature functions. Measurements of the time averages of the power 
and the temperature difference permitted calculation of the thermal 
conductivity. 

Â transient line source method was used by Kieffer et al. (1976) for 
determining a and a for teflon up to 3.5 GPa. Their cylindrical, sample 
was fitted into a silver tube which served as a heat sink. A h eater 
wire and a thermocouple were symmetrically placed in the axial 
direction of the sample. The heater was supplied by a constant power 
and the temperature response with time was recorded. They however 
found a time dependence in their determined values for a. Their re
sults also differed substantially from those of Andersson and Bäck
ström (1975) especially at low pressures. 

Andersson and Bäckström (1976) applied the transient hot wire method 
to measurements of x of solids under pressure. The method is based on 
a line source solution and was found to be very suitable for measure
ments under pressure. As the method used in this work is an exten
sion of this method more details will be given later. 
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2•4 Heat capacity 

Finally a few me thods available for determination of the specific 
heat capacity only, will be discussed, as well as their applicability 
to high pressure. 

Those methods mo st important for measurements at atmospheric pressure 
are calorimetric methods and pulse heating methods. In conventional 
calorimetric measurements the material investigated is thermally 
isolated using high vacuum systeros. In principle it is possible to 
apply this technique under pressure if one uses some poor thermal 
conductor as surrounding me dium and a pplies proper corrections for 
heat losses. These còrrections however become very difficult under 
high pressure because theydemand a good know ledge of the variation 
of the thermal properties of the medium w ith pressure. As good i n
sulators generally contains a great many air inclusions pressure 
produces large volume changes. It is also a fact that the increase 
in X wit h pressure for these materials is very pronounced mak ing 
them les s suitable for insulation purposes. Trapeznikova and 
Miljutin (1939) were, however, able to perform measurements on C H^ 
up to 0.2 GPa, using helium as a surrounding medium. 

Another possibility is to place the whole high pressure apparatus 
within the calorimeter as was made by Ho et al. (1966). The contri
bution from the sample to the total heat capacity was in their case 
less than 5 %. The estimated precision in their final results for 
uranium up to 1.0 GPa, was (5 - 10 %). Similar experiments have 
been performed by Smith and Phillips (1970) on Ce and by Ami tin et 
al. (Wi) on NH^C l. 

Baloga and Garland (1977) adapted the ac-calorimetry technique for 
use at pressures up to 0.3 GPa. A small oscillatory heat input was 
supplied to a sample surrounded by an Ar atmosphere. By using a low 
frequency it was possible to measure the heat capacity for materials 
having low thermal conductivity. This method is unfortunately limi
ted in pressure range to < 0.3 GPa. 

Pulse methods in which the sample is heated electrically have been 
used by a number of authors. It was originally proposed by Jura and 
Stark (1969) but different modifications have been presented 
(Dzhavadov (1973), Loriers-Susse et al. (1973) and Bastide et al, 
(1975)). Pulse methods are limited to electrical conductors. 
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3 THE G LASS TR ANSITION 

3.1 Introduction 

It has been known for long that a liquid can be transformed into a 
glassy state if crystallisation can be supressed. The glassy state 
1s therefore a state which in many substances can be observed in 
addition to liquid and crystalline states. The glassy state is charac
terised by certain experimental results which occur on the cooling of 
a liquid or a welt. Normally a melt crystallises at its melting tem
perature T » if nuclei of the new phase is present and the rate of 
cooling is low. If these conditions are not fulIfi lied a metastable 
phase can be formed below the melting point. On further cooling the 
viscosity increases exponentially until it reaches a region in which 
an even faster increase in viscosity is observed. Eventually when the 
viscosity reaches a defined level we state that a glass has been formed. 
The changes at this transition are reversible and does depend on the 
molecular motion. Above the glass transition temperature, T^, the chains 
are in rapid motion but the motion becomes progressivly slower as tem
perature is decreased. When the available thermal energy is insufficient 
to overcome the rotational energy barriers in the chain, the chain be
comes locked in a possessed postition. The temperature at which Tg is 
observed depends largely on the chemical nature of the molecules involved. 
For most common polym ers this temperature lies between 170 and 500K at 
atmospheric pressure. 

3.2 The nature of the transition 

Whether the glass transition is a purely kinetic process or can be 
considered to be a thermodynamic transition has been frequently discussed 
(Tanmann 1922, Simon 1930; 1931, Rehage 1970). It has often been treated 
as a transition of second or der. 

If, in order to describe a transition, temperature and pressure are cho
sen to be independent variables» a first order transition, such as melt
ing, is so d efined that at the transition point the first derivates of 
the free inthaipy G with respect to T and F show d iscontinuities. This 
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holds for the volume V, the enthalpy H and the entropy S. The second 
derivates of G with respect to T and P, i.e. a, cp and «r-j. become in
finite. Accordingly, an n:th order transition is so de fined that the 
n:th derivates of 6 with respect to T and P show descontinuity and 
the (n+l):th derivates become infinite. In figure -3.1 the temperature 
dependence is shown for the quantities g, v, h, s and the derivates 
a, Cp and K-J- for a first and second ord er transition and for the glass 
transition. 

Öl cl 

Cfy«** 

Fig. 3.1. Different types of transitions: (a}1st order; (b)2nd order; 
(c) the vitrification process. 

Because the glass transition has a formal similarity with a second-order 
transition it remains to be discussed whether it can be regarded as such 
a transition. Known second-order transitions are the order - disorder 
transitions (0-brass 450 K» NH^Cl above 0.15 GPa. See Appendix B) and 
the disappearance of ferromagnetism a t the Curie point. In transitions 
of this kind one finds a kink at the transition point for the functions 
v, h, s and a discontinuity for the derivates o, cp and ic^ as seen from 
figure 3.1. The figure also shows that in contrast to a second-order 
transition in the glass transition the values of a, cp and kj are smaller 
below the transition temperature than above. A f urther difference is 
found in the behaviour at different rates of cooling. The glass transi
tion temperature is found to shift to higher temperatures when the rate 
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of cooling is increased. This fact is here clearly demonstrated by 
the work on P olyvinyl Acetate (chapter 10). For a second-order tran
sition, however, the transition temperature never shifts. 

The fact that the glass transition temperature is lowered by slflw 
cooling indicatethat it is caused by an inhibition of kinetic 
processes. The transition can therefore not be regarded as a transHion 
IIItfee«#na»ic sense because there does not exist ar» in teri»! 
ther«tôdynaroic €qìì »briuïB on both sides of the transition as is the 
eêÉtîfeciallêèsnd order transition. 

3.3 Theories of the transition 

3.3.1 Relaxational theories 

The glass transition generally becomes observable when the time scale 
of the experimental arragements become comparable with the relaxation 
times of the molecular processes responsible for the transition. Gene
rally these motions are concerned with the changing conformational state 
of the whole assembly. în a single molecule one is concerned w ith rota
tion about carbon - carbon bonds in the chain. 

Many approaches have been m ade to develop multi-relaxational time mo
dels to enable calculations to be m ade of glass transition effects. It 
has, however, been found that these energy barrier theories are insuffi
cient to explain all the experimental facts. In chapter 10 it is, how
ever, shown that a simple kinetic theory based on a single relaxation 
time is sufficient to qualitativly explain the time dependence o f the 
heat capacity at the glass transition point. 

3.3.2 Free volume theories 

Although one is continually seeking for a true molecular interpretation 
of the glass transition the most successful approach has been the free 
volume theory originally given by Fox and Flory (1948; 1950). A li quid 
has its volume partly occupied by molecules and part consists of "free" 
ore unoccupied volume. This unoccupied volume is supposed to consist 
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of "holes" which arise due to imperfections in the packing order of 
molecules. It is into this free volume that molecules must be able 
to move in order to change their configurational state. 

This free volume is regarded to be a necessity for molecular motion. 
When a minimum le vel is reached a glassy structure will be frozen into 
the matrix. The glass temperature will then be the temperature at which 
the free volume reaches a critical value. 

In the glassy state the free volume will be frozen in and remain a t a 
constant value below T^, The glass will, however, contract with de
creasing temperature due to the normal expansion processes. Above T^ 
there will be an additional expansion due to the free volume itself. 
Consider figure 3.II where Vq is the volume of the glass at absolute 
zero and V„ the volume at T„. 9 9 

mm 

Ttftqrttdtuf« 

Fig. 3.II. A schema tic illustration of the free volume and expansivi
ties (dV/dT)-, (dV/dT) in the glassy and liquid states respectively. 
The shaded are a represents the available free volume (V*) in the glassy 
state. 

We then have 

dV, 
», • "f + Vo • <£>8 TS 

where is the frozen in volume. 

(3.1) 
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At T > Tg we have 

vr - v • (4Ï) (T - T ) (3.2) 
r g dT r 9 

where the subscript r refers to the liquid or rubbery state. The ex
pansion of the free volume is represented by the difference in expan
sivities i.e. (dV/dT) - (dV/dT) . If we define 

«V » i (—L and « » 1 (—)„ (3.3) 
r Vn dT r 9 Vrt dT 9 

9 9 

then oy - dg e Aa m ay be used to represent the volume expansion of free 
volume close to T . Boyer (1963) has indicated that there is a relation
ship between Aa and the polymer structure.Simha och Boyer (1962) have 
suggested that the free volume of the glass at T » 0 should be obtained 
from the difference between the occupied volume of the glass and the 
extrapolated liquid at T « 0. In this case 

V f - V1 • Va' • V • vV (3-*> 

or 

Vf » Vg(ActTg) (3.5) 

The fractional free volume at T < T^ i s then 

Vf/Vg « AaTg (3.6) 

It was shown by Boyer (1963) that such an expression is supported to 
some extent by experimental evidence. From fi gure 3.Ill a mean value 
of the fractional free volume is found (0.113) for polymers having 
a molecular weight greater than 10 000. 
/V^lffërent approach to the concept of free volume which relates the 
Mechanical and «lectrical relaxational timesat a temperature T to a 
reference temperature (usually T ) has been presented by Williams, 
Lande1 and Ferry (1955). 
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o <3 

Fig. 3.III. Differences in the expansion coefficients (ar - ag) plotted 
against the reciprocal absolute temperature. Some of the more widely 
deviant polymers have been named. The value of the fractional free volume 
obtained from the slope of this line is 0-113. (After Boyer. 1963). 

They have suggested an empirical expression called the WLF eq uation, 
which involves numerical constants which have been established by ex
periments. This expression, which can be found in most text books on 
polymer physics» has been found to hold for a large number of polymers. 

3.3.3 Thermodynamic theories 

Gibbs and Di Marzio considered the fact that Tg would decrease further 
if a sufficiently long time for measurement was allowed. They defined 
a new transition temperature at which the configurational entropy of 
the system woul d be zero. This temperature is considered to be a limi
ting value for T^ in an infinitely slow experiment. This temperature 
is expected to lie ~ BO K below Tg but can, however, never be verified 
experimentally. The fact that this theory predicts a T^ which is main
ly independent of intermolecular interactions is one of its main weak
nesses. 

An atte mpt to reunite the kinetic approach in the WLF equation and 
the equilibrium treatment in the Gibbs and Di Marzio theory has been 
made by Adam a nd Gibbs (1965) who developed a molecular kinetic theory. 
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One of the main features is that it allows for regions where co-opera-
tive rearrangements of the molecules occur. 

This theory appears to resolve some b ut not all of the differences bet
ween the kinetic and thermodynamic interpretations of the glass transi
tion. 
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4 THE H OT WIRE M ETHOD. THEORY 

4.1 Introduction 

If a metal wire immersed in an electrically insulating medium i s 
heated by a known constant power» the thermal conductivity of the 
medium may be deduced from the temperature variation of the wire. 
It will be shown that further analysis of this variation also per
mits the specific heat capacity or the thermal diffusivity to be 
determi ned1 

4.2 Theory 

The exact expression for the temperature rise of a wire homogeneously 
heated at a constant power is (Carslaw and Jaeger 1959) 

where a = 2pc/pwCw, p and C being the mass density and the specific 
heat capacity of the medium and pw, Cw the corresponding properties 
for the wire. The function Å(U, «) is defined in terms of Bessel 
functions 

In principle it would be possible to determine both A and a, or X and 
pc by adjusting equation {4.1) to experimentally measured temperatures 
e(t^) at different times t,.. Such a procedure was used by Nix et al. 
(1967)» who observed the temperature at two different radii, and thus 
at different values of at/r2, instead of using a large range of times. 

An approximate expression for the temperature rise is given by 
Carslaw and Jaeger (1959) 

ö - e = (q/4irA){-0.5772 + ln(4at/r2)} (4.3)' 

where e is the temperature before the heating is switched on and 
q is the power dissipated per metre of the wire. Equation (4.3) is 
valid for large times, or rather for at/r2»l. If the temperature 

2qa2 f l~exp{-&tu2/r2} 
0 A" J 1 u*ì(u, «)—du (•.1) 

0 

A(U ,  a) « { U  J0 (u)-aJi(u)}2 +' {U  YQ(u)-aYi(u)}2 (4.2) 
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rise is sufficiently small for x and a to remain constant, o will 
be linear in In t, the coeff icient of slope being q/4ir,\. If certain 
precautions are taken, \ may thus be determined from the temperature 
variation, o(t), and this method has been applied by a large number 
of researchers (Fischer 1939 Hooper and Lepper 1950, Horrocs and 
Mc Laughlin 1963, de Groot et al. 1974, Andersson and Bäckström 1976). 

If x has been obtained from an analysis of slope as described above, 
equation (4.3) may be used to infer the value of the thermal diffusi
vi ty: 

a = (0.4453 rVt) exp |4*)t(0-i) )/qj (4.4) 

It is obvious that all the quantities found of the right-hand side 
of tjiis equation are observable, with the possible exception of the 
initial temperature 0Q. If temperatures at r are determined by a 
thermocouple, as in the work of Nix et al. (1969), the measurement 
of o is easy and direct» »Kbowjh it may be questioned whether the 
presence of a thermocouple does not perturb the temperature field at 
the point of interest. 

If the wire itself is used as a resistance thermometer, as in the 
work of de Groot et al. {1974) or Andersson and Bäckström (1976), 
information about the temperature is normally only obtainable after 
the initiation of the current pulse, and hence the resistance thermo
meter cannot be calibrated directly using knowledge of the common 
temperature of medium and wire before the heating event. In this 
case there are two alternative solutions. One possibility is to 
measure the initial resistance using a current so small that its 
heating effect is negligible, which may be achieved if a lock-in 
amplifier is employed as null detector in a bridge circuit. Another 
possibility, which we have found to give more reproducible results, 
is to determine the wire resistance, and hence its temperature, at 
a small but finite time tj, and to extrapolate to zero time. The 
advantage of this procedure is that all resistance measurements 
may be made by the same technique, but it requires some rough 
knowledge of the expression for o ~ o in the limit of small times. 
Such an approximation is available (Carslaw and Jaeger 1959) in 
the form 



O - 0^ ~ (cju/2'f! a ) IT-0.75Z3ar1 * !)+0(r* ) | 
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(4.5) 

where t - at/r2. 

In all experimental applications of equations (4.3) and (4.4) it is 
essential to know its accuracy as an approximation to equation (4.1). 
This will be dealt with in section 4.4. The accuracy of equation (4.3) 
can be increased if one adds an extra term (see Carslaw and Jaeger 
1959) which has been discussed by Andersson and Bäckström (1976). This 
more compie expression has the form 

o &p C 
O - e0 - (q/4?ià)f~0.5772+1 n(4$t/r *-) f j l-(l-^-£)(ln]gt+0.5772) 1} 

(4.6) 

the third term being important in the limit of small values of (at/r2). 

The full procedure for determining. a and a, which was originally used, 
is as follows. 

au| A first conductivity value is obtained from the slope of G(ln t) 
b# means of equation (4.3), setting o(tj) equal to u„, the initial 
temperature of the medium, as measured by the thermocouple, and 
fieglecting the last term. 

h) first diffusivity value ^ is obtained from Ai by means of 
equation (4.4). The parameter a may now be given a first value. 
•vi - 2x,/âi PWCW. 

c) A ne w conductivity value x2 is obtained from equation (4.6) using 
the more complete expression 

d) The auxiliary temperature o(ti) is calculated by the use of 
equation (4.5) with the values x?, and a^. Mew temperature 
values are computed on the basis of o{tt). 

e) A new value a;> is computed from equation (4.3), using x2, ax and 
a], except in ln(at/r2). 

f) The procedure is repeated from (c) is necessary. 
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A W ang 600 desk calculator was programmed to process the data re
sulting from a pulse, perform the iteration and present values for 

X, ò and oc. 

4.3 Evaluation of the exact expression 

In order to solve the exact expression for the temperature rise (4.1) 
one has to make a numerical integration. Fortunately the integrand I(u) 

ï(u) = 1 - expj~atu?/r2|/u3Au (4.7) 

is a nonosci Hating function which is proportional to u for u«l and 
falls off like for large values of the integration variable u. 
Figure 4.1 shows 1 as a function of u for two different values of « 

and 
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From figure 4.1 one can see that the main contribution to the inte
grand comes from th e region u - 0.3. The behaviour of the integrand 
is rather smooth so one would expect integration with Simsons formula 
to be sufficient. 

The integration has been performed using a PDP 11 minicomputer. A 
fortran program, HOTINT, which is presented in detail in Appendix C, 
was used. Integration was made using both single and double precision 
(i.e. seven and fourteen significant figures respectively) but they 
were found to give the same results within demanded accuracy. 

The limits of integration and the error tolerated were varied until 
an absolute error less than 5 • 10~6 in the quantity (XA0/q) was 
obtained. The values obtained disagrees somewhat with those given by 
Mclaughlin and Pittman (1971) especially for small values of t. 
For « ~ 0.5 and r » 100 we obtain 

(A40M) * 0.42462 

a value Ü.2& % higher than that given by Mc Laughlin and Pittman (1971) 
(0.42474). A completely different integration procedure, made on a 
larger corrçputer, reproduced our value which therefore is believed to 
be correct. 

4.4 VaJjdity of the approximate expressions 

For sufficient long times or rather T»1 the exact expression (4.1) 
can be approximated by (4.6). Figure 4.II shows the relative error 
between these expressions defined as U^AÖ/q)exact/(AAö/q)approx )/ 
/(aAO/q)exact versus « and r. 

The error is less than 0.2 % if 

r  > -8.75 • a  + 21.5 (4 .8)  

which approximately corresponds to a precision in the temperature 
readings of 1 • 10~3K. 
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Fig. 4.11 Relative error of the "long time" approximation 

In the region of small values of t the exact expression can be 
approximated with equation (4.5). Figure 4.Ill shows the absolute 
e r r o r  ( * A ' 3 / q ) e x a c t  ~  ( x & g ^ ) a p p r o x .  a s  a  f u n c t i o n  o f  « « d t .  

As the actual temperature increase in this region of t is small, 
it is not necessary to demand as small relative error as was made 
in the region of validity for the "long time" approximation. The 
dashed line in figure $.111 corresponds to an error less than 0.2 % 
of the value of the temperature increase at a line t = -8.75<i + 21.5 
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Fig. 4.HI Absolute error map for the "short time" approximation 
(•* MCr'% X ^ -lO"11) 

which is the low lirait for the "long time" approximation (see figure 
4. II).. 
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5 THE H OT W IRE M ETHOD. EXPERIMENTAL 

5.1 Introduction 

The electronic instrumentation used has been subjected to a number of 
modifications since the start in i975. These modifications have not 
affected the main lines which will be presented here, but have primarily 
been concerned with increasing the accuracy of the electronic ciruitry. 
In the development of an appropriate data analysis, a giant step for
ward was taken somewhere in the middle of this work, when a PDP 11 
minicomputer became available. A W ang 600 desk calculator was originally 
used for processing the data, but was found to have too small memory 
capacity for a complete analysis. 

5.2 Electronic circuitry 

Figure 5.1 shows a simplified diagram of the electronics used. The nickel 
wire 0.1 mm in diameter, which serves as both heat source and resistance 
thermometer, has spot-welded potential leads of the same m aterial. The 
resistance between the junctions is in figure 5.1 denoted by R„ A man
ganin wire having a resistance Rm is placed in series with the nickel 
wire. Manganin is used because its resistance is almost independent of 
temperature, and hence of the actual current passed. The two voltage 
drops Rm x I(t} and R(t) x I(t) are amplified, and fed to a multiplier 

? AD 530, which delivers a signal proportional to R(t) x (I(t)) . This 
signal which is a measure of the power dissipated in the nickel wire, 
is used for regulation to a constant value. When the nickel wire is 
heated, its temperature and hence its resistance increases, leading 
to an increase in the multiplier output signal. This increase is auto
matically compensated for by amplifier A4, which decreases the current. 
The voltages Rm x I and R x I as well as their difference AU are sampled 
at equal intervals of time, converted by an A/D-converter, stored and 
processed in a minicomputer. The initial temperature is measured by 
a thermocouple, placed a few millimeters from the wire. 

If a and 0 are the amplification factors of A1 and A2, respectively, 
we have for the duration of the pulse 

AU » «R[e(t), P, r, LI - ßRm x I (5.1) 
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where e(t) is the temperature function, P is the pressure, r the 
wire radius and L its length. 

We no w form the following expression for the relative change between 
times t and o: 

(AU/I)t - (AU/I)0 

R(0O, P, r, L) 

Q 
a[R(0, P, r, L) - R((-)o, P, r, L)J 

R(0O, P, r, L) 
(5.2) 

p(ÖfP)  
at— - 11= Q 

P 

where ß is the resistivity of the wire. We have simplified by means O 
of the formula R - Lß/ n r  ,  which is valid for a uniform wire. The 
ratio Q is measurable, and the function ß(o, P) h ß(0, 0) x f(o, P) 
is sufficiently well known for nickel. Whenever the function f(o, P) 
is monotonie we ma y invert it to have 

e » 0(f, P) - e[(Q/o + 1) x f(eQ, p), P] (5.3) 

For a Ni wire one may according to Bridgman (1923) use the simplified 
formular f(ö, P) » f(o) (ì ~ k-P), where k is the isothermal compressi
bility, and equation (5.2) becomes, in terms of ö(f)» the inverse 
function of f(0), 

0 = e[(Q/a + 1) f(oo)] (5.4) 

If the resistances in equation (5.2) are expressed as 

flß/r2( z)tr]dz, 
o 
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it is easily seen that equations (5.3) and (5.4) are valid even for 
a wire which has been distorted by nonuniform longitudinal strain. 

In order to find the themal properties using equation (4.6) we have 
to measure q, i.e. the power dissipated divided by the length L of 
the wire probe. At atmospheric pressure this Tenth (Lq) may be directly 
measured, and it will in practice vary only a few percent as the pressure 
is increased. If R(eQl, 0, r , LQ) is the initial resistance during a 
current pulse at atmospheric pressure and R(ö02* Ü the corres
ponding value at pressure P, we have 

R(0q2» P, r, L) / R(eo1, 0, rQ, L) 

= f(e02)(1 - kP) Lr02/f(eo1)Lor2 (5.5) 

Furthermore if we use the volume compressibility 6» we have 

irr2L = Trr2L0(1 - 6P) (5.6) 

Combining these last two equations we obtain L in terms of observables, 

L/Lo =tR(0o2> P' L)f(0o1)(1 - SP)/ 

R(ôol» °> V Lo)f(Go2)(1 ~ «P)]U2 (5.7) 

We can thus determine the power dissipated per unit length of wire as, 

q « R(t) X I(15/L (5.8) 

During a current pulse the resistance of the Ni-wire which initially 
is ~ 0,5a changes by approximately 3% which correspondens to a tem
perature increase of 5 K. One would like to measure this difference 
with an accuracy of better than ]%. This demands that the linearity 
of the operational amplifiers used must be better than 1 part in 10^. 
Our has further to make great demands on the ability to regulate the 
power to a constant value. We have found that the power in our case 
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is constant to better than 0.5% after 50ys which is the rise time of 
the current pulse. This time is much shorter than the time to the first 
measurement (500-900us) which is used to extrapolate the initial tempe
rature as mentioned in section 4.2. 

B.3 Properties of_Ni-wire 

5.3.1 Introduction 

In the hot wire experiment the nickel wire is used as both heater and 
temperature sensor. The actual temperature increase during a pulse is 
calculated from the change in resistance of the wire. In order to ob
tain good temperature readings it is very important to know how the 
resistivity varies with temperature. For this reason the nickel wire 
used has been subjected to several investigations during these years. 

It is, in principal, possible to use any metal wire as temperature probe. 
There are, however, some practical considerations which must be put 
forward. First of all one would like the resistance to change as much 
as possible over the temperature range of interest. This to obtain a 
large signal to noise ratio and avoid large amplification factors. 
Secondly the application to high pressure sets up m echanical conditions. 
A h igh tensile strenght is desirable, as phase transitions often in
volves considerable volume changes. The wire must not deform to easy 
and disturb its circular cross-sectional area, when squeezed between 
two sample plates. Finally, it must be easy to bend to facilitate 
sample preparation. Both nickel and platinum were found to be suitable, 
but nickel was chosen. The particular alloy selected consists of Ni 
and Co to 99% with tracks of C ( 0.15%), Mn (0.35%), Fe (0,40*), S (0.0«), 
Si (0.35%) and Cu (0.25%). The alloy, Ni 200, is supplied by Henry 
Wiggin & Company L imited in the form of a wire (0 0.1 mm). 

5.3.2 Resistivity 

Measurements of the variation of resistivity with temperature is made 
in two steps. First the relative change of resistance is measured in 
the temperature range 80-525 K. These values are then normalized using 
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a room temperature determination of the resistivity. The resistance 
of a wire of known length i which can be written; 

R « ß ä/A  (5.9) 

is first determined. The cross-sectional area A i s then calculated 
from the mass M using equation (5.10); 

where the density p is given by the manufacturer. In this way the 
-8  resistivity is determined to be p = 9.1806 x 10 wm at 300 K. 

Figure 5.II shows not the resistivity but its temperature derivate as 
function of temperature. This quantity is a direct measure of the sen
sitivity of the nickel wire when used as a differential thermometer. 
It is a smooth function of temperature but falls of in the low tempe
rature end. The absolute value of the resistivity at other temperatures 
can be found from a data string called RYTÛ in the beginning of PROGRAM 
HOTWIRE, which is listed in Appendix D. 
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Fig. 5.II. Temperature coefficient of resistivity for Ni 200. 
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5.3.3. Heat Capacity 

It is found that by deliberately changing the value of the heat capa
city of the wire, by 2% in the computer program, introduces an error 
of \% in the final results for the medium heat capacity. The heat 
capacity of the Ni-wire has independently been determined by M Månsson 
at the University of Lund and M. J. Richardson at the National Physical 
Laboratory, Teddington, Middlesex, U.K. Their results agree to better 
than 1% which is their claimed accuracy. The values are given in Appen
dix D i n a string called FRWCW. 

5.4 Fitting procedure 

In order to find the A a nd pc p values corresponding to a particular set 
of temperature readings we originally used the iteration procedure 
described in section 4.2. The iteration generally converges after four 
to five loops. Occasionally it does not work, especially when some of 
the eight temperature readings has a significantly larger error than 
the others. One can furthermore never be certain that even if the iter
ation converges the true minimum, and not some local one, is found. 

By the use of a minicomputer several improvements can be mad e. The 
number of temperature readings can be increased, hence reducing the 
influence of an occasional bad temperature reading. The thermal pro
perties can be independently fitted, by direct comparison of the tem
perature data with the approximate expression (4.6). As the exact ex
pression (4.1) is possible to integrate unmerically, one can exclude 
temperatures taken in the region where (4.6) is invalid. 

Figure 5.Ill shows how the fitting error depends on the deviation 
from the true values of A a n pCp. It is constructed by first using 
Eq. (4.6) to calculate temperature data corresponding to a given X 

and pCp. The thermal properties are then individually changed and a 
new set of temperatures is obtained. The fitting error is now defined 
as the root mean square deviation between these sets of temperatures. 
The figure indicates the error by lines which are drawn for every ten
fold increase in the error. A th ree-dimentional plot would show a valley, 
which was long in the pc -direction and steep in the x-direction. It 

r 
is obvious from the figure that finding a good val ue of pc^ is much 
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Fig. 5.III. Iteration map. 

harder than finding a good A. This is further demonstrated by Figure 
5.IV which shows the calculated temperature response for different 
values of \ and pc^. If one ne glects the difference in absolute tempe
rature between curves corresponding to different values of pc^, they 
are found to be very equal in form. The main difference between them 
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Fig. 5. IV. Temperature-time curves for different values of X an d pc 

Curves 1 to 5 correspond to the following values with X 
given first; 1 :(0.18, 2.0 106), 2:(0-20, 1.8 TO6}• 3:(0.20, 
2.0 IO6}» 4:{0.20, 2.2 106), 5:(G.22, 2.0 106). 

comes from t he behaviour at short times. This clearly indicates the 
importance of the very first temperature reading, taken after a few 
hundred microseconds, for the Pcp determination. 

In order to locate the values of x and pCp corresponding to a minimum 
in fitting error one can use the gradient search. Because the gradient 
is much larger in the x direction this approach is, however* found to 
be very time consuming. It is more fruitful to use Gauss* procedure 
of succesive linearization of the fitting function using numerical 
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differentiation. în this case one calculates the error in three points 
and fol lews a curved path towards the minimum, The step length is limi
ted to m of the initial parameters and the search is interrupted when 
the increments in both parameters falls below 0.1% of the initial values. 
The time for a complete cycle of data reduction, involving 32 tempera
tures, is typically 10 seconds. The standard deviation is typically 
3-8 biK. 

5.5 Error due to finite wire length 

The theory of the hot wire method i s based on having a wire heater of 
infinite length. The errors that enters by using a finite wire are 
due to cooling from the current and potential leads. The temperatures 
measured in a hot wire experiment are calculated from the resistance 
between the potential taps. The cooling from the current leads can 
therefore be m ade negligible small by increasing the distance z fron 
the taps to the current leads (see Figure 5.V.) 

z L z 
«• » m m *  - ...i n f  

Fig. 5.V, The hot wire. 

The effect due to the potential leads is very difficult to estimate 
theoretically. If one assumes that the temperature at the taps remains 
constant during the pulse, one gets an upper lirait of the error. Using 
an approximation by Horrocs and McLaughlin (1963), one finds a relative 
error of 1, 3 and 6% for wires having lengths 10, 4 and 2 centimeters 
respectively. The effect of cooling can, however, easily be investigated 
experimentally. This has been done in two different liquids, namely 
glycerol and ethanol, for six different wires which are characterized 
in table 5.1. 
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t m® i, i 

No. 1 2 3 4 5 6 

2{cj») 1 1 0.3 2 1 0.3 

t (cm) 10 4 4 4 2 2 

The results are shown in figure 5.VÏ where the maximum sc atter is given 
by error bars. It is quite clear from the results that the wire length 
L systematically changes both x and pC p. The distance z fro« the poten
tial taps to the current leads seems to be of minor importance. Using 
the longest wire gives pCp values which are closest to the littérature 
values, indicated by stars on the pC^-axis. Under normal conditions we 
use a wire identical to that labelled 2 in table 5.1. The error due to 
the finite wire length can thus be estimated to be +1% in X and ~ 5% in 
pCp. 

In order to test the accuracy of the measured values of \ and pCp a 
series of measurements were performed on a number of liquids using a 
wire of Î0 cm. The results are summerized in Table 5.11. Thé average 
deviation found is 1% for x and $% for pC . P 
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GLYCEROL T»300K 

A (M/ aiK) pCp (MJ/mK) 
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Fig. 5.VI. Results for Glycerol and Ethanol using different wires. 
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ó HIGH PRESSURE TECHNOLOGY 

6.1 Generation of high pressure 

6.1.1 Piston and cylinder apparatus 

All of the experiments presented in this thesis were performed in a 
piston and cylinder high pressure apparatus. A view of this apparatus 
is shown in figure 6.1. The early experiments were made in a cylinder 
having an internal diameter of 70 nan capa ble of producing pressures 
up to 1. GPa. In the later experiments an apparatus with 45 mm internal 
diameter was used. In this case the maximum pressure obtainable was 

SS 

Fig. 6.1 the piston and cylinder apparatus used for the high 
high pressure experiments. 
A-Top piston, 8-Bottom piston, C-Cylinder, D-Sample cavity. 
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3. GPa. One of the two similar 45 mm apparatuses available is designed 
for use down to liquid nitrogen temperatures. Both vessels are possible 
to heat externally by me ans of electrical heaters which are wrapped 
around them. Temperatures up to 200°C are possible to obtain without 
restricting the maximum pressure. The vessels are also possible to 
cool down to - -30°C by circulating freon in an external coil. In 
order to obtain lower temperatures the whole vessel is sprayed 
with liquid nitrogen. Alternatively, nitrogen is poured on top of it. 
This does not produce large temperature gradients as the large mass 
of the vessel serves as a temperature reservoir. 

The actual high pressure sample is in all cases enclosed in a Teflon 
cell which will be further described in section 5.2 and placed in the 
cavity D (see figure 6.1). The top seal consists of a triangular steel 
ring which is either cadmium- or indium-coated. The top piston is made 
with loose fitting so that the frictional area reduces to that of the 
steel ring. Figure 6.II shows a view of the top seal. Indium-coating 
has shown to be mos t effective in reducing the friction which in the 
45 ran vessel typically is 14 %. A view of the bottom seal used in this 
apparatus is shown in figure 6.III. A t riangular steel ring and two 

TOP 
PISTON 

fcj-V-i?! STEEL RING 
L 1 TEFLON 

PYROPHYLLITE 
GASKETS 

STEEL 

TEFLON 

TEFLON 
CUP BOTTOM 

PISTON 

o so 
mm 

Fig. 6.II Top seal Fig. 6.Ill Bottom seal 
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pyrophyllite gaskets are used as seal, and wires are brought out 
between the gaskets. This arrangement is placed on the conical 
bottom p iston which is supplied with grooves where the wires are 
brought out. For the 70 ran vessel the same bottom seal is used, 
however fibre reinforced bakelite is employed instead of steel and 
pyrophyllite. 

The main advantage with the piston and cylinder apparatus is that 
Is has a quite large internal volume. This makes construction and 
handling of the high pressure cell easier. Pressure gradients within 
the cell are small making the results reliable. The actual pressure 
within the cell is found to be a linear function of the applied load, 
only a correction for friction has to be employed. Using identical 
Teflon cells to enclose the sample, the pressure is reproducible to 
- 1 % over the whole pressure range. 

6.1.2 Bridgman anvils 

Another type of apparatus which has been explored in some detail, however 

mm 
TUNGSTEN - CARS IDE 

0 30 
2ZZ2J PYROFVLl IT £ 

Ag CI 

Cfl-0i WIRE 

Fig. 6.IV Experimental arrangement using Bridgman anvils 
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not actually used for any measurements is the Bridgman anvils. In 
this case a thin disc is compressed between two flat piston sur
faces. Figure 6.IV shows the experimental set up use d in the 
experiments. 

Consider a disk-shaped compressible gasket between a pair of 
Bridgman anvils as in figure 6.IV. The pressure within the gasket 
is a function only of the distance r from the centre. The pressure 
of the inner part of the gasket rises with increasing load, while 
the pressure at the edge remains nearly zero. Thus plastic flow 
occurs at the outer part of the gasket and a frictional force 
between anvils and gasket acts at this region. Figure 6.V shows the 
pressure versus load curve obtained using a total gasket thickness 
of 2 ram. 

10 

• I'ftt Incr«««* 

5 

Low 8i 

0 
0 100 200 300 400 

LOAD/TOSS 

Fig. 6.V Pressure calibration using Bridgman anvils. 
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The gaskets did however always blow out when unloading to pressures 
less than ~ 3 GPa. 

For actual measurements of the thermal properties a somewhat larger 
sample volume is demanded. A mod ification of the Bridgman anvils 
according to figure 6,VI was therefore tested. 

mm 

0 so 

V//7/Z/ A nrnoFYune 

•zr rz m m m tu "B C«-AI WIRE 

\--!LUy/LZA. V/ty/ZA 

0 25 

Fig. 6.VI Modified Bridgman anvils 

In this case it was found that the pressure in the region of the 
wire did not start to increase for a load less than 40 ton. The 
low Ce was found at 123 tons. The load was further increased up 
to 290 tons, but no indication of the 8i I-Il was found. The gasket 
did not blow out on unloading and it is therefore possible that this 
technique might be usable for determining the thermal properties 
at very high pressures using the hot wire method. 

The reader interested in a Brid gman a nvil type of apparatus could 
turn to some o f the papers; Nishikawa and Akimoto (1971), Jackson and 
Waxman {1963) arid O ka i and Yoshimoto (1973). 
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6.2 Design of high pressure eel is 

In all high pressure experiment made, involving both liquid and 
solid medias, a high pressure cell similar to that shown in 
figure 6.VII has been used. 

Fig. 6.VII High pressure cell, consisting of a Teflon container (C, 
E, F), which encloses the sample volume (D}> a delta gasket 
of steel (6) and two conical pyrophyllite shells (H)» the 
latter forming a sandwich with the electrical leads (J). 

The cell is compressed between the upper piston (B) and the lower 
piston (I) which is provided with grooves for the leads. The steel 
cylinder (A), which is identical on the right hand side, supports 
the pressure. In the experiments on liquids it was sometimes found 
that leakage occurred between the cylinder (€} and the disc {£) 
which ruine d the gas kets (H). This is, however, easily avoided by 
making (C a nd E) in one p iece. 
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In the very first pressure experiment using ceils having a diameter 
of 70 ram the nickel hot wire was straight as in Figure 5.VIII a. 

Fig. 6.VIII Top view of the high pressure cell showing d ifferent 
locations of the wires. {A) Nickel wire, (B) Thermo
couple and (C) Ce-Bi wire 

The arrangement in a) is however best suited for measurements on 
liquids, in which the pressure is hydrostatic. As the liquid trans
forms into a solid a number of disadvantages arises. First of all 
the small but existing pressure gradients, which are mainly radial, 
place different parts of the wire at slightly different pressures. 
This increases the uncertainty in the measurements. The pressure, 
as measured by the Ce-8i wire, can on ly serve as an average over 
the length of the nickel wire. During solid-solid transformations 
involving large volume changes the wire was often found to brake. 
This was probably due to the fact that the transformation started 
at the center where the pressure was highest, while the material 
around the ends of the nickel wire were unaffected. The volume 
changes then produced straining of the wire. In many cases a 
typical neck-forming was found on the wire at the location of 
the fa i 1ure. 

These problems can be avoided by using an arrangement as in 6.VIII b). 
In this case the nickel hot wire is curved, and is located at the 

a b 
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same radius as the Ce-Bi wire and the thermocouple. The theory of 
the hot wire method is however based on a straight line heater and 
it might be questioned whether curving the wire affects the measured 
quantities. An experimental test was undertaken, in which measu re
ments were made on a single wire in a liquid medium. The wire was 
distorted considerably from st raightness without affecting the 
measured values of x and pc^. In particular, the curving as in b) 
was found to give identical results as having a straight wire. 

When me asurements on ma terials having a high thermal conductivity 
is made, a large current is needed to produce a suitable tempera
ture increase of the wire. If the wire is curved as in figure 5.VIII b) 
this current builds up a magnetic field which produces an inductive 
e.m.k. between the potential taps. This induction can in some cases 
introduce an error in the very first temperature reading taken after 
400 ms. It can however be avoided by making a modification according 
to figure 5.IX. In this case the current through the nickel wire (B), 
is brought back with a copper wire {Â} having the same curvature, 
lying at the bottom of the Teflon cell. For the sake of clarity it 
has been drawn somewhat beside the nickel wire. 
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Fig. 6-IX Modified high pressure cell 
(A) Copper wire, (B) Nickel wire, (C) Current leads, 
(D) Thermocouple, (E) Ce~Bi wire and (F) Potential leads 

Both the current leads and the potential leads are kept together 
through the bottom seal {Fig. 6.in) and are twisted outside the 
pressure vessel to avoid open loops, 
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Different techniques have to be applied when preparing samples, 
depending on the particular material to be investigated. In the 
case of liquids there are no prob lems as one simply fills the 
Teflon cell. 

For rubbers and certain polymers two equal plates are first machined. 
Rubber is machinable if it is kept at a temperature below its glass 
transition point, through continuous cooling with liquid nitrogen. 
One of the plates is first placed at the bottom of the teflon cup, 
and copper wires are brought up e ither around the edge or through 
drilled holes in it. Next step is to solder the nickel wire, which 
has pre-welded potential taps, on top of this first plate. Finally 
the second plate is placed on top of this and the cup is closed with 
the teflon lid. 

In the case of having powder as raw m aterial, this is first precom-
pressed in a special vessel to form plates, after which the same 
technique as described above applies. 

Finally having granulates, such as pellets of Poly Vinyl Acetate 
having gas inclusions the sample was carefully cast in the teflon 
cup. This w§s made in a cylinder, which was possible to heat 
electrically, and evacuate to better than 1 torr. 
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6.4 Pressure calibration 

When using a piston and cylinder high pressure apparatus, as described 
in section 6.1.1, the pressure in the cell is not possible to deter
mine simply from l oad/area. Functional forces between the piston and 
the cylinder reduce the effective load acting on the sample. This 
means that some kind of pressure calibration must be used, in order 
to find the pressure. One way of doing this is to record the change 
in electrical resistance due to polymorphic transitions. The pressures 
corresponding to these transitions have been determined by absolute 
methods and may be used as fixed points. For interpolation between 
these points one can use the strain on the outside of the vessel, 
or simply the press load. 

In the experiments performed, fixed points have been obtained, using 
the cerium a-y transition at 0.75 GPa (Jayaraman, 1965} and the 
bismuth I-II transition at 2.55 GPa (Decker et al., 1972). These 
transitions are temperature dependent and the values given corre
spond to 300 K. The two metals were used in the form of a single 
coaxial wire (Aim et al., 1974) with bismuth as an other layer. 
The virtue of this arrangement is that bismuth can be easily 
soldered and protects the cerium from ox idation. The resistance 
of the coaxial wire could be recorded either as a function of 
time or as a function of press load. The resistance change due to 
the transitions was in both cases easily detected. 

The pressure in the piston and cylinder apparatus was found to be 
a linear function of both the applied load and the strain measured 
on the outside of the vessel, making the interpolation easy. On 
decreasing the load a hysteresis in the pressure was observed. A 
typical load versus strain on pressure curve is schematically 
shown in figure 6.X for both increasing and decreasing load. 
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Fig. 6.X Applied load as a function of pressure or strain in the 
piston cylinder apparatus 

A fewer data points were taken on decreasing load because of the 
larger uncertainty in pressure calibration. Due to the very high 
precision in the measurements of the thermal conductivity it was 
found that these datas could serve as pressure calibration on de
creasing the load. They were however not used for this purpose. 
The accuracy in pressure calibration was estimated to be -50 MPa 
for increasing load and 0.1 GPa for decreasing load. 
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7 MEASUREMENTS ON G LYCEROL 

7.1. Introduction 

In order to provide a test of the method developed glycerol was selected 
for a first study. The wire probe could be easily immersed in the liquid, 
and the viscosity is high enough to prevent heat losses due to convection. 
The liquid is also easily supercooled and undergoes a transition into a 
glassy state at 200 K. Quite little is known about the variation of the 
thermal conductivity and the specific heat capacity of amorphous materials 
in the glass transition region, especially at very high pressures. The 
general behaviour of X at atmospheric pressure (van Krevelen 1972} is 
to increase linearly from low temperatures to the glass transition point, 
Tg, where a break occurs in x(T), leading to a linear decrease at higher 
T. In the glassy state, C^(T) is found to increase linearly with T» the 
relative slope being almost the same for all polymers (van Krevelen 1972). 
At T. the heat capacity increases suddenly and then again increases linear-y 
ly, but at a less predictable rate. 

The variation of T with pressure, is known in many cases from volume and 
dielectric constant measurements (O'Reilly 1962), but the pressure range 
is limited to a few tenths of GPa. The quantities X and CD have never 
been determined under pressure in the region of a glass transition. 

7 . 2  Experimental detaiIs 

The generation of high pressure as well as the high pressure cell has 
already been described in chapter 6. 

The glycerol used was supplied by E. Merck A.G., W. Germany, and was 
labelled pro analysi. The best sample contained only 0.1 % of H20, as 
found on chemical analysis by the Karl Fischer method. This quality was 
considered satisfactory, since samples containing 1 percent of H?0 
yielded identical results. Glycerol has a polar molecule having a short 
carbon chain consisting of only three carbon atoms and is schematically 
shown below 

H H H 
i ! i 

H - C - C C - H 
» \ * 

OH OH OH 
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The results for >. and pC was taken during isothermal as well as i so-
baric experiments. During the former the temperature was kept constant 
to within ± 1 K. The average cooling rate during isobaric runs was 20 K 
per hour. 

7.3 Results and discussion 

Figure 7.1 shows the behaviour of the conductivity as the temperature T 
is varied at a low pressure (10 MPa). Glycerol may be supercooled to 
about 200 K, where a glass transition occurs. The conductivity data 
exhibit a peak at this temperature» but this does not necessarily mean 

10 
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Fig. 7.1 Thermal conductivity of amorphous and crystalline glycerol against 
decreasing temperature at approximately atmospheric pressure. 
Oata taken for increasing temperature were almost identical ex
cept in the glass phase, where a maximum dif ference of 1 " was 
observed. The broken curves represent results from Schulz (1954). 



that the conductivity really goes through a maximum. In our experiments 
the temperature excursion of the Ni wire was approximately 5 K. If the 
nickel wire has a temperature just below the transition value when the 
pulse occurs, the glass immediately surrounding the wire would be trans
ferred into the liquid state. The liquid-glass boundary constitutes a 
constant-temperature cylinder centered around the wire and expanding 
during the process of heating. The theory of the hot wire method does 
not apply to this two-phase situation, but it is conceivable that the 
peak arises because two different values of are involved. Alterna-

H 
tively, a small transition enthalpy would have this effect. A t hird 
possible interpretation will be discussed later. 

We found approximately linear temperature variations of X on both sides 
of the peak arising from the glass transition (T ). Below T^ w e obtained 
;>(ln X)/;>T = 5 x IQ"1* K"1 and above T^ the sign was reversed: D(ln x)/aT 
- 3 X 10""'* K"1. Schulz (1954) obtained a drastic decrease of X a t T , 
and in fact a decreasing X i n the liquid state when the temperature was 
lowered. We suggest that these results arose from incomplete thermal 
contact in his apparatus as a result of the volume changes occuring. It 
should be noticed that our curve X(T) for glycerol conforms to the curve 
generally found for polymers (van Krevelen 1972}, but that the slopes 
on either side of T^ a re smaller. This similarity in the heat transport 
properties suggests that supercooled glycerol may have at least weakly 
coupled molecular chains. 

Figure 7.1 also shows the conductivity of crystalline glycerol, which 
may be obtained by cooling the liquid to 220 K and then raising the 
temperature to a constant value of about 260 K. As expected the crystal
line phase has much higher conductivity than the disordered ones, and 
the variation with temperature is X a T~°-79 not far from t he T"1 de
pendence observed with other crystalline isolators (van Krevelen 1972). 
The difference may possibly arise from incomplete crystallization of 
the specimens. The degree of crystal 1 ini ty was not determined in this 
work, neither was this done in the previous experiments mentioned. The 
thermal conductivity reported by Schulz (1954) for this phase is only 
80 % of the value we observed, a fact which may be interpreted as an 
effect of thermal resistance in these earlier measurements. 
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Fig. 7 -11 Thermal conductivity of glycerol against increasing pressure. 
Conductivities for decreasing pressure differ by less than 
1 % from these values. 

Figure 7,11 shows the variation of conductivity with pressure in the 
liquid and in the crystalline phase. It is noticed that the relative 
variation with pressure is approximately equal. The pressure dependence 
of the thermal conductivity may conveniently be reported using extra
polations to 1 GPa as follows. 

x(])/A(0) = 1.44 at T = 298 K (liquid) 
A(l) / x(0) « 1.42 at T = 243 K (liquid) 
X (l) / A ( 0 )  « 1.48 at T = 278 K (crystal) 

We have seen that classical methods for measuring thermal conductivity 
may y ield large systematic errors. The importance of having good thermal 
contact between wire and specimen has been demonstrated using cast and 
pressed Araldite in a comparative experiment (Andersson and Bäckström 
1976). Now it may happen during crystallization of glycerol that voids 
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are created at the wire boundary. These voids may be filled by the 
plastic deformation occurring under pressure, showing the importance 
of being able to subject samples to pressure, even if only the con
ductivity at atmospheric pressure is to be determined. The possible 
presence of a thermal contact resistance between wire and specimen 
in our experiments would not influence the results for x, if only this 
resistivity is axially symmetric. This is no lo nger true, however, when 
measuring pCp. The heat flux leaving the hot-wire probe is practically 
constant at all temperature measurements during the pulse, except at 
the first measurement, where the heat capacity of the wire requires a 
large part of the available constant power. The temperature drop from 
wire to specimen boun dary would therefore be smaller than in the 
following measurements of ©(t^}, and this would introduce an error in 
the determination of pC . 

P 

LIQUID T « 298 K 

3.0' 

ex 

CRYSTAL T » 262 K 

2.0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.8 

P (GPa) 

Fig. 7.III Specific heat capacity pC for glycerol against increasing 
pressure. Data for decreasing pressure agree to within 3 % 
and are almost identical in the low pressure range for the 
liquid. Data for decreasing pressure in the crystalline state 
are missing because of wire failure. 

An imperfection of this kind would therefore be revealed by measurements 
of oCp under pressure. Figure 7. Ill shows oCp against pressure for liquid 
and crystalline glycerol at 298 K, the data being taken for increasing 
pressure. The points obtained for decreasing pressure, which are not 
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shown in this figure, differ from the others by less than 3 %. In view 
of this fact the thermal contact resistance could not seriously in
fluence our results on the specific heat capacity. 
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Fig. 7.IV Specific heat capacity pC for glycerol against decreasing 
temperature at approximately atmospheric pressure. The results 
obtained for increasing temperature generally agree to within 
1 % but occasionally differ by as much as 5 1 

Figure 7.IV shows the temperature variation of pCp, the specific heat 
capacity per unit volume. The quantity pCp is seen to decrease suddenly 
by a factor of almost two as our passes from the liquid to the glass 
phase. There is also a pronounced change in pCp when going from th e 
liquid to the crystalline state. These effects have already been ob
served by other authors (Gibson and Giauque 1923). 

Figure 7.V shows our results after smoothing and after division by the 
mass density due to Schulz (1954) so as to obtain C , the specific heat 

r 
capacity per unit mass. These results are compared to those of Gibson 
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Fig. 7.V Smoothed s pecific heat capacity data for glycerol against 
temperature at approximately atmospheric pressure. 

and Giauque (1923), obtained by classical calorimetric methods. The 
results agree reasonably well if we disregard the transition region» 
180 - 200 K. The discrepancy of about 10 % in the crystalline phase 
may readily be explained in terms of different degree of crystallinity, 
a s  w a s  d i s c u s s e d  f o r  A .  

Figure 7.VI shows x(T) and pCp(T) for two different values of P. As 
we have already pointed out the pronounced peak at T , as well as 
the hump on its right wing, should not be interpreted as an increase 
in thermal conductivity. 

It should first be noted that the full width of the main peak (=* 20 K) 
is much larger than the temperature excursion of the nickel wire 
("• 5 K). Furthermore the glass temperature» Tg, which m ay be read 
of figure 7.VI.b is 23 K higher than reported by Gibson and Giauque (1923) 
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9* 7-VI ?i.T?e?na] conductivity, X, versus T at atmospheric pressure 
(filled circles) and at 0.75 GPa (open circles). One run at 
atmospheric pressure was extended to higher T to investigate 
whether the slope of x w ould change sign, in fact, a minimum 
value of \ « 0.293 W/mK w as found at approximately 300 K. The 
slopes on e ither side of this minimum we re 3X/3T = -0.9 x 
u/S? - '"t  ln the ^g100 258-288 K and ax/aT » I. 4  x 10~(* 
W/mK2 in the region 308-353 K. 
b) Specific heat capacity per unit volume, pcD, versus T at 
atmospheric pressure (filled circles) and at 0.75 GPa (open 
circles). These data were obtained simultaneously with those 
given in a. 

and shown here in figure 7.V. It seems reasonable to attribute this 
difference to the fact that the rate of temperature change was very 
different in the two experiments: approximately 5 K/s and 10*' K/s 
respectively. In the region of 200 K, Gp has a low value in a fast 
experiment, whereas it takes a high value in a slow experiment. A 
plausible interpretation of this effect is that only part of the 
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possible excitation modes are effective in absorbing energy from our 
short heat pulse, if T is in the interval 185 - 208 K» but that they 
all become effective if heat is slowly transferred to the specimen. 

A simple model for the above process is the following. The hot wire 
transfers energy to the specimen in the form o f elastic waves, or 
damped phonons. The phonon fieTd gradually shares its energy with 
another mode of excitation, which might consist in the creation of 
holes (Kauzmann 1948) in the structure or in the population of local 
vibrational modes. The situation could be described in terms of two 
simultaneous temperature fields, one connected with the phonons, the 
other with the local mode. The temperature measured is that of the 
propagating field, i.e. the phonons. The heat capacity thus appears 
to be abnormally small for fast heat transfers. The time constant 
for energy exchange between the two modes varies with temperature: 
below 185 K only phonons may be excited, and above 208 K there is no 
specific heat anomaly, since the sharing of energy is too rapid to 
be detected in the experiments. 

Returning to the peak in Figure 7.VI, we m ay now e xplain how i t arises 
in terms of the above argument. In the beginning of the current pulse 
through the Ni-wire heat is transferred to the specimen phonons. If 
T is well below the glass point, there is no energy sharing, and we 
simply measure the phonon conductivity. Well above T^, on the other 
hand, sharing is virtually instantaneous, and although pCp is observed 
to be larger, the value of X obtained is still a measure of the phonon 
thermal conductivity, since the other modes are assumed not to pro
pagate. In an interval around T^ the sharing time is comparable to 
the duration of the experiment, and the temperature rise during the 
first part of the heating event becomes abnormally high but is re
duced by sharing during the later part of the pulse. The temperature 
versus tinte, T(t), thus has a reduced slope, and according to the 
theory of the hot wire experiment this is interpreted as an increase 
in X. It is important to realize that this theory is strictly not 
applicable in this regime, since it is based on the conventional 
equation T = av7-T, which accounts for only one temperature field, 

A m inimum in pCp is found at the same temperature as the main peak 
in A, but we consider this minimum t o be a trivial consequence of 
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using an incomplete theory for the experiment, this being based on 
one temperature field only. The minimum in pCp m ay arise entirely 
through the iteration program, which calculates X and pc simultaneous-H 
ly and which does not take the relaxation time into account. Thus the 
"false" peak in x is probably responsible for the main minimum in pCp. 

There is a small peak in x at a temperature just below the second step 
in pc at about 230 K (PO). At P * 0.75 GPa the satellite peak in x 

K 
is more pronounced, and there is a definite minimum in the pc data K 
at this pressure. We prop ose that the second step in pCp be inter
preted as the freezing in of a third mode of excitation and that the 
secondary peak in x arises in a manner analogous to that just suggested 
for the main peak. 

Kauzmann (1948) shows curves of the dielectric relaxation time (T) 

versus T for various substances. He points out that there is a striking 
agreement between the values of T where t takes a certain value and the 
temperature at which cp changes steeply in a calorimetrie measurement 
of duration T. From his curves we also find that the temperatures at 
which glycerol has t = 1 hour and t « 1 s differ by about 15 K. The 
corresponding difference derived from pC p experiments is 23 K, and 
there is indeed a correlation between the characteristic temperatures 
of the two different phenomena. 

Figure 7.VII shows that X(P) increases almost linearly with pressure 
up to the glass transition point, P t where the slope decreases but 
remains positive. The results for different temperatures are comparable, 
except for a change in P . The peak in the thermal conductivity, similar y 
to those observed in the isobari c runs are present, the smaller one 
barely visible but detectable by graphical analysis. Figure 7.VIII also 
shows the results for pCp as was simultaneously obtained. With increasing 
pressure two steps are seen to occur, as was observed in the isobaric 
experiments for decreasing T. 
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fig. 7.VII a) Thermal conductivity, A, versus P a t 247 K (open squares) 
and at 267 K (filled squares). 
b) Specific heat capacity* pc » versus P at 247 K (open 
squares) and at 267 K (filled^squares). 

Figure 7.VI11 summarizes the results of both isothermal and isobari c 
pCp ex periments. Three points of interest are defined on the curves of 
pCp versus P or T, as shown in the insert of Figure 7.VIIÎ. The first 
one corresponds to the point where pc^ has changed by one half of the 
total amount, the second is taken at the full value of the principal 
step change» and the third is at the minimum just before the second 
step. The points corresponding to these three characteristic tempera
tures fall on s imilar curves, differring in temperature by a constant 
amount. The results of the two isothermal runs, identified in the 
figure by horizontal arrows, are seen to fall quite accurately on the 
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Fig. 7 . VI I! Summary o f isothermal and isobari c results on T 0 as ob
tained from the pc experiments. The insert shows the 
location of the characteristic points chosen for this dia
gram. The horizontal arrows indicate points from isothermal 
runs» the vertical ones from i sobaric runs. 

curves joining the corresponding points from the isobaric runs. It is 
of some interest to note that in these cases we obtained glass transi
tions without decreasing the temperature. During the pCp measurements 
we varied T and P in both directions over the glass transition and 
could never detect any hysteresis. The glass transition temperature, 
Tg, of course depends on how the characteristic point is chosen, but 
we conclude that with a given definition of T„ the alaas transition 3 9 
occurs on a curve in TP-space, which does not depend on the direction 
of approach (dT/dP). 

The point corresponding to half the step rise in the pc^ seems to be 
precisely defined in temperature, and we shall take it as our defini
tion of T . Its dependence on P, which is also shown by the full curve 
in Fig. 7.VIIÎ may be given by the formula 



59 

Tg a 440.0 - 1 / (4.31 X IO"3 + 8.36 x lO^P) 

which summarizes our experimental data on Tg wi thin 0.5 K. As already 
pointed out, however, the absolute values may have an error of 2 K. 

The initial slope of Tg(P) is 45 K/GPa in agreement with the value 
40 K/GPa reported from d ielectric experiments up to 0.1 GPa (Kauzmann 
1948; Gilchrist, Earley and Cole 1957). The scanty knowledge available 
on the equation of state of glycerol does not permit us to analyze the 
behaviour of T (P) at higher pressures. y 
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3 MEASUREMENTS O N A N E POXY RESIN 

8.1 Introduction 

Epoxy resins have interesting thermal and mechanical properties and are 
therefore often used in laboratories as adhesives, protective coating and 
as potting compound. They are also employed as pressure-transmitting 
medias in high pressure experiments, where a solid medium can be accepted. 
In this application it may be important to know the thermal properties of 
the medium a t high pressures (Sundqvist and Bäckström 19 77). Epoxy resins 
furthermore undergo a glass-transition at about 320 K. As epoxy resins 
consist of a highly crossi inked network of carbon chains the transition 
ought to be smeared out over a large temperature range. The pressure de
pendence of the glass transition temperature for such m aterials is poorly 
known. 

8.2 Experiments 

The hot wire method already described was used for the measurements of 
X and pCp. The temperature datas were analysed using the iterative pro
cedure described in section 4.2. 

For the measurements we used Aral di te, an epoxy resin manufactured by 
CIBA-GEIGY, Switzerland. Specimens were cast from a well homogenized 
mixture of Aral di te AW 106 and hardener HV 953 U, mixed in the propor
tions 1:1 by volume. The mixture of the two components was stirred by 
a propeller-like tool introduced through a hole in the bottom o f the 
beaker in order to mix without breaking the surface, thus avoiding the 
inclusion of gas bubbles, which could modify the thermal properties 
appreciably. The Araldite was carefully cast around the nickel wire in 
a Teflon cell as described in section 6.2. After casting the specimens 
were allowed to cure at room temperature for a few days before any experi
ments were undertaken. 

During a pressure run the pressure was changed in steps. Because of 
adiabatic heating (see chapter 11) during pressurization it was necessary 
to allow the specimens to reach thermal equilibrium at each point, after 
which three or four measurements were taken at 5 min intervals. The 
cooling and heating rates during isobaric runs were approximately 15 K s"*1. 
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8.3 Results and discussion 

For the specimens cured at room temperature we have found X  a nd a to 
be almost linear functions of temperature in the range 275 - 350 K: 
The results at atmospheric pressure in this range can be summarized 
by the expressions 

X(T) • (0.116 + 3.2 X IO"1' T) W m"1 K"1 

(8.1) 
a(T) = (1.46 - 2.9 x 10"3 T) x 10~7 m2 s"1 

with T in K. At 300 K we have obtained the values 

X  = (0.211 ± 0.003) W m'1 K"1 

a « (1.37 ± 0.09) x 10~7 m2 s"1 

from whic h we find 

pCp = x/a =1.54 * 106 J m"3 K"1 

According to the manufacturer the density is p = 1.06 • 103 kg m"*3, 
and thus the specific heat capacity is found to be 1.45 • 103 J kg"1 K"1. 
It should be noted that the numbers given disagree slightly from those 
given in our paper (Sundqvist, Sandberg and Bäckström 1977). This is be
cause a redetermination of X and pC was made when the iterative pro
cedure (section 4.2) was abandoned. Instead we used Gauss me thod of 
successive linearization of the fitting function to fit our experimental 
temperature data to the theoretical function. 

Curing the specimen a t higher temperatures was found to limit the appli
cability of equation (1) to T < 325 K. At atmospheric pressure the ther
mal resistance between wire and specimen became large above 350 K» due 
to the difference in thermal expansion coefficients. Our mea surements of 
a and pCp in this range are therefore not very reliable and have been 
discarded. To ove rcome this difficulty we applied pressure to promote 
thermal contact and two temperature runs up to 430 K at 0.11 and 0.27 
GPa were successfully completed. This procedure also made it possible to 
study the pressure dependence of the glass transition temperature and 

the temperature dependence of the pressure coefficients of x and pCp. 
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Fig, 8.Ï Below: X(T) for Araldite. Triangles: Sample A a t atmospheric 

pressure. Circles: Sample 8 at 0.11 GPa. Squares: Sample B 
at 0.27 GPa. Filled symbols denote decreasing T, open i ncreasing 
T. The dashed line shows X f or sample B as extrapolated to atmos
pheric pressure. 
Above: jA(0)}-1 3X/3P for sample B. The p oint denotes the value 
given by equation (8.1). 

Figure 8.1 shows X(T) at 0.1Ì and 0.27 GPa for one specimen. As a com
parison we have also given the results for our specimen at atmospheric 
pressure up to 350 K, This specimen had been cured for 12 h at 440 K, 
and thus its x(T) does not conform to equation (8.1). The temperature 
dependence o f the thermal conductivity below the glass transition tem
perature Tg has been studied by several authors (Cherkasova 1959, 
Kline 1961, Knappe 1961» Baranovskii et al 1967, Garrett and Rosenberg 
1974). The general tendency of X i s to increase linearly with increasing 
temperature. The relative increase as given by |X(29BK)j_î 5X/oT varies 
from 0.2 x 10~3 (Knappe 1961) to 4 x 10"?(Cherkasova 1959) depending on 
the particular resin investigated. This can be compared to our value 
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of 1.5 X IO"3. 

The first temperature increase at P = 0.11 GPa shows a rather broad maxi
mum in A followed by a linear decrease. After keeping the sample a t 430 K 
for 12 h we decreased the temperature. The value of X at 430 K did not 
change during this treatment, but the curve of x against T was now seen 
to consist of two linear parts. This is consistent with the general be
haviour found for amorphous polymers (van Krevelen 1972). The different 
behaviour of x(T) with increasing and decreasing temperature is believed 
to be due to additional polymerization at 430 K. The glass transition 
temperature for the fully polymarized specimens as determined from t he 
break in x(T) was found to have the pressure dependence 

Tg(P) » (322 + 1.4 X 102P)K 

with P in GPa. This is not far from t he slopes found for other amorphous 
polymers (O'Reilly 1962). We have also determined T^ at atmospheric 
pressure by a dilatometrie method with the result Tg = 321 K. This is 
in good agreement with the result 7^ = 323 K obtained from sound velo
city measurements for this particular material (Krishnamurty et al 1972). 

Kanari and Ozawa (1973) propose an expression for the difference in the 
temperature coefficients below and above T of the form y 

ß  5  -  T  A f [ X ( T  ) | ~ 1 ( a A / 3 T ) >  »  0 . 6 6  li Vi 

This is based on t he assumption that T^Act has the same value for all 
amorphous polym ers at constant pressure, where A« is the change in thermal 
expansion coefficient at the glass transition. We have found f? to increase 
linarly with pressure. Our results for ß in the case of fully polymerized 
specimens are 0.57 at atmospheric pressure, 0.67 at 0.11 GPa, and 0.85 
at 0.27 GPa. From these data and the expressions given by Kanari and 
Ozawa it can be concluded that both Aa and T^a« decrease with increasing 
pressure. This behaviour has previously been found for polyvinyl acetate), 
another amorphous polymer (McKinney and Goldstein 1974). 

In the upper part of figure 8.1 we show the pressure coefficient of X, 
|x(0)i"1(ax/3P), against T for an intermediate pressure of 0.19 GPa. The 
derivative ax/aP evidently changes abruptly at the glass transition, as 
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is already known to occur for SA/aT as well as for first derivatives 
of extensive thermodynamic parameters. 
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Fig. 8.II Heat capacity per unit volume against T at 0.11 and 0.27 GPa. 

Symbols have the same meaning as in figure 8.1. The left-hand 
scale refers to the run at 0.27 GPa and the right-hand scale 
to that at 0.11 GPa. 

Figure 8.II shows data for the heat capacity per unit volume which were 
simultaneously obtained. Except for the first increase in temperature 
there is a relatively steep increase over the temperature range 315 -
345 K at 0.11 GPa and 330 - 360 K at 0.27 GPa. This result is similar 
to that obtained by Duschenko and Krasnobokii (1971) for an epoxy resin, 
although they found a somewhat sharper increase. The glass transition 
temperature as determined from the thermal conductivity measurements 
corresponds to the termination of this steep increase. This behaviour 
and the tendency of the specific heat capacity towards a constant value 
at high temperatures has previously been reported by Warfield et al (I960) 
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It 1s interesting to compare the results for Araldite in the region of 
the glass transition temperature with those obtained for glycerol {section 
7.3). The peak in A at Tg as was obtained in the latter case does not 
show up in the results for Araldite. This fact is interpreted as a diffe
rence in the relaxational properties in the glass transition region. In 
the case of Araldite the energy sharing with the non-propagating phonon 
modes is distributed over a much larger temperature range. A temperature 
increase of 5 K, as is given to the hot wire» does n ot populate so m any 
localized modes, as to disturb the temperature versus time function and 
produce false values for A an d pC_. 
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Fig. 8.Ill \(P) and a ( P )  for one Araldite sample. Circles denote X  and 
squares a; open symbols denote increasing P, filled symbols 
decreasing P. 
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Measurements at higher pressures at room temperature were carried out on 
a total of six specimens. Figure 8.III shows the results for x and a for 
one of these samples as functions of pressure. Each p oint represents the 
average value of three measurements. The phase transition visible in the 
figures was very accurately repeatable on pressure cycling this specimen. 
However, this transition was not found in all specimens, and its existence 
is probably very sensitive to the details of composition and curing of the 
specimen. Pressure promotes thermal contact between wire and specimen, and 
hence there is no doub t as to the existence of the transition. Above the 
transition our results can be well described by the expressions 

X  = (0.255 + 0.078 P) W m"1 K"1 

a « (1.53 + 0.44 P) x 10* 7 m^s'1 

with P i n GPa. Below the transition our results for x and a can be de
scribed by the polynomials 

X(P) / X(0) « 1  + 0.56 P - 0.07 P? 

(8.2) 
a(P)/a(0) = 1 + 0,38 P - 0.07 P2 

with P in GPa. These polynomials also describe the pressure dependences 
of x and a up to 2.5 6Pa for those specimens not showing any transition. 

The results obtained for x(P) in these experiments are in good agreement 
with the earlier measurements by Andersson and Bäckström (1973) up to 
about 0.7 GPa, but above this pressure the discrepancy gradually becomes 
quite large. At 2.5 GPa we find x(2.5)/x(0) =• 2.13 (specimens with tran
sition) or 1.96 (specimens without transition), while Andersson and 
Bäckström report 1.75. This difference might be due to the difference 
in thermal treatment of the specimens, as their specimens were cured at 
340 K. The discrepancy could also be due to either the uncertainty in 
specimen length or to the uncertain variation of thermocouple distance 
with pressure in their experiments. To our knowledge there are no pre
vious data on a and pc of an epoxy resin under pressure that we could 

r 

use for comparison. 

One of the initial purposes of these experiments was to obtain accurate 
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values for x and a under pressure» thus making it possible to calculate 
heat losses under pressure in a thermal diffusi vi ty measurement on 
netals {Sundqvist and Bïcfcstri» 1977). From the results obtained we 
find that this calculation can only be carried out accurately below 
1.0 GPa. Above this pressure the uncertainty beomces large ,due to the 
transition occurring in sense specimens. 
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9 ' MEASUREMENTS O N N ATURAL RUBBER 

9,1 Introduction 

Experimental results concerning the thermal properties of rubbers 
and other amorphous polymers versus both T and P a re still rare. 
Except for our work on an epoxy resin (Sundqvist, Sandberg and 
Bäckström 1977) the only comparable work is that of Frost et al. 
(1976), who me asured the thermal conductivity of four aley! 
methacrylate polymers up to 0.2 GPa and from 173 - 300 K. 

The variation of the glass transition temperature with pressure may 
be predicted using the Ehrenfest relation, dTg/dP - T^V Aa/Ac^, 
where &a is the change in the expansion coefficient at T^. 
According to recent theory, (di Marzio, Gibbs, Fleming and Sanchez 
1975), Tg should asymptotically approach a constant value at 
pressures of the order of 1 GPa. 

Naturally occuring rubber is a linear polymer of isoprene units. 

- CH9 - CH = C - CH0 
1 i 2 

CH3 

The two different forms found, are called eis and trans. Natural 
rubber which is the eis form has the configuration; 

^ 0.81 nm—j 

CH, H CH, H CH, H J / J / " / 
\ / \ ' \ / 

eis c = C C • C C = C 
/ \ / \ / \ 

CH2 CH2 - CH2 CH2 - CH? CH2 

-9 with a repeat distance of 0.81 x 10 m which is indicated above. It 
has a very low crystal 1 ini ty , transforms into a glass at 200 K and 
melts at 301 K. In its raw state, natural rubber is a very tacky 
substance rather difficult to handle, and is sensitive to oxidative 
degradation. Through the process of vulcanization, which involves 
heating with sulphur the rubber can be crossi inked. The chemical 
reaction involves the formation of interchain links* composed of two, 
three, or four sulphur atoms* between sites of unsaturation on adjacent 
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chains. 

One of the initial purposes with this work was to study how small 
amounts of sulphur could change the thermal properties in the 
region of Tg, and to see whether the pressure dependence of this 
transition was affected. 

9.2 Experiments 

For the measurements of x and pcp we used the already described hot 
wire technique. The temperature data were analysed using a least-
squares fit to a theoretical expression. 

The rubber specimens were prepared by Trelleborg AB, Sweden. One 
sample consisted of their untreated raw rubber (SMR-5), The other 
sample contained the same quality of raw rubber with the addition of 
3.7 % sulphur, 0.5 % MBTS, 2.8 % zinc oxide, and 0.9 % stearic acid. 
The latter sample had been vulcanized for 1 hour at 160° C. 

The high pressure cell as well as the piston-cylinder apparatus used 
have already been described in chapter 6. 

9.3 Results and discussion 

Figure 9.1 shows the pressure dependence of the thermal conductivity, x, 
and the heat capacity per unit volume, pc , for the two different 

r 

specimens. The pressure was increased step-wise during the experiments 
_ i 

at an average rate of about 0.1 GPah . For both samples x initially 
increases with pressure up to a value where a small peak occurs. At 
higher pressure x continues to increase, but at a lower rate. The 
values for vulcanized rubber increase less rapidly in this region 
than those of raw rubber. The peak in x is associated with the glass 
transition, as can be seen by comparing with the pCp data, where 
the characteristic drop is present. The behaviour of x and pc in 

r 
the region of the glass transition is quite equal to that already 
described for glycerol (chapter 7). It is there explained to be 
caused by a thermal relaxation effect. 
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Fig. 9.1 Pressure dependence of the thermal conductivities and heat 
capacities for the raw and the vulcanized rubber. The small 
peaks in conductivity as well as the corresponding dips in 
heat capacity at T are believed to be relaxation effects, 
with the exceptionyof the region of these peaks the accuracy 
in conductivities is estimated to be 3 i and in the heat 
capacities 10 %. 
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Assuming a model of van der Waal s bonds and linear molecules, Eiermann 
(1966) studied the heat transport in high polymers. He found an 
expression for ax/aP that does not contain the generally unknown 
Grlineisen gamma: X~^3X/3P = 5.25 K J , where - compressibility. 
Using literature data by Scott (1935) for the compressibility of raw 
rubber, we calculate x (9A/3P) g = 0.29, whereas our experimental 
value is 0.18. For the vulcanized sample the ratio of predicted to 
observed values is much the same. Although the agreement in absolute 
values is poor the formula does predict the observed decrease of 
-i 

x DX/3P with increasing pressure. For other polymers Andersson and 
Sundqvist (1975) have obtained experimental values of x ax/aP 
which are similarly low compared to this theory. 

Figure 9.II shows x and pCp versus temperature for raw rubber at two 
different pressures, The curves for x con form to those generally found 
for polymers (van Krevelen 1972), in that the slope is positive in 
the glass and negative in the rubber state. The peaks at T^ are in
terpreted as before. The corresponding data for the sample containing 
sulphur are given in figure 9.III. The curves are evidently qualitative
ly similar for raw and for vulcanized rubber, but T^ i s 8 - 15 K 
higher in the latter case. 

We d id not measure the thermal properties at atmospheric pressure, 
but we can obtain the corresponding data by extrapolation. Figure 
9.IV shows how our results compare with literature values pertaining 
to atmospheric pressure. Above the glass transition peak the data 
agree within 2-3 %, although there is some disagreement in slope with 
the work by Eiermann and Hellwege (1962). In the glass region, on the 
other hand, our slope agrees with that obtained by Eiermann and Hell
wege (1962), whereas the curve given by Pilsworth, Höge and 
Robinson (1972) has a much h igher slope and falls below a t low 
temperatures. Our values for the glass are also about 8 % lower than 
those of Eiermann and Hellwege (1962). 

In the lower part of figure 9.IV our results for pCp, divided by 
densiti tes from the work by Bekkedahl (1934) and extrapolated to zero 
pressure, are compared to calorimetrie data from Bek kedahl and 
Matheson (1935). In the glass region the results are the same within 
•f* -f - 2 %y whereas a variation of - 5 % occurs well above T . There is, 

« 2  
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Fig. 9.II Thermal conductivity and heat capacity for raw rubber 
versus temperature at two pressures. The temperature was 
decreased at a rate of 15 Kh~* during the experiments. 
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Fig. 9.III Thermal conductivity and heat capacity for vulcanized 
rubber versus temperature at two pressures, measured 
at a rate of 15 Kh""' 
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Fig. 9.IV Comparison o f the present results at atmospheric pressure 
(full curve) with those of previous works (dashed curves). 
The difference in Tg is suggested to be due to different, 
rates of temperature change during measurements. Rela
tive values of o(T) were taken from the literature. The 
absolute values of >>(300 K) were 0.93 Mgm"^ for the raw 
and 0.95 Mgm~3 for the vulcanized rubber. 
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however, a conspicuous difference between the glass transition 
temperatures observed. If we define as the temperature at which 
Cp has completed half of its sudden increase, the early data of 
Bekkedahl and Matheson (1935) for raw rubber yield T = 198 K , y 
while our value is Tg = 221 K. A s imilar discrepancy was observed 
for glycerol (chapter 7). The different values of may be explained 
on the basis of the different time scales employed in the experiments. 
We m easured the temperature increment over a time interval of 1 s, 
whereas Bekkedahl and Matheson (1935) spent about 400 s per point 
waiting for equilibrium to be established. Thus wh en we m ake mea 
surements in the range 200 - 220 K, we do not obtain the full value 
of pCp, since the time is too short for all the excitations modes to 
be populated. It should be noted that glassforming substances are 
more complicated than many others, in the sense that there may be 
several different equilibration times. Normally the time required 
to reach acceptable equilibrium conditions in the specimen is de
termined by thermal conduction, and the time will then depend on the 
size of the sample. However, in the region of a glass transition the 
distribution of energy between d ifferent modes of excitations is 
time-dependent, and large time constants may occur even in smal! 
samples. The energy originally carried by elastic waves is gradually 
shared with other modes of excitation, such as molecular vibrations 
and structural modifications, for instance the production of holes. 
The latter is a thermally activated process, and it is known 
(Wolpert, Weitz and Wunderlich (1971), Chen (1978), Cedergren arid 
Bäckström (1978)) that such proces ses lead to a rate-dependent 
characteristic temperature. The glass transition temperature, T^, 
would thus be further reduced bysroughly 23 K, if the rate of heating 
were reduced by another factor of 400. since true equilibrium evi
dently is not attainable, no experimental time scale is more 
appropriate than another. Calorimetrie measurements at different, 
controlled rates would, however, enable determinations of the relaxa
tion time involved. 

The values of T^ obta ined at various pressures during isothermal as 
well as isobaric runs are plotted in figure 9.V. The glass transition 
temperature was defined as the temperature corresponding to the peak 
value in x, but a definition based on a half-completed step in pCp 
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would have given almost identical results. We find the initial slope 
of aT /aP to be 130 K GPa~1 for raw rubber and 250 K GPa~^ for 
vulcanized rubber. McKinney, Belcher and Marvin (1960) have reported 
an intermediate value, 240 K GPa""1, from dyn amic compressibility of 
vulcanized rubber (12 % sulphur) up to 0.1 GPa. By similar com
pressibility studies Paterson (1964) obtained an average slope of 
160 K GPafor vulcanized rubber (2 % sulphur) over the range 
0 - 0.5 GPa. Interpolating our data we arrive at our average slope 
of 170 K GPa-1 over the same range of pressures» which is in reason
able agreement with Paterson's value. 

The plots of Tg versus P i n figure 9.V show a pronounced curvature. 
This is an interesting feature which also was obtained for glycerol. 
Such a behaviour was independently predicted by DiMarzio, Gibbs, 
Fleming and Sanchez (1976) from the entropy theory of the glass tran
sition. In fact they predict that the true second or der transition 
temperature, in their work denoted Tg, approaches a finite asymptote 
at very high pressure (> 1 GPa). Even when pressure goes to infinity, 
and all holes in the material should have disappeared, their theory 
predicts a finite T . y 

Over the pressure range covered in TQ is evidently higher for the 
vulcanized sample. This is expected on the basis of a simple free 
volume theory (chapter 3) since sulphur introduces cross links between 
the polymer chains, consequently reducing the free volume. It is more 
surprising that the pressure coefficient initially is higher for the 
cross linked material than for raw rubber, although the latter is 
more compressible. 

Natural rubber was also subjected to an attempt to determine the thermal 
expansion coefficient under pressure. These measurements are presented 
in chapter 11. 
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Fig. 9.V Summary o f glass transition temperatures obtained by two 
isothermal runs at 300 K and by five isobaric runs. The 
time spent in scanning the temperature range of this 
figure was roughly equal to that spent in pressurizing. 
The values of T obtained on increasing the pressure are 
evidently compatible with those determined on c ooling. 
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10 MEASUREMENTS O N P OLYVINYL ACETATE 

10.1 Introduction 

It is known that the temperature coefficient of the thermal conduc
tivity changes at the glass transition temperature (van Krevelen 1972) 
for amorphous polymers- In the few e xisting investigations on the 
pressure dependence the primary interest has been to establish pressure 
coefficients for A. In this work, however, we have made careful de
terminations of the pressure effect on the temperature coefficient of 
X i n the liquid as well as in the glassy state. We have tried to 
correlate this variation to that of the thermal expansion coefficient a. 

The relaxational character of the glass transition, as have been de
monstrated to show up in both X an d pc^ when using the hot wire method, 
has been further studied. Two different heat pulse duration times have 
been used to determine x and pCp. The difference in results have been 
compared to that predicted by a theoretical model. 

The heat capacity of polymers is generally well known a t atmospheric 
pressure. Ordinary calorimetric methods are, however, difficult to 
combine with high pressure, which accounts for the almost complete lack 
of data on heat capacity in that regime. The heat capacity data here 
obtained have been used to test how a ccurately the Ehrenfest relation, 
dT /dP = TJ5âa/4c , predicts the variation of the glass transition î» y r* 
temperature with pressure. 

Polyvinyl acetate is an amorphous polymer, which has its glass tran
sition temperature at about room temperature under normal pressure 
conditions. The polymer chain consists of, apart of initial and 
terminal groups, a repeat unit C^CH.O.COCHg shown below. 
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Because of the quite large side groups, which are distributed in 
random dir ections along the chain, it has no tendency to crystallize. 
It will hence serve as an example of a completely amorphous polymer. 

10.2 Experimental 

The high pressure cell and the pressure vessel used are described in 
chapter 6. 

All isobaric measurements were carried out under constant press load, 
which is a sufficient condition for constant pressure, if the friction 
between p iston and cylinder is small enough. The role of friction 
was assessed as follows. The specimen was pressurized to 26 MPa at 
300 K, after which it was heated at constant load to 360 K. Unloading 
at 360 K produced the same change in A, within 1 as that obtained 
by pressurizing to the same load at 360 K. If friction had rendered 
the piston immobile during part of the heating process at constant 
load, this would have had a drastic effect on the measured values of 

but no such anomaly was observed. According to our observations 
the pressure should have been constant to within 5 MPa at constant 
load, which corresponds to a maximum e rror of 1 % in the conductivities 
measured. Taking all factors into account the accuracy in the measured 
conductivities is estimated to be 3 %, but the resolution is much 
better. The errors in pCp are generally five times larger. 

The measurements were m ade on a commercial,high molecular weight sample 
of polyvinyl acetate, Mowilith 40, which was supplied by Svenska 
Hoechst AB (Sweden). According to the manufacturer the average mole



80 

cular weight was M s 130 000. In order to reduce residual solvents 
the specimen wa s prepared by me lting PVAc pellets at 110° C under a 
vacuum of better than 0.2 torr (30 Pa). The specimen wa s kept under 
these conditions for two weeks after which it was slowly cooled to 
room temperature over several days. 

10.3 Results and discussion 

Figure 10.1 shows the temperature dependence of the thermal conductivity 
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Fig. 10.1 Smoothed thermal conductivity and heat capacity data versus 
temperature, obtained at six different pressures. The 
pressure for each isobar is given in bar 100 kPa) in 
figure. 
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and the heat capacity per unit volume at different pressures. A t otal 
number of 4000 measurements were taken on two samples at six different 
pressures above atmospheric. The figure shows data taken during i so-

~1 baric cooling at a rate of 15 K h . Disregarding the peak the general 
behaviour of x is the same as for other amorphous polymers (Frisch 
and Rogers 1966). The glass transition is associated with a rather 
sudden cha nge in heat capacity, which is moving up to higher tempera
ture as pressure is increased. 

10.3.1 Thermal conductivity 

Fitting of polynomials to the isobaric data of X versu s T showed that 
the thermal conductivities in the liquid as well as in the glass 
could be represented by a linear function of T at all pressures. 
Isothermal measurements were also carried out, although the data 
are not shown in figures. We found that x versus P had to be repre
sented by a second ord er polynomial. The pressure coefficient 
(A'^X/OP) was evaluated to be 0.9 - 0.1 GPa~* for the glass at 300 K 

Hh — 1 and 1.2 - 0.1 GPa for the liquid at 360 K in the low pressure limit. 

According to Eiermann (1966) the relation x"^ax/3P = 5.25 ß-p where 
is the isothermal compressibility, should hold for amorphous p oly

mers. Taking compressibility data from Mc Kinney and Goldstein (1974) 
one gets 2.1 GPa"' for the glass and 2.6 GPa~1 for the liquid, which 
is approximately a factor of two larger than the experimental co
efficients. 

According to a liquid-like theory developed by Horrocs and McLaughlin 
(1963, 1964) one obtains the pressure dependence x ax/aP = ßT(y + 1/3), 
where y is the Grüneisen parameter. Following Yamamoto (1974) we 
have calculated y from volume data of McKinney and Goldstein (1974). 
This gives y = 3.0 and 3.8 for glass and liquid respectively. The 
calculated pressure coefficients are 1.3 for the glass and 2.0 GPa 
for the liquid, in slightly better agreement with our data. 

Figure 10.11 summarizes the temperature coefficients of thermal con
ductivity for glass and liquid as a function of pressure. In the glassy 
state the coefficient is initially positive and increases with 
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Flg. 10.11 Relative temperature coefficient of the thermal conduc
tivity versus pressure for the glass (O) and the 
liquid (•). 

pressure. In the liquid state the coefficient also increases with 
pressure, but starting from a negative value. The difference between 
the temperature coefficients is independent of pressure within 
experimental errors. 

According to Eiermann (1966) the relation ù(3lnx/3T) - 5.8 ù.a 
P * _ 1 

should hold for amorphous polymers. Taking ha = 4.1 x 10 K from 
McKinr.ey and Goldstein {1974} we get A(aln\/aT) = - 2.4 x 10*^ K 

P -4 -i 
a value much larger than the experimental value - 7 x 10 K .A1?, 
A t dec reases (McK.inney and Goldstein 1974) under pressure and 
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A(alo.\/3T) is constant, Eiemann's êxpression does rsot give the 
true pressure dependence. 

Horrocs and McLaughlin's (1964) theory for the thermal conductivity of 
liquids 1s based on the assumption that adjacent molecules exchange 
energy at sane characteristic frequency related to the sound velocity. 
For the temperature coefficient tvey obtain a relation alnx/sT ® 
»' - a(y • 1/3), which holds for a number o f liquids, except than an 
intercept of a * 5.5 x 10~^ was found for 3lnA/àT = 0. Figure 
!0.Ill shows our results for the dependence of (3lnx/3T)p on expan
sivity. Here we have made a short linear extrapolation to higher 
pressures of the expansivity data of McKfnney and Goldstein (1974). 
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Fig. 10.1II Relative temperature coefficient of the thermal con
ductivity versus the thermal expansion coefficient for 
the glass {o ) and the liquid {•}. The dashed line 
corresponds to that obtained by Horrocs and Mclaughlin 
(1964) as an average for a number of liquids. 

It is interesting to note that the experimental points for both the 
glass and the liquid fall on straight lines. The line for the liquid 
c r o s s e s  t h e  l i n e  o l n x / a T  =  0  a t  4 . 7  x  1 0  a  v a l u e  n o t  f a r  f r o m  5 . 5  
x 10~4, which was obtained by Horrocs and McLaughlin (1964). 
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to.3.2 Heat capacity 

The pressure dependence o f the heat capacity can be calculated from 
the relation = - T ¥ {1 + Da/aTl. Because of lacking 
data on .fcx/sT we mu st neglect the second term, taking a from vol ume 
measurements by McK inney and Goldstein (1974). This gives 2.3 x 
X 10*^ J kg"1 K"1 GPa-1 or - 2 % GPa"1 for the glass at 300 K and 
- 1.6 x ttf1 J kg"1 K*1 GPa"1 or - 9 % for the liquid at 360 K. Our 

- 1  - 1  experimental values are - 6 % GPa and - 22 % GPa . The discrepancy 
-2  is probably partly caused by neglecting the term a W<iT. 

Figure 10.IV shows the pressure dependence of the "step" increase in 
pc^. The equation A(<sCp) = 0.602 - 0.123 x P with A(pCp) in MJ m K 
and P in GPa fits the experimental points. 

0.7 

IMI 
0.2 0.3 0.1 0.5 0.4 0.2 0.3 

P(GPa) 

Fig, 10.IV Shift In heat capacity per unit volume versus pressure 
at the glass transition. The trianqle corresponds to the 
value given by McKinney and Si#ia (1976) and Månsson 
(1979). 
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Our pCp results can be compared to those of McKinney and Simha (1976) 
who performe d differential scanning calorimetry (DSC) on a PVAc 
sample used for the volume measurements by McK inney and Goldstein 
(1975). The absolute value at 300 K and atmospheric pressure obtained 
by us is about 12 % lower. A sam ple from our specimen wa s investigated 
by DSC by Månssön (1979), who found an absolute value 5 % higher 
than McKinney and Simha (1976). This indicates that our absolute 
value is 12-17 % too low. For the increment ac„ at the glass transi-

p  - 1  - 1  tion temperature Månsson (1979) found the value 0.50 J g K , which 
is identical to that given by McKinney and Simha (1976). Using a 
density of p = 1.19 gem 3 one obtains &(pcp) = 0.59 MJnf3 K~* 
(shown by a triangular symbol in figure 10.IV) in good agreement with 
our extrapolated value (0.60). 

It should be noted that the absolute value of pCp obtained at 300 K 
by us and by the other authors are not directly comparable. In the 
work of McKinney and Simha (1976) and Månsson (1979) the measure
ments were made at continously increasing temperature, whereas we 
used repetitive heating events, superimposed on a much slower tem
perature scan. In the latter case there are thus less accumulated 
effects from lower temperatures, and the effective values of pCp 
may well be lower. The high heating rate we used also shifts T^ to 
higher temperature. 

10.3.3 Glass transition 

The dependence of the glass transition temperature, T^, on pressure 
is shown in figure 10.V. The values of Tg are taken from the i peak 
positions, but taking the temperatures where pC p exhibits half the 
increase in heat capacity we obtain the same pressure dependence, 
with Tg shifted 10 K to higher temperatures. The expression T^ = 
= 610.0 - (3.439 X 10"3 + 3.118 x 10~3 P)"1, with T in K and P in 
GPa, fitted the experimental points with a maximum de viation of 0.5 K. 
From th is expression the initial value of dT /dP was found to be 

_i 9 _i 
264 K GPa in close agreement with the value 266 K GPa reported 
by McK inney and Goldstein (1974). At 0.08 GPa, which was their 
maximum press ure, they found dT^/dP = 149 K GPa~\ a value much lower 
than our 229 K GPa"1. 
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Fig. 10.V The glass transition temperature, as defined by the peak 
in the thermal conductivity * versus pressure. 

With our value of û(oCp) at atmospheric pressure arid m from 
McKinney and Goldstein (1974) the Ehrenfest relation predicts dT /dp = 
= 217 K SPa , to be compared with our experimental value» 264 
K GPa"^. Figure 10.VI shows relative values of dT^/dP versus pressure 
as measured by us and by Mc Kinney and Goldstein and as calculated 
using the Ehrenfest relation. The striking discrepancy between the 
experimentally determined dT /dP Is difficult to explain, especially 
in view of the agreement at atmospheric pressure. The specimens were 
prepared in an almost identical manner, and the average-molecular 
weight was only a factor of 1.5 higher in their case. The discrepancy 
observed for dT^/dP also casts doubt on the calculated values, since 
these were based on &a from M cKinney and Goldstein (1974). 

One characteristic feature of polyvinyl acetate is that T^ is poorly 
defined, since the thermal expansion coefficient changes gradually 
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Fig. 10.VI Comparison of the relative variation of the pressure 
coefficient of the glass transition temperature versus 
pressure. The values calculated from the Ehrenfest rela
tion {• ) are intermediate between the experimental 
values obtained by us (O) and by McK inney and Goldstein 
<1974) (a). 

(McKinney and Belcher 1963) over a temperature range of 15 K. 
Figure VIII shows that this effect is associated with an increasing 
half-width of the x peaks (r) for increasing pressure. The change of 
pCp occurs over a larger temperature range (rpC)» which has the same 
pressure dependence: r^c = r + 2K. The width of the transition 
region cannot have been caused by pressure gradients, since this 
would require larger gradients than those observed even for hard 
materials in the same apparatus. It should also be noted, that all 
pressure changes were made in the liquid state, a procedure which is 
known to minimize stress gradients. 

In order to investigate to what extent the thermal properties are 
affected by the formation history the following series of measure
ments of x and pc^ was performed. We first cooled the PVAc specimen 
at atmospheric pressure from 370 K through the glass transition to 
265 K at a rate of - 15 K h"1. At 265 K it was then pressurized in the 
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Fig. 10.VII Half width of the peak in the thermal conductivity 
obtained during isobaric runs at different pressures. 

-1 glass state to 0.08 GPa, at a rate of about 0.1 GPa h . This 
was followed by equally fast heating into the liquid state up to 
400 K, after which the specimen wa s again cooled at the initial 
rate down to 265 K. In spite of the fact that glass was formed at 
two different pressures, tha thermal conductivity values obtained 
during the final cooling at 0.08 GPa were tha same, within 1 %, as 
those previously recorded on h eating at the same pressure. 

10.3.4 Kinetic 'hole' theory 

According to one model of glass formation amorphous substances may 
be described as containing a certain concentration of voids, asso
ciated with a surface tension energy. More generally one could speak 
of local structural distortions carrying an energy, e, per mole and 
also contributing proportionally to the volume of the liquid. The 
equilibrium concentration N*(T) is given by the Bolzmann distribution. 
In the glass state, and during the liquid-glass transformation, the 
actual concentration of holes, N, may differ from N* . Vol'kenshtein 
and Ptitsyn (195?) first studied the time dependence of N using the 
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simplest possible ansatz 

N «  [N* (T )  - N]/t(T) (9.1) 

where t is a relaxation time and the temperature, T» is a known 
function of time. The solution may be written 

N*(T) 

H » N*(T) - exp [- *(T)] { [N*(T^) - N-] + j expp»(T)j dN*(T)} (9.2) 

N*(T.) 

T 

where $(T) = J* dt'/Tr and.T. = initial temperature, * initial con
centration. y 

i 

The specific heat capacity is considered to consist of two terms, one 
due to phonons, the other due to holes, where only the second term 
varies significantly over the region of the glass transition. The 
specific heat capacity due to holes, cph, then becomes 

cph = &(eN)/3T]p - C N/T » C [N*(T) - N]/TT 

which may be calculated using the above solution for N. The constant 
e may not be known, but relative values of c ^ are obtainable. 

Wunderlich, Bodily and Kaplan (1964) show an example of such calcula-
* -1 tions for constant T and a relaxation time of the form T * AT exp(E/RT). 

Repeating these calculations we find that the form cho sen for T is 
particularly convenient, since partial integration makes i t possible 
to express ^(T) in terms of the exponential integral function, Ei(z), 
thus avoiding two simultaneous numerical integrations. Extension to 
non-constant T and other forms for T would, however, involve more 
complicated integration. We have also solved equation (9.1) directly 
using the Runge-Kutta method, and we found the latter to be about 
equally fast. The difficulty of the 0/0 situation at large tempera
tures was remedied by putting a lower limit on x. The advantage of 
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the direct numerical approach is of course that the procedure is 
independent of the functional form o f T(t) and t(T). 

A ch aracteristic feature of solutions to equation (9.1) is the rate 
(T) dependence of which is commonly called the apparent heat 
capacity. Wunderlich et al. (1964) show curves for c . , recorded at 

0 P 
equal values of T, after cooling at various constant values of T. 
Their calculations on the basis of equation (9.2) reproduce the main 
features of the measured c ^ versus temperature. Slow cooling for 
instance produces a sharp peak in c^ on subsequent heating. 

Our measurements of heat capacity are different from d ifferential 
scanning c alorimetry and similar technqiues. Instead of heating the 
specimen at constant T, we use a "slanting saw" approach. Short 
heating events, producing a temperature rise of about 5 K, followed 
by roughly equally fast cooling, are superimposed on o verall heating 
ór cooling at a much lower rate. Heat capacity data are obtained 
during the recurrent short temperature rise. The values of Cph 

resulting from such me asurements may also be calculated from 
equation (9.Î). Each value of c ^ requires three computational steps 
as follows. 

1. Calculation of the change in the hole concentration, N, during 
cooling immediately after a heat pulse. 
2. This new concentration is used as a starting value to calculate 
N a t the arrival of the next heating pulse. 
3. The hole concentration pertaining at the beginning of the measuring 
pulse is used to calculate Cp^ in this situation and also to calculate 
the concentration at the end of the pulse. Although mo re realistic 
models may be used with the Runge-Kutta method, we have so far 
simplified by assuming that the absolute values of the slopes, T , 
in steps 1 and 3 are constant and equal. 

Figure 10.VIII shows the results for the apparent heat capacity versus 
temperature obtained from such a calculation. The curve labelled (1) 

_ i is calculated for continous heating at a rate 0,1 K s , after 
-3  -1  cooling at a rate of - 2.5 x 10 " K s » and shows the typical 

maximum. Curves (2) and (3) correspond to a "slanting saw" approach. 
These were obtained during short heating events, 10 s for (2) and 
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Fig. 10.VIII Apparent heat capacity due to holes calculated according 
to the kinetic "hole1 theory. Curve 1 corresponds to 
that obtained during continous heating at a rate 0.1 
K/s from the glass which was formed by cooling from the 
melt at a rate of - 2.5 x t0~3 K/s. Curves 2 and 3 
are obtained if the measurements are taken during short 
heating events, superimposed on this lower rate, which 
could be either positive or negative. The higher 
heating rate is 5K/1G s for curve 2 and 5K/1 s for 
curve 3. 

-3 -1 1 s for (3), superimposed on a slow cooling rate of - 2.5 x 10 Ks. 
For the particular parameter values chosen in N*(T) these curves re
produce if the heating events are superimposed on an equally small 
but positive background temperature variation. The most striking 
difference between the two types of curves is that the characteristic 
peak in (1) has disappeared in (2) and (3). This is in good agreement 
with our experimental results shown in figure 10.IX» which also shows 
that Tg i s shifted by 3 K to lower temperatures when a longer pulse 
time is used. 

10.3.5 Conductivity peak at T^ 

The thermal conductivity peak arising in the region of T^ wa s discussed 
in general terms in chapter 7, where it was concluded that this peak 
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Fig. 10.IX Thermal conductivity and heat capacity results obtained 
at 26 MPA usino pulse times of î s and 10 s. In both 
cases the temperature excursion was 5 K. 

is an a rtifact of the experiment, as i t is currently analysed. The 
theory of the hot wire experiment is based on the equation T * 

-1 2 » x(pCp) ? T, which is derived on the assumption that heat and 
temperature increments are proportional. However, in terms of the 
kinetic hole theory used above, heat is transferred initially to 
the phonon field. Although the temperature increment associated 
with phonons is proportional to the heat absorbed, this temperature 
increment is later reduced, as the heat is shared with the 'hole' 
field. It may be shown qualitatively that the effect of this energy 
sharing is to increase the measured values of à, whereas the fitting 
procedure produces an artificial dip in pc at the same temperature. 

r 
This dip is indeed always observed in our measurements, and it is 
not predicted by the hole theory as such. 
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In view of the above arguments it seems reasonable to assume that the 
X peak occurs at the temperature where the ratio of the pulse time 
to the relaxation time takes a certain value of the order of unity. 
It is therefore suitable for defining the glass transition point. 

For a given pulse time the width of the x peak may reasonably be 
expected to be a measure of the steepness of T(T). The data in 
figure 10.VII thus suggest that T(T) becomes less steep under pressure. 
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11 THERMAL EXPANSION 

H•* Introduction 

The thermal expansion coefficient, a, is possible to determine at 
different temperatures and pressures, by the use of metal bellows. 
One such meth od, specially suited for measurements on l iquids and 
easily deformable solids, is presented by Bridgeman (1964). Great 
difficulties, however, arises under pressure and a few data on a 
exist above 0.5 GPa. 

An a lternative method, is to record the temperature change when a 
sample is pressurized under adiabatic condition. The rate of heating 
is in this case given by equation (11.1) 

(3T/3PL = Ta/pc (11.1) 
P 

which contains a and the heat capacity per unit volume pc . The latter 
P 

quantity, which is needed in order to calculate a, can be obtained 
using the transient hot wire method already presented. 

Equation (11.1) was used by Pruzan and Minassian (1976) to determine 
«, using a differential scanning calorimeter. Their experimental 
arrangement was however quite different. In the case of metals 
Ramakrishnan et al. (1978) used a similar technique for determining 
the Grüneisen parameter, 

11.2 Experimental procedure 

The sample is enclosed in a teflon cell similar to that described in 
section 6.2. Temperature is measured by a calibrated chromel-alumel 
thermocouple which is placed at the centre to reduce cooling from 
the surroundings. Temperature data, T(P), can now be obtained using 
either (1); a continous pressure scan ore (2): a series of pressure 
increments, each followed by thermal relaxation. 

1. The pressure is raised from ambien t up to maximum pressure 
(2.5 GPa/30 s) and then reduced at the same rate. 
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2. The pressure is increased by approximately 0.3 GPa in about 5 s 
and is then kept constant, while the specimen returns to equi
librium. This procedure is then repeated until the maximum 
pressure is reached. 

11.3 Error source analys i s 

The main error source, beside the uncertainty in the heat capacity 
determination, is the cooling from t he surrounding pressure vessel. 
As mentioned, one can neglect radial heat exchange, and give the 
cooling problem a one-dimensional treatment. 

If heat is generated at the rate A per unit time and volume, the 
equation for thermal conduction becomes 

T = (A/pcp) v2T  +  A/pCp (11.2) 

For the purpose of estimating the effect of cooling, A/pc may be 
approximated by a constant. Carslaw and Jaeger (1959:p.79) give the 
solution for a semi-infinite solid with the boundary conditions 
T = a + bx at zero time and T = 0 at x = 0, t > 0, x being the 
distance from the boundary plane. All temperatures before the pressure 
jump are taken to be zero, i.e. a = b = 0. The solution for the 
temperature increase on applying pressure is 

At_ _ At 
f.Cp pCf 

(1 + 2 ^)' erfc 1/2- {ir * t)'1 e"1/4T j  (11.3) 

2 where t - xt/pcpx . The first term, At/pcp in equation (11.3) de
scribes the temperature variation without cooling; hence the re
mainder is the temperature deficit, aT, due to cooling from on e 
piston face. 

Figure 11.1 shows the relative temperature perturbation, 2aT /T , due 
to symmetric cooling from both piston faces. The curves corresponds 
to different values of the thermal diffusivity (1,3): a = 0.50 x 
x 10~6 m^s~^ and (2): a - 0.1 x 10"^ m^s"^. Curves (1) and (2) 
corresponds to x = 0.5 cm a nd (3) to twice that distance. 
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Fig. 11.1 Relative temperature perturbation 2ûT/T due to symmetric 
cooling from both piston faces. 

11.4 Experimental results 

An attemp t to determine the thermal expansion coefficient using 
adiabatic pressurization, was made on vulcanized natural rubber. 
Values for the heat capacity has already been presented in figure 
9.1. 

Figure 11.11 shows temperature data, corrected for friction, obtained 
during pressurization according to procedure (1), for vulcanized 
rubber. The slight disagreement between temperature data obtained 
for increasing and decreasing pressure is believed to be due to 
the uncertainty in correcting for friction. Figure 11.111 shows the 
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Fig. 11.11 Temperature change as a result of an adiabatic pressure 
excursion of vulcanized rubber. ( • = increasing P, o = 
= decreasing P). The corresponding derivative dT/dP, is 
given by triangles (filled for increasing pressure). 

final results for the expansivity versus pressure. Atmospheric 
pressure data given by Bekkedah! (1934) for the rubber at room 
temperature and the glass at 190 K are indicated by open c ircles. 
It should be noted that our curve is not an isotherm, as demonstrated 
in figure 11.11. 

The e ffect of cooling has not seriously affected the measurements, 
as can be seen in figure 11.11. We can compare with the theoretical 

-6 ? expression (11.3), putting a = 0.1 x 10 m/s and x * 0.5 cm. This 
corresponds to the curve labelled (2) in figure 11.1, which gives 
that the perturbation should hage reached 6 % after 35 s. The error 
is, however, overestimated by using x = 0.5 cm. Between the rubber 
plates and the piston faces, there was 0.5 cm te flon. The teflon 
serves as an extra isolation, and even if the temperature in the 
teflon remains constant during the experiment, one would be better 
off, because teflon has a lower diffusivity than the metal piston. 
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Fig. 11.1 II Thermal expansion coefficient for vulcanized rubber ob
tained from the temperature data in fig. 11.11. The 
open circles indicate literature results for 190 K and 
300 K at atmospheric pressure. 

In order to investigate at what rate heat develops in teflon during 
pressurization a similar experiment to that of natural rubber was 
performed. 

Figure 11.IV shows the results obtained using both a continous 
pressure scan and small pressure increments. The total temperature 
increase up to 1 GPa is ~30 K which is less than that of natural 
rubber (~5G K). This means that the cooling from the piston faces 
is substantially reduced by using teflon as isolator. 

The pressure dependence of the heat capacity for teflon has not been 
measured by the hot wire method. Relative values for cp has however 

been obtaind by Andersson and Säckstrom (1976) using a stationary 
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Fig. 11.IV Temperature change due to continous pressure change 
(full line) of teflon and the corresponding derivate 
(broken line). The filled squares corresponds to data 
obtained using small pressure increments. 

radial flow method. By using these values for Cp and the data for 
(aT/aP) in figure 11.IV one can calculate the behaviour of the . 
thermal expansion coefficient for teflon. 

Figure 11.V shows relative values of the thermal expansion coeffi
cient versus pressure. The decrease of a is most pronounced at low 
pressure and a linear decrease is found above ~ 0.6 GPa. The 
experiments do not resolve any discontinuity at 0.6GPa where the 
transition from pha se II to phase III occurs (Beecroft and Swenson, 
1959; Martin and Eby, 1968). An attempt to detect the volume dis
continuity was made by Cedergren and Bäckström (1972) but yielded 
nega t ive  resu l ts  a l though t he  r eso lu t ion  w as  be t te r  t han  2  % .  

The absolute value of a at atmospheric pressure can be calculated 
using a = 0.1 x 10"® m^s"^ (Touloukian, 1973) and x = 0.24 Wm"'k~^ 
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Fig. îî.V Relative thermal expansion of teflon versus pressure 

(Andersson and Bäckström 1976). The value obtained a « 3.8 x 
-4  -1  * Î0 K is in very food agreement with the recommended value 

a « 3.72 X tO"*4 If1 (Tauloukian 1977). 

^••5 Final conclusions 

Äs the adiabatic condition, which this method is based on, is quite 
easy to maintain even under high pressure, the errors involved lies 
primarily in the determination of pcp. This quantity is now me asured 
to - 10 % with the hot wire method. Further refinement of the hot 
wire method will hopefully reduce this error by a factor of ten, 
thereby making the expansivity measurements better. 

It should be noticed that the data of a and pep are not independent, 
since we have the thermodynamic relation 

(3cp/-5P)T = T ¥ [a2 + (a«/3T)p ] (11. 
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This equation may be used to further increase the precition of the 
experimental data. Taking the pressure derivate of 
equation (11,4) we find for the compressibility 

2 

pCp and using 

- = 4 pc 
9(pC ) 

9 P ~  
TV 
pc pc. 

aa 
äT 

jp 

This relation may also be used for smooting d ata. 
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12 VOLUME DEPENDENCE O F THERMAL CONDUCTIVITY 

12.1 Introduction 

Amorphous solids such as many polymers are generally poor thermal 
conductors. This is caused by the fact that the mean-free-path for 
the phonoas carrying the heat is small and limited by the structural 
disorder of the materials. When pressure is applied the thermal con
ductivity increases with 10-20% for every 1000 atmospheres. This rather 
large increase is mainly due to the compressible nature of polymers. 
It should therefore be mor e fruitful to study the volume dependence 
of thermal conductivity rather than the pressure dependence as was 
pointed out by Slack(1979)-This chapter will be denoted to a comparison 
between the theoretically predicted and the experimentally observed be
haviour. 

12.2 Theory 

The volume dependence of the thermal conductivity can be discussed in 
terms of its g-value which is defined by 

g = -  (3lnx/3lnV)T  (12.1) 

and can be calculated from the pressure dependence if the isothermal 
bulk modulus By is known. 

g = BT(3lnx/3P)T  ( 1 2 > 2 )  

If a perfect crystal is subjected to a hydrostatic pressure, the volume 
decreases and the Debye temperature eD increases. When d iscussing the 
volume dependence the following definitions are conroonly used; 

Y - ~ (3lne/3lnV)T ^ 3) 

g- (alnY/alnV)T (12>4) 
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where y is referred to as the Gröneisen parameter. In the case of a 
perfect crystal the g value can be expressed in terms of the other 
derivates as; ~ 

£ s 3y + 2q - 1/3 {12.5) 

if the temperature is high enough. The most difficult derivate to deter
mine experimentally is the q-value. Slack (Ì979 Calculated g-values for 
some cubic crystals and found a fair agreement with experimental results 
when using a q-value 1 < q <2. In the case of liquids and amorphous 
solids the concept of phonous as quantized lattice vibrations becomes 
dubious as a regular lattice does not exist. It has, however, been found 
that phononlike exitations exists having a mean free path which is li
mited to a few intemolecular distances. The appropriate expression to 
use for the volume dependence is according to Kama! and McLaughlin 

£ a  Y  +  1 / 3  (12.6) 

where the Grünei sen parameter y; 

y » - (9lnv/3lnV)j 

reflects the variation of the molecular vibration frequency with volume. 
If one assumes that all frequences have the same volume dependence an 
average Gröneisen parameter can be defined as; 

^ aBy aß 
7 s ( p S ) b ( P ^ )  { 1 2 - 8 )  

where a is the volume thermal expansion and Bs the adiabatic bulk modulus, 
The adiabatic bulk modulus is related to the isothermal through; 

Bt - Bs/(t + ayT) (129) 
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which reminds of the relation between the heat capacities; 

Cy = Cp/(1 + ayT) (12.10) 

The Grüneisen parameter y can now be determined and compared to that 
observed from measurements of the thermal conductivity. 

However, the nature of polymeric materials, as pointed out by Warfield 
(1974) requires a new appro ach to the definition of the Gröneisen con
stant. Essentially he showed that it was possible to differentiate bet
ween two modes of vibration in a polymer, viz. interchain (low frequency, 
long wave length) and intrachain (high frequency, short wavelength) vib
rations. Along a polymer chain there is a strong covalent bonding with 
nearly harmonic vibrations resulting in a low Grüneisen parameter. Bet
ween the polymer chains, the bonding i s van der Waal s type, which is 
a weak bond w ith very anharmonic vibrations and high Grüneisen parameter. 
Because of phonon di spersion, resulting in small group velocities for 
high frequency vibrations, heat is mainly transported by the low fre
quency intrachain vibrations. Because of this it would be more appro
priate to use a Grüneisen parameter due to interchain vibrations when 
analysing heat transport properties. Wada (1969) has p ointed out that 
such a parameter is obtained if one in equation (12.8) not uses the 
total specific heat but only the part due to interchain vibrations, 

aBT aB 
*1 - ÏT-T * SITT ('2-1" 

1  *  V , 1  P  p , 1  

Values of y.. are not readily obtained since the interchain coÄtrfMtion 
to specific heat is difficult to measure. Equation (12.11) can, however, 
be used to obtain Cy ... The ratio of equations (12.8) and (12.11) is 

Ï - V  ( 1 2 . 1 2 )  
Ti 'wv 

If one assumes that y^ is obtained from the volume dependence of thermal 
conductivity, the contribution from C . to the total specific heat V  §  1  
can be estimated using equation (12.12). 
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12.3 Results and discussion 

Figure 12.1 shows the volume dependence of X f or the materials studied 
in this thesis. The figure also contains values to HD and LD po lyethy
lene which have been me asured using the hot wire method. These will 
be presented later in further detail when they are fully analysed. 

A li near relation between Inx and InV is found for all materials. The 
actual g-values found are given in Table 12.1 together with littérature 

nS* 

values for properties needed to calculate the average Grüneisen para
meter y. If one excludes the crystalline or semicrystal!ine substances 
the g-values found ranges from 1.6 to 4.3 with an average of 2.6. Such 

/N* 
low values are in fact expected for liquids and amorphous solids because 
of a small mean-free-path for the phonons as was pointed out by Slack 

(1979). 

A com parison between the calculated 7 and the experimentally determined 
clearly shows the latter to be m uch larger in all cases. As mentio ned 

earlier this is a consequence of using the total specific heat and n ot 
only the part due to the inter-chain vibrations. This contribution is 
calculated using equation (12.12) and shown in Table 12.1. There is an 
astonishing resemblance between the different materials even if one in
cludes Polyethylene which is semi-crystal!ine. Exept for Epoxy resin 
'liquid', a value having a large uncertainty, they all lie between 20 
and 30% with one exception. Considering the fact that there must be 
a slight uncertainty in the values, there might turn out to be a uni-
versary constant valid for polymers and high molecular weight liquids. 
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APPENDIX A 

THERMAL CONDUCTIVITY AND H EAT CAPACITY OF FOUR SO LID P HASES 

OF N H»»F 

A.l Introduction 

With the aim o f providing a test of the method developed, on a 
system so mewhat mo re complex than those previously studied, (gly
cerol, chapter 7 and Aral di te 8 ) NH^F wa s selected. NH^F is also 
known to be closely related to H20 (Kuriakose and Whalley, 1968). 
As there had been a very comprehensive study of H?_0 (Ross, Andersson 
and Bäckström, 1976 b) it would be interesting to see whether any 
similarities between the two systems existed. 

A.2 Experimental details 

Measurements of A a nd PC P we re made using the hot wire method already 
described. The temperature data were analysed using the iterative 
procedure described in section 4.2 . The pCp data obtained differed 
substantially from ot her measurements at atmospheric pressure which 
was the reason for excluding them in the published paper. (Ross and 
Sandberg 1978). When the fitting routine described in section 5.4 
became available some of the data have been reanalysed, showing 
better agreement. 

The NH14F sp ecimen was inserted into the high pressure cell, which 
was identical with that described in section 6.2 , in the form o f 
two solid plates lying above and below the plane containing the hot 
wire and the thermocouple junction. Leads passed over the periphery 
of the lower plate. The plates were compacted from po wder in an 
auxiliary cell at a pressure of 0.3 GPa. The powder was of nominal 
99.999 % purity from Alfa (pierce Inorganics B.V., Holland), and 
the water content estimated by the Karl Fischer method was 0.5 %. 

The pressure vessel used was identical to that described in section 
6.Ì . Pressure was determined from lo ad/area with an empirical 
correction for friction. 



m 
In order to ensure good thermal contact between the wire and the 
specimen, we initiated each run by heating to 100°C at a pressure 
of 0.05 GPa. We expected NH»+F to deform around the wire relatively 
readily under these conditions. Subsequent to this treatment, mea
surements of X on pressure cycling to about 0.3 GPa at various 
temperatures showed reproducibility to ± 2 %, which we interpreted 
as indicating that acceptable thermal contact had been achieved. 
At the conclusion of a run, during which substantially higher tempe
ratures and pressures had been reached, it was invariably found 
that the two initially separate plates of NH*,F had become bonded 
into a single mass. 

A.3 Experimental results 

We me asured x for NHi+F pha ses I to IV. The ranges of temperature 
and pressure over which these phases exist in equilibrium are given 
in the phase diagram due to Kuriakose and Whalley (1968), which is 
reproduced here in figure A.I. 

600 

500 

400 III 

300 

0 0.5 1.0 1.5 2.0 2.5 
P/GPa 

Fig. A.I Phase diagram of NH^F, after Kuriakose and Whalley (1968). 
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TABLE A.I 

Phase transition T/K 
Present work 

P/GPa 
Kuriakose and Whalley (1968) 

P /GPa 

I-II 294 0.33 0.365 
II-III 375 1.20 1.31 

383 1.26 1.32 
I-IV 449 0.30 0.350 

471 0.26 0.295 
II-IV 453 0.54 0.53 

485 0.75 0.77 

We found that phase transitions were readily detectable by discontinuities 
in X, and by thermocouple response due to latent heat of transition. 
Table A.I shows that the prèssure-temperature (p-T) co-ordinates we 
found for the various transitions were in reasonable agreement with 
Kuriakose and Whalley (1968). Moreover, we invariably found the same 
sign of each latent heat of transition as was reported by these workers. 
We were thus quite certain of phase identification during our measure
ments . 6 

5 

it 

I SUC r* 
i 3 

r< 

2 

Ì 

0  0 ,  $  1 . 0  1 . 5  2 . 0  2  -  S  

P/GPa 

Fig, A.H Pressure dependence of * along isothtrms. 
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\ 
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II(379K) 

IV(476K) 



113 
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111(1.6 GPa) 

1.5 

1(0.08 GPa 

1.0 

0.5 
11(0.70 GPa) 

0 
IV(0.5 GPa) 

i Tu 

6.0 5.8 5.5 6 
ln(T)/K 

Fig. A.III Temperature dependence of x under nominally isobaric 
conditions resulting from constant press load. A re 
presentative selection of 40 data points are shown. 

For phases I to IV, the variation of x with pressure along isotherms 
is  shown in  f igure  A . I I ,  and  f igure  A . I l l  shows the  v ar ia t ion  o f  X  

with temperature under nominally isobaric conditions resulting from 
constant press load. 

Numerical information is given in Table A.II. Data for the tempera
ture dependence o f X were fitted to equations using a least squares 
procedure except for phase IV, where the temperature range was too 
restricted for this to profitably be done. For all phases, the 
pressure dependence of x could be adequately represented by means 
of a coefficient. For phase 1, the most accurate data for the pressure 
dependence of x were obtained at 298 K; the coefficients measured at 
378 K and 475 K are less accurate, but have the same sign and approximate 
magnitude as at 298 K. 
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Phase Temperature dependence of x Pressure dependence of > \ Phase Temperature dependence of x 
(alri^P). GP* T/K ?/ÜPa 

I {A/Var1*-1) » 47.Î00 (T/Kj"'-618 

for P . 0.08 GPa. T = 300-440 K 

•0.26 
-0,2 
•0.3 

298 
378 
475 

. 0 -0.36 
Ü-Ü«27 
0-0,22 

II ( X / U  m'lK~l) - 272 ( T/K)"0"92' 
for P » 0.70 GPa, T » 260-445 K 

0.25 379 0.39-1.3 

in (X/U m-lri) » 1 200 (T/K)*1 • 4.02 
- 7.57 x IO*3 (T/K) 
for P * 1 .60 G Pa, T « 255-440 K 

0.26 386 ì.4-2.5 

IV X - 0.76(2)W for P - 0.5 G Pa, T » 476 K 
* « 0.74(5)W for P » o.S GPa, T « 485 K 

0.24 476 0.3-0.6 

There appear to be no previous measurements of x for NH^F w ith which 
our results can be compared. 

It is of minor interest to note that using the technique of quasi-
adiabatic pressure change (Ross et al., 1976a) we found the thermal 
expansivity to be positive for phases I to IV. 

111 lJ""[ t 1 lr 11111 "1M1111 1111 111 n é 111 1 111 

Q Q ^ 
Our data q 

D 

t 
M» 

I 
MP „ 

--^Benjamins and Westrum (1 957) 

200 300 T/K 400 500 

Fig.A.IV. Temperature dependence of pcp for NHUF pha se I . 

Figure A.IV shows the temperature dependence of 0Cp for NH)(F I at 
atmospheric pressure. As a comparison the measurements by Benjamins 
and Westrum (1957) have been included. At room temperature our re-
analysed datas Sfiown are - 30 • higher than tneirs. The originai 
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values obtained from the iterative procedure however differed as 
much as 50 %. The values for the three other phases are given in 
table A. MI. 

TABLE A.Ill 

Phase T/K P/GPa pCp/MJm^r1 

II 373 0.8 4.3 

III 373 1.7 4.9 

IV 476 0.5 3.1 

In reanalysing our data we also obtained new values for X .  The change 
in X was found to be very small. The claimed experimental error was, 
in fact, always found to be larger than the change, making corrections 
unnecessary. 

A. 4 Discussion 

Since this work lies somewhat outside the main line of this thesis, 
only a short surmiary will be given here. A m ore complete discussion 
is given in the full paper (Ross and Sandberg 1978). 

We found substantial similarities in X  f or NH^F and H20. For phase I 
of both substances x « 2 W nf 1K~1 near the low pressure melting point, 
and (3X/aP)j is found to be negative for this phase. The latter be
haviour is exceptional, the only other known example bein g ice Ic 
(Ross et al., 1976b). Comparison of figure A.II with Fig. 3 of Ross 
et al. (1976b) shows further that there is a similar pattern of change 
in X from pha se to phase for NH^F and H^O as pressure is increased. 
Transition from the tetrahedral phase I to distorted tetrahedral or 
orientationally disordered structures results in a significant de
crease in X for both substances. Further transition to the self-
clathrate phase containing tetrahedral sub-structures (phase VII of 
H2Q; phase III of NH^F) results in an increase of X to values somewhat 
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greater than for the corresponding phase I. It was also shown that 
X versus phase density shows a fairly similar variation for NH^F and 
the proton disordered phases of H20. 

It was finally considered to be implausible if these similarities 
were accidental, but a more fundamental explanation must await 
further theoretical developments relating thermal conductivity 
to crystallographic symmetry. 
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APPENDIX ß 

THERMAL CONDUCTIVITY AND H EAT CAPACITY OF SOLID PHASES OF NH .X1 
UNDER P RESSURE 

B.l Introduction 

NH^Cl exhibits phase transitions which are of interest in connection 
with its thermal properties. In the present work, we report measure
ments made simultaneously of both the thermal conductivity, and the 
heat capacity per unit volume, pCp, where p is the mass density. We 
used the transient hot-wire method. 

The phase diagram and structures of NH^Cl have been reviewed by 
Pistori us (1976), who gives detailed references. The phase diagram 
is reproduced in figure B.I, using Pistorius' notation for the phases. 
Figure B.lI shows a unit cell of the CsCl type of structure which is 
found for phases II and III. Two structurally equivalent orientations 
are indicated for the NH* molecule. In phase III, the orientation of 
NH* is the same in each unit cell in a given domain, and the phase may 
thus be described as para11el-ordered. The two orientations for NH£ 
occur without long-range order in phase II. The II - III transition is 
therefore of order-disorder type, with an order parameter ¥ which is 
effectively the fraction of NH£ which are parallel-ordered (Yelon et 
al 1974). The transition is known to be first order near zero pressure. 
It may become continuous at a higher order critical point occurring 
at about 0.15 GPa, and, for simplicity of description in the following 
sections, we shall refer to it in this way. The II - III phase transition 
is discussed in more detail in section B.4. The structure of phase I is 
of NaCl type, like phase I of NH^Br and phase IV of NH^F (see Pistorius 
1976). In NHj,Cl, orientational disorder of NH* is greater in phase I 
than in phase II, and the former may be regarded as a plastic crystal 
phase. 

It is known from previous work on ot her substances that the degree of 
molecular orientational order can a ffect X in the high-temperature 
regime of thermal conduction (Ross et al 1977, 1978; Ross and Sandberg 
1978), and that X f or plastic crystal phases probably has characteristic 
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Fig. B.I Phase diagram of NH^Cl after Pistorius (1976). Ori the 
II - III transition line, a higher order critical or 
pseudotricritical point occurs at a pressure of about 
0.15 GPa (see section B.4). 

behaviour (Ross and Andersson 1978). It is well-known that Cp e xhibits 
a pronounced maximum ( i.e. divergence) at an order-disorder transition. 
All of these features have been found in the present investigation of 
NHtfCl. 

B.2 Experimental details 

The transient hot-wire method was used. The iterative procedure 
(section 4.2) for the calculation of x and pC^ has been superseded 
by a fitting procedure by Gauss' method which is described in section 
5.3. The high pressure arrangements which we used were the same as 
that described in section 6. 
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Fig. B.II Unit cell of the CsCl type of structure for phases II and 
III of NHi+Cl. The open c ircles indicate chlorine, the filled 
circle nitrogen, and the cross-hatched circles hydrogen. The 
broken lines indicate a structurally equivalent orientation 
for the ammonium io n. 

Our specimen wa s loaded into the measurement cell in the form of 
plates situated above and below the plane containing the hot wire 
and the thermocouple junction. The plates had previously been formed 
by compacting NH ^Cl powder of 99.8 % purity at a pressure of 0.2 GPa. 
At the beginning of a run, an initial pressurization was made to 
0.3 GPa at 300 K in order to ensure good thermal contact between the 
hot wire and the specimen. 

In discussing the accuracy of our measurements, we mu st consider sepa
rately the situations where the specimen is far from, or close to, a 
continuous phase transition. There are two significant quantities re
lating to the measurement: the total temperature rise of the wire, ùT, 
and the duration in time of the heating pulse to the wire, At. ïn our 
measurements, both of these quantities could be altered over a somewhat 
limited range. Normally, we employed &T * 3 K to 5 K, and åt - 1 s. 

From measurements m ade on a variety of substances in our laboratory. 
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we have found that the results are almost insensitive to the values 
of AT and At which are employed, and that the normal values we use 
are probably optimal. A decrease of AT to much below 3 K produces a 
detectable increase in the random er ror, whilst an increase to much 
above 5 K is undesirable since x and pC are both dependent on tempe-H 
rature. Using our normal values for AT and A t ,  the resultant accuracy 
is about 2 % in X» and about 10 % in Cp. Such e rrors should pertain 
for NH CI except very close to the II - III transition. 

In general, X and/or pCp may be expected to be strong functions of 
temperature, T, or pressure, p, near a continuous phase transition. 
If we define an isobaric reduced temperature deviation from cri ti cal i ty 
by e s jï - T"c|/T * where T"c refers to temperatures along the II - III 
transition line, then values of AT which we normally employ correspond 
to c - 10~2. It follows that details of behaviour, including divergences, 
which occurred for e < IO"2 would certainly be averaged over in measure
ments made using our normal values of AT. In cases where x or pCp 
continues to be strongly dependent on temperature for e > IO*2, some 
averaging would again be expected to occur. The smallest value of AT 
which we used wa s 1.3 K, which enabled us to detect the first order 
character of the II - III transition at 0.05 GPa (see figure 8.V). At 
other pressures, we found that a similar alteration of AT from 4 K 
to 2 K made no d ifference to the results. 

Sufficiently close to criticality, the phenomenon of critical slowing 
down is expected to occur. A t ransient method might thereby be affected, 
although the hot-wire method has been used successfully to detect the 
anomaly in x at a liquid-gas critical point (see Sengers 1973). However, 
we might expect generally that critical slowing down woul d not, in fact, 
affect our measurements to any significant extent, since they effectively 
refer to e > IO"2 which is rather far from cri ticality. We m ade a limited 
test for the effect of critical slowing down by using At of both 1 s 
and 10 s on passing through the transition at a pressure of 0.5 GPa, 
but this made no significant difference to the results. 

A f urther experimental uncertainty may exist in relation to the heat 
capacity near the II - III transition. A question may arise as to 
whether the heat capacity values obtained using the transient hot-wire 
method, as applied to solids, actually refer to conditions of constant 
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pressure, constant volume» or some intermediate phase trajectory of 
the system. Far from a phase transition, it is probably sufficiently 
accurate to assume that constant pressure conditions pertain (see 
Bäckström 1977). However, this assumption becomes progressively less 
plausible on approac hing a transition such as II - III in NH CI where 
the thermal expansivity can become very large (Weiner and Garland 1972). 

In summary, our measurements should be accurate to about 2 % in \ and 
about 10 % in pC^ for e > IO"2. Detailed variations or divergences 
arising for smaller values of £ will be smoothed over by our measure
ments, although some broad qualitative trends may still be detectable. 
In view of the relatively poor resolution in temperature which we have 
available, we can expect at best only a semi-quanti tati ve indication 
of values for critical exponents. 
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Fig. 8.III Heat capacity per unit volume, pC » for NHt(Cl along isobars 
and in the region of the II - Ilrtransition. 



B.3.1 Heat capacity 

Our results for pCp along various isobars are shown in figure B.III. 
They have the same general form as for the well-known anomaly in C 

r 
which is expected for an order-disorder transition, and found for 
the II - III transition in NH,+C1 (Amitin et al 1976a, 1976b; Garland 
and Baloga 1977), It is reasonable that our results for pCp should be 
similar, since p is non-divergent. Our maximum values for the anomalous 
part of pC are substantially less than those corresponding to the 

r 
high-resolution measurements of Cp referred to above, which is probably 
due to a difference in temperature resolution. The results in figure B.III 
show c learly that the width of the anomalous part of pCp at half-maximum 
is greater at 2 GPa than at 0.05 GPa, but, with our temperature re
solution, the maximum values do not change significantly with pressure. 
Garland and Baloga (1977) found that Cp wa s sensitive to pressure only 
for e < IO"3. In phase II, our estimated value of pC at zero pressure 

P 
and 300 K is about 10 % lower than that obtained from Cp re sults of 
Amitin et al (1976b), using p = 1.536 g cm"3. This agreement for 
the "background" pC is at about our stated limits of error. 

r 

If the pressure-temperature co-ordinates of the II - III transition 
are identified with the peak in pC , then for our isobars we find 
agreement to within 2 K with the transition line determined by 
Pistorius (1969) using differential thermal analysis. 

B.3.2 Thermal conductivity 

We me asured x for phases I, II and III. The data were fitted to 
equations, and the results are given in Table B.I. The main features 
of the x(p, T) surface are shown in figure B.IV. The first order 
character of the II - III transition at 0.05 GPa is illustrated 
by the results shown in figure B.V. This figure also shows that, 
for p = 0.1, 0.15 and 0.2 GPa, a very weak maximum w as detected 
in the immediate region of the II - III transition. Following the 
discussion in section B.2, this feature did not change significantly 
for alterations of A T in the range 2 K to 4 K. 
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Phase P (GPa) T (K) i X (W T (K) 

I 0.03 460-510 Ink =1.441 - 0.2923 Ini 

II 0.05 250-298 Ink « 6.219 - 1.049 Ini 

II 0.5 288-369 Ink * 6.575 - 1.078 Ini 

11 1.2 322-370 Ink = 7.374 - 1.172 Ini 

II 2.0 350-378 Ink = 8.042 - 1.251 Ini 

III 0.05 169-240 X » 11.01 - 4,013xl0~2T + 1.290xl0-n2 

III 0.05 240-250 X • 9.671 - 8.994xl0~3T - 9.335xlO"5T* 

III 0.5 137-288 X * 13.86 - 6.084xl0~2T + 6.384xlO'5T* 

III 1.2 141-322 X - 15.51 - 6.624xl0~2T + 7.449xl0~5T2 

III 2.0 223-350 X « 14.36 - 5.239xl0"2T + 4.930x10*^2 

Note: For phase III at 0.05 GPa» two separate equations were required 
to represent the data over the full range of temperature. 

Table B.l The temperature dependence of the thermal conductivity 

By a short extrapolation in pressure, we can compare our results with 
previous work at zero pressure. We find x = 1.245 W m^K"1 at 300 K 
and zero pressure. At 273 K, Eucken and Kuhn (1928) reported 2.4 W m"1^"1, 
and, at 300 K, Apel and Simson (1960) reported 1.8 W nr^K"1 and Bausch 
(1970) 2.0 W nr1^1. For the temperature dependence of X, there is 
reasonable agreement between our result and those of the latter two 
publications. The disagreement which is found for the absolute value 
of X is outside the claimed experimental errors. We have no e xplanation 
for this, other than to attribute it to systematic error in previous 
work. This could have arisen from inadequate allowance for extraneous 
heat losses in the steady-state methods which were employed. 
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B.IV Thermal conductivity, A(p» T), for phases I, II and I I I  
of NH C l. The II - III transition is discontinuous at low 
pressures (see also figure B.V). 
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B.V Thermal conductivity, X, for NHi+CI along isobars in the 
region of the II - III transition. Pressures in GPa are 
given in parentheses. At 0.05 GPa» measurements for both 
cooling and warming are shown and indicated by arrows. For 
other pressures, hysteresis in the transition was not clear!;/ 
detectable, so only data corresponding to cooling conditions 
are shown. 
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B. 3.3 Thermal diffusi vi ty 

The thermal diffusivity, a» is defined by a » X/pC^. This quantity 
is, in effect, measured directly in our experiments, since we measured 
A a nd pC p simultaneously. Our results for a(T) along various isobars 
are shown in figure B.VI. Each m inimum i n a(T) corresponds to a peak in 
pCp. There are no previous measurements of thermal diffusi vi ty of 
NH^Cl with which our results could be compared. 

2.0 

1.5 

to 
CM B 
o  1 . 0  

<tf| 

0.5 

* 

' * 

4 
-

t* 
>;9 

i 4* . r%v 

* * * * J* » « 

" * * . * 

. / * V , 
1 

^ . % 
m 

•*. » • 
* * 

V/ '»v 
«V. vVV 

\o.OS) ^ 
* * 

(0.50) ^ 
• . 

>A{ 1.25 )'%,.( 2.00) 
Vy **'+u "* « 
\ • :>*• v/.W \ V«^*rvvw # __ ,* • '«it ,>,• *k 

* \ i  
~JL.  

V i V v -
200 250 300 350 

T(K) 

Fig B.VI Thermal diffusivity, â.» NH^Cl along isobars and in 
the region of the II - III transition. Pressures in GPa 
are given in parentheses. 
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B.4. Discussion 

B.4.1 The II - III transition in NH^CÌ 

In this sub-section, we summarize the main features of the II - III 
transition in NH^Cl, as a background to subsequent discussion of our 
results. 

The transition is by now q uite clearly established as first order near 
zero pressure. The nature of the transition under pressure is less 
certain; Nagle and Bonner (1976) have recently given a brief review. 
The first order nature of the transition near zero pressure is 
established by mea surement of properties which include: latent heat 
of transition (Voronel and Garber 1967, Schwartz 1971), thermal ex
pansivity (Dinichert 1942, Boi ko 1970, Nissilä and Pöyhönen 1970, 
Fredericks 1971, Weiner and Garland 1972), spin-lattice relaxation 
tin» (Mandema and Trappeniers 1974), inverse relaxation strength 
(Garland and Pollina 1973), piezoelectric constant (Möhler and Pitka 
1974), refractive index (Adam and Searb y 1973) and second harm onic 
intensity (Steinbrener and Jahn 1978). A dis continuity in X corre
sponding to a first order transition was observed in present work 
(figure 5), and by Bausch (1970). Similar, but less pronounced, 
evidence for a first order transition in heavily deuterated speci
mens has been reported (e.g. Nissila and Pöyhönen 1970, Yelon et al 
1974, but see also Garland et al 1975). 

With increasing pressure, previous workers have found that dis
continuous behaviour associated with first order transitions de
creases in magnitude until no longer detectable. This has been Inter
preted as indicating a change with pressure from a first order to a 
continuous transition. The pressure at which this change occurs has 
been variously estimated as 149 MPa (Garland and Weiner 1971) or 
96 MPa (Mandema and Trappeniers 1974) for . For heavily deute
rated specimens, the analogous pressure is reported to be about 
13 MPa (Yelon et al 1974). If a change from a first order to a con
tinuous transition does indeed occur, then presumably a higher order 
critical point can be assumed to exist. With this assumption, and 
on the basis of estimated critical exponents and/or proposed models, 
conjectures as to the order of the critical point have been mad e, 
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and these range from 3 to 5 (Garland et al 1975, Yelon 1974, Stein-
brener and Jahn 1978, see also Nagle and Bonner 1976). Evidence has 
been advanced for crossover behaviour (Yelon et al 1974). 

An i ntuitively appealing model for the transition is the compressible 
Ising lattice. From a recent renormal ization group analysis of this 
model, Bergman and H alperin (1976) concluded that, at constant pressure, 
the II - III transition in NH^Cl must be at least weakly first order 
unless dT /dp = 0. From the transition line determined by Pistorius 
(1969), it can be estimated that the latter condition would not occur 
until a pressure of about 5 GPa. Bergman and Ha lperin argued that the 
higher order critical point which other workers had assumed to exist 
was, in fact, a pseudotricritical point at which the entropy jump 
changed from an appreciable fraction of kß (Boltzmann constant) per 
particle to a much smaller amount. There are clearly considerable 
experimental difficulties in detecting very small but finite dis
continuities in order to test the conclusions of Bergman and H alperin. 
Recently, Garland et al (1978) have observed that the temperature 
dependence of the adiabatic elastic constant Cu is quite sensitive 
to both deuteration and pressure in phase II, whilst the temperature 
dependence of the heat capacity is not. They concluded, making use of 
a Pippard relation, that this difference cannot be understood in terms 
of the compressible Ising model. However, the applicability of Pippard 
relations to phase II of NH^Cl has been questioned (McLellan 1975). 

B.4.2 Heat capacity 

There are considerable difficulties in analysing our results for pCp 
to obtain realiable estimates for a critical exponent. However, in 
attempting to proceed, we subtract from the total measured values a 
"background" contribution obtained by fitting a polynomial to data 
far from the transition, and this yields an anomalous contribution 
ApCp for T < Tc. We ig nore the distinction between Cp and pCp, since 

is non-divergent. 

Difficulties in carrying out the usual analysis for ApC are that: 
P 

(a) although p * constant should be a reasonable approximation to a 
"strong direction" (Stanley et al 1976), our results refer to only 
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nominally isobaric conditions especially near transition (see section 
2)» and the phase trajectory which our specimen follows during a 
measurement may change w ith pressure, 

(b) the temperature resolution in our experiments corresponds to 
e - IO"2» 

(c) our data» plotted as ln(ApC ) vs InjT - Tc| with plausible values 
r 

for T , are non-linear except for e < IO"2 (see also Garland and 
Baloga 1977). From the slope of the linear portion for each pressure, 
we obtain an apparent heat capacity exponent of about 0.8 for p = 
= 0.05 GPa, and about 0.3 for p _> 0.2 GPa. These values are thus con
sistent with previous results (Amitin et al 1976a, Garland and Baloga 
1977) in showing a decrease of the heat capacity exponent with in
creasing pressure. However, in view of the difficulties in analysis 
described above, we are forced to conclude that this qualitative trend 
is only tentatively suggested by the results of our experiments. 

8.4.3 Thermal conductivity 

We consider three aspects of our results forx : a comparison between 
NH4C1 and NH^F, the temperature dependence in phase I, and the effect 
of the II - III transition. 

Following Stevenson (1961), it is commonly considered that a generalized 
phase diagram is approximately applicable to NHhC1, NH^Br and NH^I 
(Yelon 1974, Pistorius 1976). The phase diagram of NHt»F (Kuriakose and 
Whalley 1968) is sometimes considered to be "anomalous" (Pistorius 
1976), although some structural similarities have been argued (Calvert 
and Whalley 1970). 

Figure B.VII shows A(T) along isobars for NJUC1 from present work, and 
for NH^F from Ross and Sandberg (1978). In terms of the magnitude and 
slope of x(T), we note some similarities between NH^Cl (I, II, III) and 
NH(+F (IV, II, III), respectively. The identity of structural type be
tween N H^Clfl) and NHttF(IV) has already been pointed out in section B.l. 
We have also described there the structure of NH*,01 (III), and it is 
nearly the same as NHltF(III) which Nabar et al (1969) found to be 
essentially, but not exactly, of CsCl type. These workers also argued, 
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or» the basis of entropy considerations, that NH* were ordered in 
Wt^F(III)» although whether this ordering is parallel or antiparallel 
does not appear to have been established. We suggest that the above 
structural similarities are significant in terms of X. Structural 
differences are that the structure of NH^F(II) is apparently not of 
CsCl type, although it is not known in detail (Nabar et al 1969). 
There is no phase in NHi*Cl having a structure corresponding to the 
wurtzite type of structure of NH^Ffl), and, for the latter substance, 
there is no continuous or weakly first order transition corresponding 
to the II ~ III transition in NH%C1 (see also Calvert and Whalley 1970). 

Ï 
*** 

NHi*Cl II 

MuF IV 

1.0 5.5 6,0 
t»!?m 

Fig. B.VII Smoothed values of thermal conductivity, x, along isobars 
comparing NH i»Cl and NHt»F (Ross and Sandberg 1978). In what 
follows, pressures are given in parentheses in GPa: NHitCl I 
(0.03), II (0.05), III (1.25); NH<*F I I (0.70), III (1.6), 
IV (0.5). 
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It can be seen from Table B.l that if we write CT"n, then n = 0.29 
for plastic crystal phase I. Similar values of this quantity have been 
found for plastic crystal phases of some organic solids (see Ross and 
Andersson 1978), and are likely to be characteristic for such phases. 
A discussion of this in terms of a structural disorder contribution 
to thermal resistivity has been given by Ross et al (1979). 

The main features of A(p, T) can be seen in figure B.IV. The discon
tinuous change associated with the first order character of the II -
III transition decreases, and probably vanishes, at high pressures. 
The weak maxima detected for p = 0.1 - 0.2 GPa (figure B.V) will be 
discussed later. 
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III 
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Fig. B.VIII Thermal resistivity, A'1, for NHi»Cl along isobars for 
phases I, II and III. Pressures in GPa are given in 
parentheses. 
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The general form o f the observed temperature dependence can be under
stood by considering the thermal resistivity, A""1, which is shown 
in figure B.VIII. For phase III, it appears that A"1 approaches pro
portionality to T at the lowest temperatures, as would be expected 
for thermal resistivity arising mainly from pho non-phonon i nteractions. 
Similarly, in phase II, A"1 « T is found quite accurately at 0.05 GPa, 
and less accurately under pressure (see Table B.l). At intermediate 
temperatures, which correspond roughly to the range of the anomalous 
contribution to pC^, the relatively rapid increase of A"1 with T is 
presumably related to increasing disorder in NHÎ orientations. This 
effect becomes less pronounced as pressure is increased. 

An abrup t change in the isobaric temperature derivative of A (or A"1) 
was found at about the II - III transition at all pressures. The tempe
rature at which this change occurred was about 1 or 2 K higher than 
that of the peak in pCp. The change of slope of A(T) therefore occurred 
at about half maximum in ApCp, on the high temperature side. We expect 
A to increase with the order parameter *?, but no detailed relation has 
been derived. Non-zero values for * at temperatures above the first 
order discontinuity have been observed for ND^Cl (Yelon et al 1974). 

The rapid variation of A in phase III at temperatures close to the 
transition is expected to be due to the combined effects of change 
of density, and change of orientational order. If we compare our 
measurements of A(T) at 0.15 GPa with the thermal expansivity data 
of Weiner a nd Garland (1972) at 0.16 GPa, w e c an e stimate AlnA « 27 Alnp 

for the temperature interval 256 K to 262 K which spans the transition. 
Using the compressibility data of Bridgman (1931), we calculate dlnx/dlnp » 
« + 8.6 from our data for A(p) for phase II at 300 K. If we take this 
value as a measure of the effect of density change on A in the absence 
of ch ange of orde r, then we s ee that the large st part of change of A 

on passing through the II - III transition at 0.15 GPa must be attributed 
to change of order. 

Figure B.V shows that at each of the pressures 0.10, 0.15 and 0.20 GPa 
a weak maximum in A w as found at about the II - III transition. This 
behaviour occurred for both heating and cooling the specimen. No 
feature of this type was found for p > 0.5 GPa. At 0.5 GPa, we made 
measurements for At of both 1 s and 10 s, but this made no d ifference 
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to the results (see section B.2). It seems improbable that these 
weak maxima were caused by an actual divergence in x which could 
not be resolved in our experiments. Greater temperature resolution 
in the measurements of Bausch (1970) did not disclose a divergence 
at the transition for his specimen o f NDt,Cl, which mus t have passed 
through states quite close to the higher order critical or pseudo-
tri cri ti cal point. It seems more likely that the weak maxima shown 
in figure B.V were due to unresolved small first order discontinuities. 
On this interpretation, we find no evidence for first order discon
tinuities for p 0.5 GPa. The existence of a very small first order 
idscontinuity at pressures as large as 0.2 GPa is not inconsistent 
with previous work, when experimental uncertainties are taken into 
account. It is also the case that Amitin et al (1976a) found the de
crease in heat capacity exponent to occur for pressures greater than 
about 0.2 GPa, an effect which might perhaps be associated with moving 
"past" the higher order critical or pseudotricritical point. 

We conclu de from our experiments that there is no divergence in A o n 
the II - III transition line up to 2 GPa, unless it occurs for rather 
small values of e. If there is a divergence, then it occurs for probably 
smaller values of e than in corresponding me asurements near the liquid-
gas critical point (see Sengers 1973). The abrupt change in d /dT at 
the transition has some similarity to the results of measurements on 
a 3He-HHe mixture (Ahlers 1970), although there are differences in 
detail. In particular, we find that |dX/dTi is larger on the low tempe
rature side of the transition, whereas Ahlers finds the reverse for 
the He m ixture, which is one reason why his analysis does not appear 
applicable to our results. As reviewed by Nettieton (1970), x remains 
continuous with temperature at other continuous phase transitions in 
the solid state, although weak maxima or minima may also be observed, 
x has been found to remain continuous at continuous transitions be
tween ice phases (Ross et al 1977, 1978). Our me asurements are there
fore consistent with a phase diagram in which the II - III transition 
becomes continuous for pressures greater than about 0.2 GPa. 
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APPENDIX C 

FORTRAN P ROGRAM HOTINT 

In this appendix the computer program used for numerical integration 
of the exact expression for the temperature rise of a wire homogeniously 
heated by a constant power will be listed. The listing is followed by 
a short explanation of the function subroutines used and some concluding 
remarks. 

C DX1JHOTINT 
IMPLICIT DOUBLE PRECISION <A-H»0~Z> 
EXTERNAL FUNK 
DIMENSION B(4) 
COMMON ALFA* TAO?B 

2 WRITE<5*100> 
100 FORMAT< ' ALFA»TAO') 

READ<5»101)ALFA»TAO 
101 FORMAT < 2F1Ö »Ö) 

WRITE<5*102) 
102 FORMAT( ' XMIN»XMAX*ERR»N.INT' > 

READ (5 y 103>XMIN»XMAX»ERR*NINT 
103 FORMAT(3E12»0»I6) 

S-SSINTCXMIN»XMAX»FUNK r ERR »NINT) 
PI=3.141592ÓS36 
SINT=*S*2. *ALFA*ALFA/PI/P1/PI 
WRITE < 6 » 104)XMIN »XMAX » ERR 

104 FORMAT<1X»5HXMIN=»E10,2»5X»5HXMAX=»E10*2»5X»4HERR«»E10.2> 
WRITE<6» 105)ALFAe TAOrS 

105 FORMAT < IX» 5HALFAa:»E10*2»5X»4HTA0:3: »E10»2»5X »1ÎHINTEGRALEN»* F1S.8) 
WRITE<6»106)SINT 

106 FORMAT(1X»5HTEMP»»F15»10) 
REWIND 6 
60 TO 2 
END 

FUNCTION FUNK<U) ! INTEGRANDEN 
IMPLICIT DOUBLE PRECISION <A~H»0~Z> 
DIMENSION B<4) 
COMMON ALFA»TAO*B 
R=TAO*U#U 

D WRITE(6»200) R 
D20Ö FORMAT < 1X»2MR!C»E16»8> 
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IF<R.GT.30.) GO TO 5 
TAELJ*1»-DEXP<~R> 
GO TO 6 

5 TAELJ^l• 
6 CONTINUE 

CALL BESS < U > 
»0 3 1*1*4 

3 CONTINUE 
AEMN<«1.#U*U*U 
TAEMN«(U*B(1)~ALFA*B< 2))**2• 
TAEMN=*TAEMN+ < U*B < 3)-ALFA*B< 4))**2• 
AEMN=AEMN*T AEMN 
FUNK=»TAELJ/AEMN 
RETURN 
END 

FUNCTION BESS(X) 
IMPLICIT DOUBLE PRECISION (A-HrO-Z) 
DIMENSION B<4> 
COMMON ALFA»TAO»B 

C B< iJO B<2)=Ji B<3)=Y0 B(4)=Y1 
PI~3 •1415926536 
A«X/3. 
A2=A*A 
A3~A2*A 
A4~A3*A 
A5=A4*A 
A6=A5*A 
A8=A6*A2 
A10-A8*A2 
A12-A10&A2 
IF(X.GE*3.> GO TO 3 0 
B(1)*1.-2•2499997*A2+1•2656208*A4-.3163866*A6+* 0444479*A8 
1 -•0039444*A10+•0002100$Al2 
B<3)^(2./PI)*DLOG < X/2.)*B <1> +.36746691 + •60559366*A2~.74350384*A4 
1 +.25300117*A6-•04261214*A8+»00427916*A10-.00024846*A12 
B(2)«X* < » 5-.56249985*A2+» 21093573*A4~•03954289*A6+ « 00443319*A8 
1 -•00031761*A10+ « 00001109*A12) 
B(4)«(<2./PI)*X*0LOG(X/2•)*B(2 >- *6366198+•2212091*A2+2.1682709*A4 
1 -1.3164827*A6+.3123951*A8-•0400976*A10+.0027873*A12)/X 
60 TO 50 

30 CONTINUE 
FQ=•79788456-.00000077/A-.00552740/A2-.00009512/A3+•00137237/A4 
1 - » Ü0072805/A5+.00014476/A6 
T0~X~•78539816-•04166397/A-»00003954/A2+ » 00262573/A3-* 00054125/A4 
1 -•00029333/A5+ * 00013558/A6 
B(1) = (F0*DC0S(T0))/DSQRT < X) 
B < 3 Ï = (FO*DSIN(TO)>/DSQRT<X> 
Fl®•79788456+•0Ö000156/A+•01659667/A2+.00017105/A3-.00249511/A4 
1 + » 00113653/A5-.00020033/A6 
Tl»X-2.35619449+.12499612/A+•0Ö005650/A2-» 00637879/A3+•00074348/A4 
1 +•00079824/A5"» 00029166/A6 
B<2) = (F1*DCOS < T1))/DSQRT(X) 
B<4) = (F1*DSIN <T1)>/DSQRT< X) 

50 CONTINUE 
RETURN 
END 



WWBtf HÜ" SSÎNT ( XMIN» XMAX» FT » ERR* NINT ) 
IMPLICIT DOUBLE PRECISION <A-H»0~Z) 
SUM OVER SIMPSON-INTEGRATED» SELF-BISECTED INTERVALS 
EXTERNAL FT 
ER»ERR/NINT 
DELTAX» ( XMAX-XMIN)/NINT 
SSINT®0 
D05 I«1»NINT 
TLOW*XMIN+<1-1>*DELTAX 
SSINT*SSINT+BSINT < TLOW » TLOW+DELTAX » FT » ER) 
RETURN 
mm 

FUNfcflOi? BSINT(X1 *X2»F»ERR) !USE "EXTERNAL' 
IMPLICIT DOUBLE PRECISION <A-H»0-Z) 
SIMPSON INTEGRATION* BISECTION OF INTERVALS 
DIMENSION FN<513) 
N*2 
DELTAX»<X2~X1)/N 
DO 5 I»1»N+1 
FN<I)=F < X1+DELTAX*<1-1)) 
SUM1«SISUM<N»FN»DELTAX) 
BISECT ALL INTERVALS» RENUMBER FN(I) 
DO 7 I=2*N+1 
FN(2*N+5-2*I)»FN< N+3-1) 
N»2*N 
DELTAX=<X2-X1)/N 
DO 9 I~2 r N f 2 
FN<I>=F<X1+BELTAX*<I~1)> 
SUM2=sSISUM < N » FN » DELTAX ) 
BSINT*SUM2 
IF(DABS < SUM2-SUM1)» LT•ERR) RETURN 
SUM1«SUM2 
GO TO 6 
END 

FUNCTION SISUM<N»FN»DELTAX) 
IMPLICIT DOUBLE PRECISION <A-H>0-2) 
SIMPSON SUMMATION OF FNU> FROM 1 TO N+l 
DIMENSION FN<513) 
SISUM«FN <1)+FN(N+1) 
DO 7 I*2»N»2 
SISUM*SISUM+4»#FN<I) 
CONTINUE 
IF(N«EQ*2)60 TO 10 
I«) 9 I«3»N~1»2 
SISUM=SISUM+2.*FN <I) 
CONTINUE 
SISUM»SISUM*DELTAX/3 » 
RETURN 
END 
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FUNCTION FU NK(U) is the integrand 

FUNCTION BE SS(X) sets up an array of four elements containing the 
four bessel functions JQ(X), Jt(X), YQ(X), Y^X). 

FUNCTION SSINT (XMIN, XMAX, FT, ERR, NINT) integrates the function 
FT from XMIN t o XMAX and gives an answer SSINT with an error which 
can be expected to be less than the wished m aximum ER R. The routine 
splits the integration interval into NINT equal parts, in which the 
routine BSINT is used. 

FUNCTION BSINT(X 1, X2, F, ERR) first splits the interval (XI, X2) 
into two equal parts and Simson-integrates the function F on the 
basis of three function values. Each interval is then further split 
into two pieces, in order to obtain four intervals and five function 
values. A n ew Simson-sum i s then created on the basis of five func
tion values and the result is compared with that previously obtained. 
If the difference is less tan ERR, the process terminates, and BSINT 
is given the latest value. If not the splitting continues until an 
error less than ERR i s found between the two latest sums. 

FUNCTION SISU M(N, FN, DELTAX) is used by BSINT to make the Simson-
summation of the function values. 

The values obtained from this program hav e been checked against values 
obtained by using a library routine for integration on a large computer. 

-6 The relative error between the two is less than 1x10" which is con
sidered satisfactory. 
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APPENDIX D 

FORTRAN P ROGRAM HOTWIRE 

C DXUHOTWDC (HOTWIRE 4) 
C HOTWIRE DC EXPERIMENT 

DIMENSION T(32)*Y<32)»TIME(32)» TINM<32)*TIMELN(32)»WT(32)»DU(32) 
1 »UM(32)»UR(32)»UT<32)»A<3> »DA(3)»DLA<3> »FRWCW(10)»TCW<10)t 
2 RYT0<45)»TRY(45)»UTH<18)*TTH(18) 

L0GICAL.*1 FILE (13) 
COMMON QL » RWCW » RADSG» TIME » T1MELN 
DATA PI»PC » BEO » GAI » DEL/3.1416*2.IE-2 * 1.246 » 20,18 » 5•3E-3/ 
DATA FRWCW/1.77E6 »2.11E6 » 2.67Ê6» 3.08E6» 3.54E6 » 3.83E6 » 4.1E6 » 4•37E6 » 

1 4.74E6»4.93E6/ 
DATA TCU/88.5 » 102•1 » 131.8 » 163.3» 221.3 » 274.8 » 351.2» 400 » »500•» 550•/ 
DATA RYTO/2.3384E-S» 2.5449E-8» 2* 7648E-8» 2•9976E-8r3•2426E-8» 

1 3.4993E-8 » 3 « 7670E-8 » 4.0451E-8 » 4 » 3330E-8 * 4•6302E-8 » 
1 4.9359E-8»5.2495E-8* 5•5704E--8 » 5•8980E-8»6.2325E-8» 
1 6.5740E-8» 6.9225E-8 » 7.2782E-8»7.6415E~8 »8.0128E-8 » 
1 8.3923E-S» 8.7804E-8»9.1775E-S » 9.5839E-8» 1•00001E-7 » 
1 1.04265E-7*1.08634E--7»1.13112E-7»1.17702E-7»1.22410E-7» 
1 1.27238E-7 » 1.3219ÔE-7» 1.37271E-7» 1.42484E-7 » 1.47833E-7 » 
1 1 .53322E-7 » 1.58954E-7» 1.64734E-7» 1.70666E-7* 1•76752E-71 
1 1 .82998E-7»1.89406E-7»1.95981E-7»2.02727E-7»2.09647E-7/ 

DATA TRY/80.»90.»100.»110.*120.» 130.» 140.» 150.» 160.» 170.r 
l  180.»190.»200.»210.»220.»230.»240.»250.»260.»270.» 
1 280.»290.»300.»310.»320.*330.»340.»350.»360.»370.» 
1 380.»390.»400.»410.»420.»430.»440.»450.»460.»470.» 
1 480.»490.»500.»510.»520./  

DATA UTH/-5.297E-3» ~4.944E-3»-4 » 547E-3*-4.106E-31~3.623E-3r 
1 -3.1Ö2E~3»~2.508E~3»~1 • 874E~3»~.t  .  202E~3»"*.494E~3*0. » .849E--3» 
1 2.317E-3» 3.921E-3* 5.547E-3»7.293E-3* 8.923E-3» 9.S30E-3/ 

DATA TTH/80.»100.»120.»140.»160.»180.»200.»220.*240.»260.» 
1 273.16»296.OS»333.10»372.17»411.19»454.28*495.40»511.94/ 

C 
CALL TTAD(l)  
CALL. DAT IM 
WRITE(5*100) 

100 FORMAT <'  NR * NPTS» DTIME » WLO » ALFA » RM '  ) 
READ(5»101) NR » NPTS » DTIME » WLO » AL » RM 

101 FORMAT<215»4E12.O) 
IF<NR.LE.1)GO TO 25 
WRITE(5»110) 

110 FORMAT <'  RADSQO') 
READ(5*111)RADSQO 

111 FORMAT(E12.0) 
25 CONTINUE 

IF(NR.EQ.O)GO TO 20 
WRITE(6 » 150)NR » NPTS » DTIME 

150 FORMATC NR='* 15»' NPTS«'»13»' DTIME®'»F4.2) 
WRITE(6 » 155)WLO * AL * RM 

155 FORMAT('  WLO='»E12.5»'  ALFA™'»F7.4»'  RM='»F7.4) 
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WRITE<5*102) 
102 FÖRMAT <' S6UT»CALPt COND»RC»<WRITE TEMPII»5 OR 6)') 

REAIK 5»103) SGUT» CALP » A < 1 ) » A < 2 ) » MODE 
103 FORMAT(4E12»0*15) 

WRITE < 61160)S6UT* CALP » MODE 
160 FORMAT<' SGUT«'*F3»0*' CALP='»E13.5*' M0DE='*I1> 

REWIND 6 
C 

WRITE(S*180) 
180 FORMAT(' SPECIFY DL iFANAME«DAT' / ) 

READ <5* 182) < FIL.E( I)*I»1»13) 
182 FORMAT <13A1) 

WRITE<6»184)(FILEU)* 1=1*13) 
184 FORMAT </' FILENAME '»13A1) 

REWIND 6 
IF<NR»NE•1)60 TO 3 
CALL ASSIGN<9»FILE » 13»'NEW') 
DEFINE FILE' 9< 1000.- 12*U*NREC> 
WRITE<9'1000)0*0*0*0*0*0*0 
CALL CLOSE(9) 

C 
3 IF < NR * Eö•1)CALL ASSIGN<7 t'DLÎINPUT » DAT'» 12*'NEW') 

IF(NR»NE.1)CALL ASSIGN<7*'DLÎINPUT»DAT'* 12*'NEW') 
WRITE < 7 * 170)NR * NPTS * MODE * DTIME *WLO * AL » RM » SGUT * CALP » 

1RADSÖ0*A<1)*A(2)*(FILE(I)*I~1* 13) 
170 FORMAT<315»9E11.4*13A1) 

CALL CLOSE < 7) 
IF ( UR ( 1 ) » L.T « 1 » « OR » UR < 1 ) » GT » 9 » ) GO TO 27 ! ERROR 
RDU=GA1*1»1E4 
DU1~DU<1) 
IF(DU(1>.GT.3.)DU1=3» 
RB~ < UM < 1 ) / < UR < 1 ) /1 » 1E4~DI.11/RDU ) ) -2 » 2E3 ! BEFORE 
RA«< UM(1)/< UR(1)/I »1E4-2 »/RDU))-2•2E3 ! AFTER 
NSTEP-INT <<RA~RB)/2»3) 
MSTEP~IABS<NSTEP) 
IF(MSTEP » EQ » 0) GO TO 27 
IF(NSTEP» GT » 0 »)1X«IDOR(0*0*"100*"100) 
IF(NSTEP»LT»0«)IX=ID0R<0»0*"100*0) «+/-ROTATION 

C 
DO 26 1=1*MSTEP 
IX-ID0R<0*0*"40*"40) 
DELAY»EXP<10») 
IX~ID0R<0*0*"40*0) 

26 DELAY~EXP(10 «) 
C 
27 CONTINUE 

GO TO 22 
C 
20 CALL ASSIGN<7*'DLÎINPUT »DAT'* 12»'OLD') 

READ < 7 » 170 ) NR * NPTS » MODE » DT IME » WLO * AL. * RM * SGUT * CALP * 
1RADSÖ0*A<1)*A(2)»(FÏLE(I)*I~1» 13) 

CALL CLOSE<7> 
22 IFL-INT(<4095.~MITR<7)>#»0024414) 

IF(IFL» EG » 1)G0 TO 31 
IF(IFL » EQ » 2)GO TO 32 
IF<IFL»EQ»3)G0 TO 33 
IF<IFL»EQ»4)G0 TO 34 
GO TO 40 



c 
31 
210 

220 

225 

C 
32 
230 

240 

245 

C 
33 
250 

260 

265 
40 

2 
C 

C 

200 
C 

275 

C 
24 

4 

S3 

31 
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WRITE<5*210) ! NEW MODE»SGUT 
FORMAT<' MODE*SGUT'/) 
READ<5 » 220)MODE » SGUT 
FORMAT<15*E12*0) 
WRITE < 6 * 225 > MODE *SGUT 
FORMAT<' MODE™'>11*' SGUT« ' *F3•O) 
GO TO 40 

WRITE(5*230) i NEW ALFA»RM 
FORMAT<' ALFA*RM'/) 
READ < 5 » 240)AL » RM 
FORMAT< 2E 12•O) 
WRITE(6 » 245 >AL » RM 
FORMAT<' ALFA»'*F7*4»' RM~'»F7.4) 
GO TO 40 

WRITE(5»250) » NEW NPTSrDTIME 
FORMAT<7 NPTS*DTIME'/) 
READ < 5 » 260)NPTS * DTIME 
FORMAT(15* E12*0) 
WRITE(6*265)NPTS»DTIME 
FORMAT«' NPTS-'»13*' DTIME«'»F4*2> 
CONTINUE 
DO 2 I~1*NPTS 
TIME <I> «• 921 E-3-f <I-1)#DTIME 
TINV<I>=1•/TIME(I> 
TIMELN<I)«AL06(TIME(I)> 

DA<1)«»01*A<1) 
DA<2)«*01*A<2> 

WRITE(6*200) 
FORMAT(' ') 

WRITE(5*275) 
FORMAT(' READY') 
SGUT*1. 

CALL TTAD<1) 
CALL IDOR(0>0» * 1000* *0) 
DO 4 I«1»NPTS 
DU<I)~METR(3.) 
UT(I>=MITR<4) 
IF<UT<I).EQ.4095»)SGUT~-1• 
IF<UT(I).EG.4095.>UT(I)=MITR<0) 
UP«MITR<5) 
UM( I )=kMETR<2) 
UR(I)~~METR(3) 
DO 53 1=1*900 
UT(1)-MITR < 4) 
SGUT-'i . 
DO 51 1-1*32 
UT(I)~MITR< 4) 
IF(UT< I ) *EQ• 4095• )SGUT~~~1 » 
IF<UTC I).EG*4095.)UT(I)»MITR(0) 
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UTA=0* 
DO 52 1 = 1 » 32 
UTA-UTA+UT(I> 
UTA~-UTA/32* 
UT(i)"UTA 

104 

C 
5 

998 
C 

8 
i 03 
9 

10 

JERRsO 
IF(DU <1).Eö 4 4095,)JERR-1 
IF< DU(NPTS)» Eö.O•)JERR-2 
IF(UT<1> »EQ.O» >JERR™3 
IF(UM<1> »EQ.O* > JERR--5 
IF(UH< t  >•Eö•4095.)JERR-Ó 
IF < UR(NPTS).EQ.0«)JERR~? 
IF ( UR < 1 ) .  EQ. 4095 » )  JERR--8 
IF<JERR.EG.O) GO TO 5 
WRITE<6*104) JERR 
FORHAT(63X* 'ERROR '12 > 
REWIND 6 
GOTO 3 

DO 6 I~1»NPTS 
DU(Ï) = < 4095.-DU<I)>*.0024414 
UH(I)-<4095.-UM(Ï > >*»0024414 
UR <I)» <4095.-UR <1)>*.0024414 
UT <!>-((  4095* -UT ( I  ) >*2 .4414E -*ó > 
UP»< 4095.-UP > * .0024414 
WRITE<5»998>UT(1> »SGUT 
FORMAT('  UT C1 >=•- '» E12 ,4 » 3X » 'SGUT«'y F 6•2> 

IF < MODE » NE * 1> GO TO 9 
DO 8 I~1»NPTS 
WRITE < 5 » 105)DU(I> » UM <I> * UR <I> » UT <I> » UP 
FORMAT(5E14 » 6) 
P0W=0. 
DO 10 1=1»NPTS 
POW=PQW+UM <I> *UR<I> 
POW=POW/<NPTS*AL*RM*BEO) 

!  ERROR CHECK 

!  POWER 

C 

109 

C 
12 

RWO=UR C1 > *BEO*RM/ (  UM ( 1 > «AL. > 
TO=FINT <18 »SGUTtUT(1> yUTH» TTH> 
RYO-FINT< 45 » TO » TRY rRYTO> 
PRES-CALP*(UP-0• 168 > 

l 'F(NR.NE. 1 >G0 TO 12 
RADSQO-WLOfcRYO/ (  PlJfrRWO) 
WRITE(6f109 >RADSÛO 
FORMAT <'  RADSGÖ»'» E12.4/)  
REWIND 6 

WL«PI*RWO*RAD.SQO*WLO* <1. ~DEL*PRE5> 
WL -WL/ (  RYO* (  1.  -PCUCPRES > > 
WL»SQRT<WL> 
WLÖ--WL/WLO 
RADSO-WL*RYO/< PI*RWO> *  < 1 •-PC*PRES> 
QL.-POW/WL 

!  RESISTANCE 
!  TEMPERATURE 
!  RESISTIVITY 

!  PRESSURE 

!  WIRE LENGTH 
!  WIRE LEN GTH RATIO 
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CR=BEO*RM/<AL#RW0*GA1) 
QU~~DU<1)/UM<1) 
»0 14 I- .1. t NF'T S 
QR-" t  » +CR# < DU < I  ) /UM ( T )  -  QU > 
T < I  ) ~FINT < 45» GR)JcRY0 y RYTO » TRY > 
IF ( MODE » EG. i  ) WRI TE; (  51.105 ) T < I ) » RWO yRYOyQRy RADSQ 
IF < MODE'• EQ » 1 > WR I TE ( 5 ? 106 > QL » TO v UL 
Y<I>»T<I)»T<1) 
UT(I> ~1. 
IF <MODE *GE.5)WRITE(MODE * 204)Y 
FORMAT<4('  Y: '*8F8.4/> > 

RWCW=FINT< 9 » TO » TCW » FRWCU) 
ALFA=2.*A(2)/RWCW 
NMIN«2» + INT( < (-8*75*ALFA+21.5>*A<2)*RADSQ/A( 1 >».4E-3)/DTIME) 
IF<NMIN*LT.2) NMIN-2 
IF<MODE•EG.1)WRITE(5y 105 > 

K=0 
CALL FI TN ( 2 y A y DA v DL A K NM l 'N y NR T S y WT » Y y CHISQ ) 
URI TE <5? 106) AU ) ?A<2> »CHI SQ ? NM IN 
FORMAT<3E14 *6  s 15) 
K-K f  1 
XF(K«EQ*10 ) GO TO 18  

DO 3.6 J~112 
A(J)=A<J)+DLA<J> ! NEU A 

DO 18 J=l>2 
IF(ABS(DLA(J))» GT•A < J  > *•001) GOTO 15 
CONTINUE 

TM- : :  < T < 1 )+T<NF'TS) ) /2,  
DT-T (  NPTS )  T < )  
WRITE C 6»107) NR y TM y PRES t  DT » ULQ 
FORMAT( ' NR--' ? 15* ' T»' rF8»3r ' P*'yF6.3»' DELTAT*'>F6.3» 

ULQ-'vF6•4) 
ALFA-2.*A(2>/RWCW 
NM=2. +1NT< ( < -8.75*ALFA+21»5)*A<2>«RADSQ/A< 1 >-• 4E-3)/DTl'ME) 
JERR-Î2 
IF(NM ̂ GT,NMIN)WRITE(6 * 104)JERR 
CHI»S«RT<CHISQ) 
NP=NPTS-NMIN+1 
URITE(61108) A <1)» A(2)yCHI » NP 
FORMAT ( '  COND-- '»E12*4y'  RO' y E12,4 y ' CHI«*'»F7.4» 

NP»'y 12) 
REWIND 6 

CALL ASSIGN < 9 y FILE y 13 y'OLD') 
DEFINE FILE ?U000»12»U>NREC> 
WRI TE< 9'NR)NR y NP y TM y PRES y A <1)y A < 2)y CHI 
CALL CLOSE < 9) 

QLI~QL*5»/DT 
RMI-3•/SORT< OLI«JL/RUO) 
ALI"20» / ( QLI*ML*RMI ) 
DDU-DU<NPTS)-DU <1) 
WRITE(5 y 999)ALI y RMI y DDU» DU <1)  
FORMAT ( ' I DEAL ALPHA-" '  y F6.2 y 3X y ' RM» ' y F6 » 2 y 3X t ' DELTAU- 'r Fó.2 » 3X y 

DU < 1 ) -~ '  y F6 • 2 ) 



c 

34 

NR~NR+1 
GO TO 3 
CONTINUE 
REWIND 6 
END 

142 

FUNCTION YFÏT(I »A) 
DIMENSI ON A(1)» TIME(32)* TIMELN < 32 > 
COMMON QL. » RWC W » RAD SO r T J. ME » TIMELN 

C COMPUTE TEMP.* C-J» P.345 y COND»A(1)tRC«A(2 > 
C YFIT~TEMP~TEMP1 
C 

AR-A ( 1 ) / ( A ( 2 ) *RADSÖ ) 
CLN^ALOG(AR)+.809078 
ALPHA-2• *A(2 >/RWCW 
TAUi-AR*•921E-3 
TEMP 1 «QL*ALPHA* • 159/A ( 1 ) t ( TAU i - • 7523* ALPHA*T AUl ## 1 • S 

i+FUNC<ALPHA»TAU1) ) 
C 

C~GL/A <1)*•07958 
UAT=1•/(2.*AR*TIME(I)) 
D~TIMEL.N< I )+CLN 
TEMP-C* ( D* < 1. K 1 • -RWCW/A < 2 ) ) #UAT )+UAT ) 
YFIT~TEMP~TEMP1 
RETURN 
END 

FUNCTION FUNC<ALPHA»TAU1) 
C1--2« 74E-3--1.66E~2*ALPHA+1.454E~2#ALPHA*ALPMA 
C2®"-ö. 274+0.483*ALPHA+0.0742*ALPHA*ALPHA 
FUNC~C1*TAU i +C2* TAU1*TAUl 
RETURN 
END 

FUNCTION YFIT(I» A) compares the measured temperatures with those given 
by the approximate expression (4.6) 

FUNCTION FU NC(ALPHA, TAO) increaces the region of validity for the "short 
time approximation". 

SUBROUTINE FITN(NPARAS, ... .CHISQ) which is the fitting routine is only 
written in machine language and is therefore omitted. 
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