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FOREWORD

The Structures and Materials Pane] of the Advisory Group for Aerospace Research and
Development (AGARD) is comprised of scientists, engineers and technical administrators,
from industry, government and universities throughout NATC, concerned with advancing ,
the statns of aerospace research ard development and with developing technical zeans #
an¢ data for optimizing the vehicles and equirmmen® of interest to NATO. The Panel,
therefore, provides a discussion forum, a mechanizm for excheuging information, and a .

means for establishing and conducting cooperative lsboratery programs in selected
technical areas.

One of the technical areas of prime contern te tis Panel is that of the behaviour
of materjals and structures at high temperatures. The range between about 1300°C and
2500°C is of particular interest, partly because of the incidence of this range in
powerplants, very high speed flight, re-entry from space, propulsion devices such as
rockets, etc. Several rrojects have been undertaken by this Panel on the development
and behavior (mechanical end chemical) of materials in the lower part of this renge
but the Panel also recognized the dearth ¢f necessary dats on thermophysical properties,
the lack of agreement, or in some cases knowledge, nn methods of determining these data
end the inadequacy of tneory and understanding. It was also recognized that considerable
work was underway on this subject in various countries.

Accordingly, in carly 1966, the Panel agreed to initiste & project (1) to examine
current o~tivities and to evaluate the present stage of knowledge of thermal physical
properties, (2) to examine techniques for their determination at 2levated temperatures
and encourage improvement in these techniques or desveivpment of new ones, (3) to
promote fundamental research of the type that might . -ovide a reliable theoretical
basis for the calculavion of these properties, and (4) possibly to define and organize
a cooperative experimental program.

As a means of initiating action responcive to the above objectives, Prof. Dr Erich
Fitzer. of the Institut fir Chemische Tecinik, Karlsruho, Germany, was engaged to
vis't a number of sources in NATG countries in order to prepare a survey of measurement
techniques, & related bibiiography and & limited compilation of detu and theory on
selected properties. This publication is Professor Fitzer's first report besed
primarily on his first series of visits and his related studies. The Panel, 1in the
weantime, has engaged in a supplementary small symposjium and is contempiating a
limited cooperative laboratory program to test the reliability of weasursment of
theroal conductivity.

N.E.Promisel

Chairsan,
AGARD Btructures and Materials Panel

111




SUNMARY

This peper is the first report on a series of visits to organisations
in NATO countries, undertaken by the author under the sponsorshin of the
Structures and Material Panel of AGARD. It contains a survey of measure-
ment techniques, a related bioliography and a limited compilation of
data and theory on selected thermophysical properties of high tempera-
ture materials. The visits confirmed that knowledge of thermal
cnnductivity is the key point of all further research in this {’ -1d,
ani the report deals majinly with its measurement and theory; als.
considered are temperaiure measurement, diffusivity. thermal expansion,
emittance and specific heat, and electrical properties. Research
activities and programmes within the NATO nations are summarised and
proposals for collahoration within an AGARD research group are discussed.

RESUME

La présente cousunication constitue le premier compte rendu d’ une
série de visites faites par 1'auteur sous 1'égide de ila Commission
“Structures et Matériaux’ de 1'AGARD & divers organismes des pays de
1'OTAN. Glle comporte une étude des différentes techniques de mesure
utilisdes, une tibliographie y relative et un recueil réduit de
donndes expérimentales et thdoriques sur certaines propridtds !
thermophysiques des maté: izux pon; hrutes températures. Les visites
ont peimis de confirmer que des cenazissances concernant ia conductiv.té
thermique constituent le point clef de toutes les nouvelles recherches
A faire rans ce dowaine; le compte rendu porte essentieliement sur
la mesure <. '3 théorie de cette propridté. Sont dgalement examinés
ler provldmes de la wesure des températures. o= Ia diffusivité, de la
dilatation thermique. de I'émtiance ot de la chaleur spécifique, et
des propridtéds électriques. L’ auteur décrit bridvenment les activités
ct les programmes de recherches en cours dans lex pays de 1' OTAN et
étudie des propositions de co’laboration dans le zadre d' un groups de
recherche de 1" AGARD.
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THERNOPHYSICAL PROPERTIES OF BATERIALS

Erich Pitzer

i. INTRODUCTION

Vi P e i

1.1 The Aims of AGARD Project MGPM 313

During the 22nd Structures aud Materials Panel session, held in Delft in April 1968,
& aew AGARD Profect (MGPM 315) was discussel: it was agreosd that & study should be
made of the most important thermophysical properties of solid materials at high
temperatures, especially heat conductivity and thermsl expansion.

First, a survey of techniques, particularly to establish the temperature ranges of
their application, and nf suitable theoretical approachez was planned, particularly
for higher temperaturas. Furihermore the adequacy of published data for z limited
puaber of materials, such as “super alpha” titanium alloy, an “alpha-beta’ titanium
slloy, a heat resistant nickel alloy, tungsten and graphite would be discuased.

This would be with particular reference to the idcatification of the temperature
range over which the measurement of these values begins to lose accuracy and
reiiability. The very pure metals gvla and platinum would be taken as a stendard for
heat-conductivity measurements.

T™e nim of this study would be to promote fundamental resesrch of the type that
a’'zht provide a reiiable thzoretical basis for the calculstion of these .ud other
proparties.

1.2 Qverall Survey sad Commex's

Several ~isits were made to those NATD couutries that are cngaged on studiva of the
thermophysicil pruoserties f high temperature materisls, and this -eport is the
result of these vislits., The vizits confirmed the ansumption that kancxledge nf the
therwal conductivity 18 ths key point of 11l further researcn in thts field Precise
measuriments of therwmal conductivity are difficult end the theory of themal con-
ductivity is complicated and not very sell developed Thia report thersfoure deals
sainly with the acasurament and theorm of therma! conducfivity. One basis of all
eiperiments]l work (n messurezents of thermal conductivity 12 the exac! knowledge of
the real temperature and that of small temperature Jdifferences within th? =pecim= <.
Therefore (he status - ! (emporature measurement is discussed first

Diffusivity is discussed in detail nct only ss s means of determining the thermal
conductivity but aisc as a »sterial property which is important in engineering
calculations




(%]

The thernal expansion behaviour of high temperuture mater’ '3 is treuted more
briefly, since its determination does not present so much of . problem and Lecause
experimental efforts w’thin the countries visited are not as extensive. In adnition,
the theoretical treatmint is very difficult.

Other properties, like emittance and specific heat. are only discussed insofar ac
they are important for the execation and interpretaticn c¢f the thermal conductivity
measurenents.

The electrical properties, like electrical resistarce, Seeb:ck ccefficient and
residual eiectrical resistance, are necessary for the theoretics: analysis of the
thermal conductivity and are therefore briefly ccnsidered.

The status of Lhe measurement of ail these properties is described in Section 2.

Sections 4 and 5 are shorte:, because sufficient published literature is available
on these subjects.

Section 4, dealing with thermopbysical properties of some high temperature materials,
is based on the excellent reports of th2 TPRC (Thermophysical Properties Research
Center) at Purlve University, West-Latayette, Indiana, USA. The discussion of the
thecry (Secticn 5) follows closely the work of P.G.Klemens, Pittsburgh, and that of
Berman and Ziman of the Oxiord group. In the iast section (6) the research activities
and programmes within the NATO nations are summarised and proposals for a possible
collaboration with a research group of AGARD are discussed. The visits showed thet
all future work on this pruject will be of great interest in Europe as well as in
America

1.3 Literature on Thermophysical Properties

Individual reports are not quoted in this section. Those quoted in lster sections
and listed in Section 3.2 are numbered wit.; (Lit.No.). The resulte of visits to
laboratories and discussions with specialists are referred to separately, with the
term {Vis No.) in the list in Section 3.1.

Only literature in book form and monographs, on the problem outlined. are summarised
in this section; they ere grouped as follows:

1.
1
1

1

1 Phenomenology and Theory

.2 FExperimental Methods and the Mathematical Treatment of Heat Transfer

.1 Data on Thermophysical Properties

wWowW W W

.4 Pruoceedings of Special Confereaces.

This division shows up the lack of monographs dee'ing with experimental methods so
far, which seans that spucisi meetings are [ ~rcessary Such meetings, dealing with
thermal conductivity, have heen organized successfully 1n *he United States and in
England during the past six years (see Section 1 3. 9 Als0o, a nev monograph on
thermal! conductivity by American HBritish and Seiss specialists {. now in preparation
Entitied “Thermal Conductivity’. it {8 edited by R P Tye and will be availahle from
Academic Press Inc. (london) in 196§ Tabie I on p.87 shows the projected chapters
and the authors.

e s .
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On the other thermophysical propertles there are no special monographs, although
chapters can be found in several materials handbooks.

1.3.1 Phenomenology and Theory

Klemens, P.G. 1956
Jones, H. 1956
Drabble, J.R. 1961
Goldsmid, H.I.

Ziman, J.M. 1963
Zimar, J.M. 1964

Handbuch der Physik, Bd. 14
Handbuch der Physik, Bd.19

Thermal Conduction in
Semiconductors

Electrons and Phonons,
the Theory of Transport
Phenomena in Solids

Principles of the Theory
of Solids

1.3.2 Experimental Methods and Mathematical
Treatment of Heat Transfer

Schneider, P.J. 1955
fider, F.X. 1956
Campbell, I1.E. 1956
Kingery, W.D. 1959
Carslaw, H.S. 1965
Jaegar, J C. (2nd Ed.,
Arpacl, Vedat S 1866

Conduction, Heat Transfer

Moderne Messmethoden
der Physik.
Teil II, Thermodynamik

High Tewpersture
Technology

Properiy Measurements at
High Temperatures

Conduc:icen of Heat in
Solids

Conduction. Heat Transfer

1.4.10 Duia on Thermophvsical Prope-ties

WADC TK 58477 1961-63

TPRC Reginning
1962 s

contiruing

Handbook =1 Thermophysical
Propesties of Soiid
Materials

Datsa Sheets on Thermo-
physical Properties
tUp te now  thermal con
ductivity, diffusivity,
radtation properties
viscnsity, specific heat)

S.. gser, Berlin
Spriiger, Berlin

Pergamon Press, Oxford,
New York, Paris

University Press,
Cambridge

University Press
Cambridge

Addison-Wesley,
Reading, Mass.

VEB Deutscher Verlag
der Wissenschaften,
Berlin

J.Wiley, New York,
Chapman -“nd Hall
London

J.Wiley, New Ycrk,
Chapman and Hall
London

Clarendon Press,
Oxford

Addison-wesley,
Reading, Mass

Pergamon Press.
New York. London,
Paris

Thermophysical
Properties Research
Center. Purdue
niversity. Lafayette
Indiana, USA




NSRDS - NBS 8 1966

NBS Beginning

1965
Landolt - In pre-
Bornstein paration
TPRC 1967

1.3.4 Proceedings of Specialist Conferences

Thersal Conductivity
Conference

American Conferences
on Thermal Conductivity

Conference on “Technische
Temperatummessung’’

Conferance ¢ “Temperature,

its Measurement an |
Control in Science and
Industry’

Thermal Conductivity of
Selected Materials.
(Metals like Al, Cu, Au,
Fe, Pt, W, oxides 1like
Al,0,, BeO, MgO, ThO,

National Standards
Reference Data Series,
US Government Printing
Office. Washington
D.C. 20402, USA

and some organic compourds)

Reference Tables on
Thermocouples.
Thermemetry Project,
NASA Coniract: H -92152

Thermul Conductivity of

Pure Metals,

Thermophysical Properties
of High Temperature

Materials

1964 July

1961 Got.

1962 Oct.

1963 Oct.

1964 Oct

1965 Oct.

1966 Oct.

15-17

26-28

10-12

16-13

1965 March 11

1962

National Bureau of
Standards, Crycgenic
Data Center, Boulder,
Colorado, USA

Springer Verlag -
11/5 Berlin, Gbttingen,
Heidelberg, New York

McMiller Corporation,
New York, NY, USA

National Physical Laboratory,
Teddington, Middlesex, England

Batteile Memorial Institute
Columbus, Chio, USA

Division of Applied Physics, National
Research Council, Ottawa, Canada

Gatlinburg, Metals and Ceremics
Pivision, Oak Ridge National
Laboratory, Tennessce, USA

U3 Nevy Radiclogy Defense Laboratory,
San Francisco, USA

Denver University Dept. of
Metallurgy, College of Engineering.
Denver, Colorado, USA

US Air Force Material Laborstory,
Wright-Patterscn Air Force Base,
Cayton, Ohio, USA

VDI - Bericht, Vol . 112, 1966
Dusseldorf, Germany

Vol 3, Parts 1 and 2. Reinhold,
New York, 19082




A

o

2. THE MEASUREMENT OF THERMOPHYSICAL PRGPERTIES

What is meant by thermophysical propertiesa? They are not well defined and could be
interpreted as specific data for the particular materials relating to thermodynaaic
factors and coefficients of transfer pnenomena. All measurements of these properties
must be correlated to the measuring temperature, the determination of which is
especially difficult above ~100°C. The problems are, for example disturbance of the
temperature distribution by heat loss effects due to thermoc-up.~s or by radiation,
or the impossibility of measuring the true temperature in holes by pyrometers, etc.

A further difficulty is the heating of the samples. In all cascs this is achieved
by direct or indirect electrical heating. For radiaticn heating, arc furnaces,
electron guns and laser sources are generally used. The experimental difficulties
of heating are not treated here, but aspects of furnace construction are outlined in
the books by Kingery (Lit.1)* and Campbell (Lit.2), and in a paper by Rasor and
McClelland (Lit.3). Further references are quoted later.

2.1 Tomperature Measurcaent

The devices required to reduce temperature measurement errors to tolerable limits
are usually those which constitute the major limitaticns on the design of an apparatus
for the determination of thermophysical properties. The lack of agreement between the
measurements of different scientists results primarily from this fact.

For thermal cunductivity measurements another limiting factor is the accuracy with
which the real heat flow in the specimen can be determined. Furthermore, it is more
important tc detect small temperature differences than to know exactly the real
temperature, i.e. scme *euths of a degree at 200n°C.

In general thermocouples and pyrometers are used in all types of apparatus for the
measurement of thermophysical properties. Resistor thermometry is very seldom used
directly (Flynn, 0'Hagan, Lit.4; R.L.Powell, Vis. 33; A.D.Little, Vis.35; Kuhlman,
Vis.33; Berman, Vis.20). Tt is used mainly for calibration of thermocouples.
According to R.L.Powsll /Vis.38) the standard deviation at the triple point of helium
is about 0.1 uV corresponding to 20 uk.

According to Rahlfs, of PTB (Vis.10) the calibration is performed between the
boiling temperature of liquid oaygen, -183°C, und the freezing pcin® of antimony, +630°C.
Extension of the temperature range up to 1063°C (gold point) is tn hand.

2.1.1 Thermocouples

Thermocouples have the following advantages simple and cheap equipment. point
measurements possible, short response time, good contact for welding or soldering to
tiie test specimen, practically unaffected by mechanical forces, high stability for
long duration, high sensitivity and accuracy, direct neasurement of the test
temperature, emittance negligible

® por ah explapation Gf Lit numier and vis nus’ er, see the fir«t paragraph of Section 1 3 (p 3.
The actual referonces are listed in Sections 3 1 and 3 2 (pp. 43 and 55,




The likely sources of error are: 2lectrical leakage of the insulation, inhomogeneities
of the wire material, additional c.m.f. in the circuitry, disturbance of the temperature
distribution by heat conduction, contamination, difficulty of precise positioning.

The balance of advantages and disadvantages is mainly affectea by the particular
tempersture. Up to 1000°C most difficulties can be overcome. At higher temperatures
the problems of electrical insulation and of chemical and physical stability become
critical. Table II, on p.88, summarises insulators fcr “ieh temperature (Lit.5)

The latest results of Xuhiman of GEC (Vis.33) have shown that BeO is the best
electrical insulator up to 2300°C. A recently found transition at 2000°C can cause
cracks. For higher temperatures Hro2 is the best material. No advantages are found
in using Thoz. The commonly used thermocouples, their temperature range and their
accuracy are listed in Tarle III on p.88.

The high accuracy and sensitivity of the thermocouples shown in Table III have
only been achieved in the last few years by using selected wire materials and by
appropriate calibration. According to Rahlfs of PTB (Vis.10), for the calibration
of Pt vs Pt/10 Rh thermocouples an accuracy of *0.3° at 1063°C is claimed. Up to
1000°C Chromel-Alumel and similar iron alloy thermorouples are generally used because
of their high e.m. f. But the experience of PTB has shown that, even for this
temperature range, the thermocouples made of nob.e metals are more accurate because
of their greater homogeneity in structure. Yet the mechanical preparation of the
sheathed thermocouples causes deviations in e.m.f. (Vis.10, PTB). Thermocouples for
very precise measurements have generally heen vsed at temperatures below about 1500°C
up to now. But the newer thermocouples Pt3uRh/Pt6Rh (e.g., Pt/RhEL!8 from Degussa),
Pt20Rh/Pt5Rh and Pt40RR/Pt20Rh (Vis.25), have been introduced more and more with
success for precise measurements up to 1800°C. The NBS in Washington (Lit.!2) and
NRC in Ottaws (Lit. 167, 168) have recently published reference data. In addition,
the first of these new thermmocouples has a minimum e.m.f. at room temperature.
Therefore the temperature of the cold junction is not critical and it is not necessary
to thermostat it, if contamination is 2xcluded. The e.m.f. changes with time hy
diffusion of rhodium thrcugh the hot junction. In PTB (Vis.10) an error of 0.5 to 1°C
at 1000°C is ubserved after about 160 runs. NRC in Ottawa has found a change in
calibration for their Pt/Rh thermccouples of apout 3°C in 300 hours at 31300°C
(Lit. 187, 168). The refractory netals are extraordinarily sensitive, due to impurities,
diffusion on the junctions and recrystallisation Contamination with carbon can be
avoided by sheets of tantalum (Kuhlman, Vis 33) The tungsten-rhenium thermocouples
have been tested by Feith (Lit 11) and by Cunningtorn (Vis. 263 up to 2300°C.

In obtaining mearurements of high accuracy with thermocouples, great care must be
taken of ‘he electric.]l errangement and the measuring procedure.  Ali additional e m f.'s
murt be avoided Berman (Lit 6, 8, Vis 20) uses super-conducting switches at low
temperatures (T « 40°K) for this purpose  The influence of electromagnetic fields can
be prevented by using specially twisted bundles as compensating leads, shislded
additionally by iron tubes (R [, Powell Vis 58 In high temperature apparatuses
with high voltage suppliex all measuring circuitx must be separated from power
circuits McElroy, Vis 41 To minimiae heat loss by conduction {n the themaocouple
leads, the wires are positioned aiong ar tactherm arcund the specimen Another way of
prevent ing heat lusaes {s to connect the measuring themocouple to another one. hested
separately iGoldsmid, Vis 230 Hopkins, Vis. '§)
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A special discussion on thermocouple positioning in apparatus for the measurement
of thermal conductivity hes been given by Tye (Lit.158).

2.1.2 Pyrometers

Visual pyrometers can only be used for temperature measurements above 600°C, but
their use is not limited at high temperatures. 1In general *he brightness of the target
at a specified wave Jength is visually compared with the brightness of an electrically
heated tungsten strip lamp, acting as a referenco.

The accurecy is improved and the range of applicution extended by the use of photo-

electrical detector systems. Wheaie. (Vis.21) usces photometrice! pyrometry above 200°C.

In Table IV (p.89) data are giver on bcth methods.

For the visual methods, data on commercially available pyrometers are iisted in
I.it. 13; for the photoelectrical system, data from one of the best laboratory develop-
ments are given in Vis.10 (PTB); see also Table V (p.89) on commercially aveilavle
compact photoelectric pyrometers. These are chiefly used in the United States, while
in Europe only some privetely ceveloped ones were seen during the visits (Wheeler,
Vis. 21, Schmidt, Vis.7).

In all measuring systems used in practice, the brightness of the object is compared
with a tungsten filament lamp. The lack of agreement given in Table V is caused by
these lamps. Therefore much effort has been devoted to developing reference lamps
with better reproducibiiity.

A new source of quasi-olack-body radiation for eccurate pyromctry up to 2700°C has
been developed by the MPL at Teddington, England (Vis.2Z, Lit.14}. Close approximation
to a black-body source is achieved by electrically heating a tungsten tube in vacuo
(to 1800°C) or in argon (to 9722°C). This tube is 2 mm ir diameter and 45 mm long.

The radiating surface is formed by a bundle of fine tungsten wires placed in the middle
of the tube. Within the limits of t0 2% no difference in emissivity over the wave
length range of 0.5 to 0.7 .m was detected. The absclute value of the emittance is
higher than 0.95. The constancy of the vacuum lamp is +0.02°C per 100 4r at 1800°C.
With argon filling there is a constancy of about t0.05°C per hour at 2700°C. This

new lamp will be used in recording pyrometers. Since the veuperature is below 1250°C
in this applicezion. a stability better than +0 1°C can be expected.

The absolute calibraticn of all standard lamps is performed by compari:.on ®ith the
radiation in the hollow space at the gold-point (Vis 10, PTB).

A pyrometer with @ very low response time (0. 22 msec) has been developed by
Bollenrath (vis 11, Lit 158). A germanium photocell is used for tempergturc measure-
ment. The instrument is used for temperatures around 1000°C and an accurac, of t14
is clatmed

Furthemmore s new pvrometric system has beea developed in the "Istitute
Termometrico Italiano” at Turin by G Ruffino and his co-workers (Vis 183

Apart from the develupment of the new py:ometers the practical side of the pyro-
metrical messurements must be constdered, An i{aportant point is the emittance of the




ohject and this difficulty is best overcome by n2asuring in small diameter holes.

Wiere this is not possible, the principle of twu colour pyrometers can be used
(Schmidt, Vis.T).

Further esrors can arise when the radiation from the source is absorbed by dust
particles and smoke in the high temperature furnaces. This is a severe problem in
pyrometric measurements, especially with graphite furnaces, but controlled gas flow
can help to alleviate it (Pears, Vis.42).

2.%Z Measurement of Thermal Conductivity

If a one-dimensional hnmogeneous hz2at flux is passed through & isotropic material,
the thermal conductivity KT is defined by Fourfer’s law
q!
A, = —— 1
f ATs @

where d is the rate of heat Ilow per unit time, s 1is the cross-secticonal area at
right angles to the direction of heat flow and T the temperature difference alung
a distance | in the direction of heat flow.

The thermal conductivity is a func*ior of temperature and therefore only small
temperature gradients are allowed in precise measurements. On the other hand this
requir-ement complicates the experimental determinaticn of temperatu~e differences.

For the calculation of the thermal conductivity, knowledge of the heat flux /s
is neces~ary. It can be measured directly or it can be derived from the temperature
drop in materiuls with known thermal conductivity, through which is passed the same
heat flux. Absolute methods and comparative methods are now considered separcately.

2.2.1 Absolute Methods

The heat flow can be determined in practice by measuring the electrical energy
dissipated 1n the heater or by using a calorimeter as a heat sink. The electrical
method is more generally used bhecause of its greater accuracy at high tempersatures

The different absolute methods, using indirect heating of the samples, will be
discussed within the following clas.irications, referring to the boundary conditions
assumed in the soiutior of the general heat-transport equation:

<
o

1 1 Longitudinal Methods
2212 Radial Methods

2.2 1.3 HFurbes Bar Methods

Direct heating methods for electrical conductors are treated {0 & separste section,
the houndary conditions being usually the same, or stmilar to, those just given

e




2.2.1.1 Longitudinal Methods

(a) Principles of the method and design of the apparatus

In the longitudinal method, long cylindrical specimens are used which are in con-
tact at the ends with a heat source and a heat sink respectively.

Under the assumptioi of unidirectional heat flux from heat source to heat sink the
thermal conductivity can be calculated from the temperature gradicnt along the specimen
axis, if the quantity of heat flowing from the heater to the sink end the cross section
of the sample are known. Because of the unidirectional heat flux, the longitudinal
method can be used equally well for isotropic as for anisotropic materials.

THE GUARD

To prevent radial heat losses the specimen rod is surrounded by a guard tube,
matched as well as possible to the temperature distribution along the sample by
cylindricel heaters wound on its outer surface. Very often as many as four separately
regulated guard heaters are used. The thermal conductivity of the sample end the guard
should be of the same order of magnitude. Ideal matching of the ‘emperatires of the
specimen and the guerd is impossible.

To minimise radial heat loss effects, thick specimens should be used and the
temperatures should be measured near the rod axis. In practice nearly all measure-
ments are made with long thir samples, to allow more accurate measuredent of temperature
gradier.ts over the long distances (Laubitz, Lit.15). Additionally Laubitz recommends
matching the temperature of the environment roughly to that of the guard. The matching
pcints need not be in the immediate vicinity of the guard heater; as long as the
matching point is outside the heater region, the fractional temperature deviation from
the idenl is constant along the whole length of the specimen. The space hetween sample
and guard should be kept small and is preferably evacuated Nevertheless radiation to
the :older walls cannot be sufficiently suppressed at higher temperatures. In practice,
this limits the application of this method to temperatures of 850-1000°C.

‘THE HEAT FLUX

The heat flux is measured 2ither elecirically, by the energy input to the heater,
or #ith a calerimeter in the heat sink. In either case proper contact between the
specimen, the hester and the sink is required. When the heat flux in the heater is
determined electrically, heat losses by the contact wires of the heater must he kept
very nmall by using thin leads. In many cases the heaters ure arranged in a hole in
the specimen (Lt 16, 1T

THE, TEMPERATURE MEAS''REMENT

In all cases temperatures are determined by thermocouples positioned {n the
directicn of tae heat flux 1o avotd heat conduction along the thermocouple wires it
is recompended to wind them once op an isotherm around the rod. A comparison cf the
themocouples, 1o posttion, under isothemal conditions {8 recommended before starting
the «aperiment

(b)Y Status ard accuraey of measurements
ACCURACY

The definition of the measur sent ecrors {8 first Jiscussed

MeFRlroy (Lit 18) divides the errors contributing to the inaccuracy of any system
tnto two groups  determinate errors and indeterminate errors The latter are difficui*
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to predict. Therefore the uncertainty quoted for most measurements is only a summation
of the determinate errors. For neasurements made a8 a function uf a continuous variable,
imprecision can be defined as the maximum deviation of any dats from a smooth curve.

The precision i8 quite different from accuracy, since an apparatus could yield
remarkebly precise date but, because cf systematic errors, can be extremely Jnaccurate.
The precision is composed of two terms, repeatability and reproducibility. Repeat-
ability i8 the data spread associated with repeated observations without any imposed
system change. Reproducibility is the dats spread associated with repeated observations
with intermediate imposed system changes. According to Mck'roy the reproducibility is

5 to 10 times the repeatability for good measuremnent systems. The absolute accuracy is
20 to 30 times this repeatability.

According to R.L.Powell (Vis.38) the precision is the standard deviation of repeated
measurements with different samples, and the accuracy is aboyt 10 times the precision
in all thermophysical measurements

It will be shown later that, in R.L.Powell’ s most exact measurements of thermal
conductivity, using the longitudinal method, the precision wes found toc be 0.1%; that
means an accuracy less than 1%. Unfortunately the measurement errors of most data
given in literature, as wel! as those discussed during the visits, are not in line
with the definitions just given. Very often the standard deviation, i.e. precision
according to Powell, is used as accuracy. It was impossible in this report to refer
all comments to & uulform dcfinition. This could be a programme for a working group
of specialists.

In the following a summary is given of {he accuracies of different factors deter-
mini:ng thermal conductivity measurement in a longitudinal apparatus.

Geometric dimensions can be ususllr measured to 3 x 10”% cm (D.R.Flynn, Lit.4:
R.L.Powell, Lit.19). 0ccasionally, witi- very scft materials, the accuracy is worse;
seldom, however, does this contribute significantly to the overall inaccuracy
(M.1.Laubitz, Vis. 25)

Temperature mcasurements: as far a&s the accurncy of these is concerned (see ilso
Section 2 1), the prohable uncertainty in the gradient due to inaccuracies in
effective thermocouple positions is +0.2% (Lit 19).

Flynn (Lit.4) reports that with careiful calibration and using the “isothermal test”
the errors intrcduced by the conversion of thermocouple e.m. f. to temperature are less
than 10.2% of a 40°C temperature drop in the specimen up to 1000°C. Tae errors in
reading the e.m f's are not more than 0. 05% (for this 40°C drop). Errors due o heat
conduction along thermecouple leads car certainly he made less than t0.05¢. Summarising,
this gives & maximum uncertainty i{r ¢the temperature gradient of +0 59% while the
probable uncertainty is +0. 29%

Heat flow: errors in ths measuremen’ of heat flow derive from many sources, too, At
present, at least the tollowing accuracies can be achieved: ~alibration of poten? fometer,
volthox and shunt box « 0 018 e m . of the standard cell < 0 01% (Flvan, Lit

Potential differences of about 0 { .V can be detected, corresponding to temperatures
ot 0 02'K at Liguid helium cemperatures aad 0 002K at rocm temperature

Applying cerrestions to the voltage drop in the potential leads and for the current
passing through the voltbox (10 2.0 4% the ac uracy of the measured power input can
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be +0.05%. Heat flow along the current leads can be held below i0.05%. Errors due to
shunting of heat by the thermocouples and by the guard can be rather large, but cen

be restricted to pelow 0.34 at 1100°C. By pruner arrangemen. of the system the
accuracy in heat flow measurements can be better than 1G.35% even at 1100°C.

STATUS OF THE LOW TEMPERATURE APPLICATION

The longitudinal method is btest for measuring the thermal conductivity at low
temperatures, where heat losses by radiation can be neglected. Therefore the very
accurate equipment of R.L.Powell (Vis.38, Lit.19) will be discussed in some detail,
to outline the best accuracy achieved up to now by the longitudinal method.

This apparatus is used in the temperature range from 4°K to 300°K. The cryostat
consists of concentrically mounted specimen, thermal shield, vacuum container, glass
Dewar and outside wetallic Dewar. The heat sink is maintained at a constant low
temperature by a refrigerant, usually a liquefied gas. Metal specimens are 0.367 cm
in diameter and 23.2 cm long; plastic specimens are 2.54 cn in diameter and 20.5 cm
long. The diameter has a tolerance of 0.0005 cm and 0.001 cm respectively. Gold-
cobalt versus copper thermocouples are used. Potential differences of about 0.1 uVv
can be detected. The thermocoupie holders have a thin interior e¢dge that gives line
contact between the holders and the sample. The actual distances are measured by
vernier height gauge with an accuracy of about t0.0005 cm.

For improvement of the contact betweea the specimen and the heater, mercury is used
for metals and a large copper washer for plastics. The guard is divided into three
zones; the bottom, centre and top of the shield are used as mat:ihing poiants. The
thermocouple error is estimated to be less than t1% over most of the temperature
range. The precision is i0.1%.

R.L.Powell 1is now working on an improved device and hopes to achieve far better
results. He will use a guard with four heaters and the same size of specimen wiil be
used. Temperatuic meesurements are provided at eight pcints, avoiding any heat losses
by the thermocouples.

The apparatus will have a fl :ating heat-sink for achieving every tempersture
between liquid helium and liquid nitrogen. In this way temperature differences of
only 10-15°K can be realised over the whole length of the specimen.

Electrical measurements will be done on the spe. 'méns at the samt time.

These measurements of thermal conductivity will defin~ a new limit for practical
accuracy in thermal conductivity measurements

All methods of determining thermal conductivity at high temperatures should be
regarded critically on the bhesis of this error analysis for low (emperature measure-
me s

STATUS OF THE HIGH TFEMPERATURE APPLICATION

Because of the jmpossibility of compensating completely heat losses due to
radiation. the longitudina]l method ean only be used up to about 1000Y9C For high
temperature application Flynn' s equipment (b1t 4y is found to be the moxt exact It
1s used from -150°C to 11007C and an accuracy of 1 1t at 1007C and *1 0% at 4000
{5 clalmed  For temperature meassirement Pt oversus Pt 10Rh thermocouples are employed
The specime, s s har o0 2 cm diameter aut 18 cm long This method 15 combined
with another using direct heating Theref ire the speciren 1s mechined ». % & nnck o see
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Section 2.2.1.4 and Vis.40). The guard is regulated by three narrow heaters, one at
each end and one in the centre. In addition, the guard 12 placed in an isothermal
furnace. The space between the specimen and the guard is filled with alumina powder
of very low thermal conductivity and low density.

(c) Alternative design of the longi?idinal method

In a longitudinal method with compensated heat flux, H.E.SchLaidt (Vis.7) has
developed a modified apparatus without 8 guard. The method uses two miniature furnaces
attached to the faces of s cylindrical ssmple, ahout 6 mm in diameter and 1 mm thick.
The conductivity of the specimen is determined by measuring the electrical power
necessary to compensate for a given temperature gradient across the sample. The
teaperature is measured directlr at the {nterfa.es between the specimen and the heaters.
This method can be used from 20 to 1000°C with an accuracy better than t+5%. The
application is restricted to materials with low conductivity (M < 0.2 W/em °C) (Lit.20).

(d) Application of the longitudinal heat flow methods

o further details on coaventional longitudinal heat flow apparatuses are reported
here, but a critical analysis of the longitudinal method is given by Laubitz in Lit.15.
Table VI (p.90) gives a survey of institutes using longitudinal heat flow methods.

(8) Summary

The longitudinal heat flow method is commonly used for low temperature thermal
conductivity measurements, but even for temperatures up to 1000°C a surpiising
accuracy of 14 can be obtained. This methad gives, at low temperatures, the most
accurate valucs of all thermal conductivity devices.

The higher the temperature the greater are the difficulties, bhecause of the radial
heat flux which cannot be sufficiently controlled by guarding “Therefore the
temperature range of practical use is below 800 to 1000°C. Nevertheless corrections
for radial heat flow are necessary at temperaturss greater than 400°C. The use of
specimens with large diameters is suggested.

Because of the one-dimensional heat flux this method can be used for both isctropic
asd snisotropic materials. For determination of the temperature only, thermoccuples
are used.

longitudina) methods are not applicable in the range sbove 1000°C which ts of
spucial interest, but thev are valuable for really low temperature measurcments, which
are of fundamental fmportance in theoretical studies of thermal conductivity (see
Section 5.

Y Radia! Methods

(&) Principles of the aethed and design of the apparatus

In the radial methods o known radial heat flos (s prssed through o thick walled
hollow eylindrical specimen. in either the outeard or the inward direction, and the
teaperatyres in the speciren are measured at different radit The hewt {10 x s
deteruined etther by measyi.ng the electrical porer disstipated by the central heatsr
iradial out?. w sethod) or by seasuring the amount of heat absoried (n s contral
calorimeter in a given time cradial inflow aethod
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The solution of the heat transport equation for radial heat flow iu ; |
q log, (r,/r)
Eiuhti it S (2)
2m(T, - T,)

where b is the rate of heat flow per unit length of a cylindrical specimen and
r,,r, are the radi{ where the temperatures ‘l‘x and T, are meesyred (at the same
cross-section).

From Equation (2) it folluws ‘hat only the ratio of distances 1s necessary for the
calculation of the thermal conductivity. not the absolute values. Therefore no
corrections for thermal expansion are necessary. See also D.L.McEiroy (I.it.18).

The measurement of heat flux is done in two different ways.

For “radial outflow’, refractory metals are used as electrical heaters and their
melting points iimit ¢{he uoper temperature of application of this method. 1In materials
that are good conductors, difficulties arise at high temperatures from overcharging the
heater in maintaining sufficient temperature gradients within the specimen.

In the “radial inflow’ method the external electrical heater is not .. liable to
overcharging; temperatures up to 3000°C can be ceasured while majntaining a sufficient
temperature gradient in all materials. The main disadvantage of this method results
from difficuities with the calorimeter «nd its exact positioning withir the sample hole.
This ts the reason for the dimirished reproducibility and accuracy of the determinations.
With larger temperature gradients, a further problemr may arise from the thermal stress
within the specimen, which is of particular concern with brittlc materials.

In both methods, inflow apd outflow, heat Josses from axial heat flux must be kept
small. Therefore the specimen is normally composed of a pile of discs, with axial
guards at the ends of the pile. The high contact resistance at the disc interfaces
prevents axial flow, which Pears (Vie 42 Lit. 21) estimates to be only 0.08% of the
radiani flow. The axial flow is further reduced by the use of insulating discs in the
pile ard the proper cheoice of specinen dimensions (Feith, Vis 33 Lit. 1D

Temperature measurement i{s achieved with themocouples ~r uptical pyrometers, and
gives rise to the same prublems as those mentioned in Section 2 1.

A severe prebiem is the deviar:ion from concentric i{soti.eres and therefore several
tsaperature holes aust bhe used Disturbances of the heat flow by the temperature
holes can be made very smse!l by the use of sarface grocves for the thermocouples
extending radialiy from each hole (Pulkerson, Vis 41 Lit 20 A very accurate
Jetermination of the radif {3 possible shen the stght holes are drilled rudially
ineard and by measuring the temperatures of the bottom of the holes pyrometrically
«F Patrassi, Vis 3. it 13, The corresponding temperature holes are usually placed
on straight lines radiating from the centre, laubitz Vi= 3 suggests that they be
rositioned randomly around the centre resulting 1o less disturbance of tie heat flow

Che Ntatus oaand docuraes of megsuretents

Wi effort 15 being pul Into the further isprovement of radinl methods for high
temperabure use mainly in the United States Thiee tyical examples of appitcation

are fow given
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(1) The outflow method for nedium temperatures

The most sccurate applicetion of the outflow method for medium temperatures seems
to have been realised by McElroy' s group (ORNL, Vis.41, Lit.22). Saaples of 75 mm
diameter, with a central hole of 15 mm and a thickness ¢f 13 mm, are used. The internsl
heater is made of Pt/Bh wire wound on an alumina tube. Temperature measurements are
made with Pt/PtRh and WRe5/WRe26. This method has been used successfully for several
materials (51, Ni/Cr, C, Fe, Al, UD,) up to 1000"C. The heat input car be determined
very precisely (1 e. $0.4%) and the nccuracy ¢ the experiments is 2% at 1000°C.

(i1i1) The cutflow method for very high temperatures

The GRC group in Cincinnati (Feith, Vis.33, Lit.11) Las used the outflow method with
a tungsten heater for measurinrg themmal conductivity in refractory metais and oxides
up to 2300°C. ‘fhe semples have a diameter of 56 mm. [f molybdenum is used as a heater
material a better heat iranss:: to the sample is needed because of its lower melting
point. For the highest temperatures, up to 2500°C, rhenium heaters are proposed.
Tae temperatre gradient can be measured within +3% in a distance of 10 mm. The
precision of the thermal conductivity messurements is given as 1G%.

(111) The inflow method for the highest temperatures

The radial intlow method is used in several establishments, based or the coacept of
McClelland’ s spparatus (Lit.3). As a typical example the method of Pears and Pyron
(SRI, Vis.42, Lit.21) is described. They use a graphite tube furns:e of about 60 mm
diameter and samples about 25 mm diameter and 25 mm long with a central hole of 7 mm
diameter. The celorimeter of stainless steel is proyvided with a spirally wound thermo-
couple, producice turbulence in the water flow. A good contact between specimen and
calorimeter is achieved h~ ccpper or graphite powder. An accuracy of *7 to 112% is
claimed for temperatures from 600°C to 2750°C. Temperatures are determined by optical
pyrometry. This apparatus enables measurements on pyrolytic carben plates to be
verformed.

(¢) Applicctiorn and limits of radial methods

Ruadial methods cen be used to verv high temperatures. Radial inflow apparatuses

ure operated to 2800°C, while radis. outflow spparatuses will work up to 2500°C (Lit. 1D

The upper temperature limit of the outfiow method ts detemmined by the maximum load
that the central heater can carry. Higher temperatures canr be reached wiin ncrmal
wires as heaters, using the apparatus of Mceiler, who 1mproved the emittance of his
heater, a tungsten tube, by grooving it (Vis 30, Lit 2.

Inflow methods are limited by the hea: transfer to the calorimeter and to the
water flow respectively

Some special {deas found in various lsboratories for improving reproducibility
are now listed Among these are coating the tube with sand (Li* . 3), 8 water turbulatc?
by Hansen and Roisen (UCC, Vis. 44y and roliing the thermocouple wifes :n the tube into
a spiral (Pegrs. Vis 4D But sc far the best way of gettinz goe.l values {8 by
trataing the laboratory assistant

Raaial methads = e not only used for the nighest temaperatures For wediom
temperatures, that is up to 1000°C the sut flow methud 18 nearly as accurate as the
longitudinal metheds  The ORNL-group (s now developing a further apparatus for
vacuum 4D to 22007 weith tantalum heaters.
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The temperature of application of the inflow method with carbon heaters can be
increased by using nrressure vessels up to 32 atm. as shown by UCC (Vis.d4).

The accuracy is better with large samples but in this case many hours are ne2ded
to obtain steady-state conditions.

All radial methods require isotropic materials in the radial plane.

Tabie VII, oa p.91, gives a survey of the institutions where radial methods were
seen.

{d) Summary of radiel methods

Summarising all the infornation, it can be stated that this method is used up to
very high temperatures. To get precise values large samples should be used, which
need a long time to reach steady-state conditions (at least a few hours). Concerning
accuracy, the outflow type seems to be more precise achieving, in the medium tempera-
ture range at about 1000°C, almost the accuracy of longitudinal methods. For the
highest temperatures (above 2300°), the inflow technique is preferred because of the
danger of overheating of the internal heater in the outflow technique; however, the
accuracy achieved is lower

2.2.1.3 Forbes Bar Methods

The nomenclature follows M.J.Laubitz' s proposal {Lit.15) in the chapter on linear
and quasi-linear heat flow methods. According to Lavbitz, in Forbes bar methods
there is a transverse heat flow in the specimen in addition to the longitudinal flow.
This radial heat flow is taken into account in the analysis of the heat flow problem.
A variety of methods is aescribed in the literature, but only a few modern ones are
discussed here. These may be classified as follows:

(a) Methodz which empioy essentielly guarded linear heat low with a slightly
&ismatched guard.

(bY Methods based on “thin-rod” analysis

(¢) Methods which depend on a full two-dimensional analysis.

(a) H

The method of Watson and Robhinson (Vis. 40, Lit.24) is mentioned as an example. It
uses a guarded linear heat flow apparaius. The radial heat transfer coefficient is
calculated from the distributions of the tempmerature in the specimen at twe different
temperatires of the guard both similar to the temperature of the specimen. The
correction for the radial heat flow is always less than 5% of the longitudinal one
Heat losses to the cold ends and to the surroundings are not compensated by this
correction Peavy' s paper (Lit 160) gives sn improved calculation procedure which
does correct for all heat exchanges betwaeen the specimen and the surrounding tnsulation.
This method is only described for the temperature range from - 150 to 600VC, without
comment on the accuracy ohbtainable
M

The method of M J Laubitz (Vis 25 ix typical for this group The specimen of 2 ca
diameter and 20 cm lengtn, with the heater in tts centre is connected with two
additional heaters at the - nd«, only to maintain the hign temperature for the measure
ments, and is placed within a nearly tsotherea! furnwee as 2 guard
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For the analysis of the heat flux equation two experiments are necessary. The first
gives the temperature distribution caused by the central heater. 1In the second experi-
ment, performed under similar conditions, the central heater is switched off and the
temperature distribution due to a deliberate temperature mismatch between the furnace
and the specimen is measured as & function of time, to determine the radial heat losses
from the specimen.

This method works up to 1000°C. An accuracy of about t1.5% is claimed. It was
used for basic research on the validity of the present theories on thermal conduction
in monovalent metals (M.J.Laubitz, Vis.25, Lit.25).

(c)
Based on & full two-dimensional analysis, Laubitz has described *wo methods, the
‘“unmatched guard method” (Lit.26) and the “guardless method” (Lit.27).

In both of these methods central heaters in long cylindrical specimens are used and
the temperature distribution is measured alcng the specimen under different steady-
state conditions. 1In one of these methods the temperature profile within an axial hole
of the specimen is determined by a movable thermocouple. Laubitz has simplified the
2xperimental arrangement more and more, bearing in mind that the mathematical analysis
becomes increasingly involved. 1In his two versions, the main advance is the rapid
achievemeni of steady-state conditions. They were used up to 1100°C and an accuracy
of ¥1.9% and t2.3% respectively is claimed.

Although the second method is used later for rapic¢ measurements, the principle of
the “thin rod” (see (b)) seems to be more promising for application at higher
temperatures.

Summary

The Forbes bar methods use quite a simple experimental arrangement, but they require
a complicated mathematical analysis €or th. evaluation of the thermal conductivity from
measured quantities.

They include methods with a full two-dimensional! analys!s, and those that are very
similar to the guarded longitudinal arrangement. Up to 1000°C, the same accuracy s
with the longitudinal method 1s claimed for the best methods. Extension to higher
temperatures should be possible.

222,14 {hrect-Heating Methods

In this sectinn only steady-state methods with direct heating by current of the
electrically-conducting .pecimens are reported. For their analysis it scems adeguate
to discuss them briefly in three groups

(a) Heated filament amethods
(b1 “Necked-down” methods
(¢) Methods in ahich the temperature prefile of radiating surface areas is measured,

Flyon (Vis 40, Lit 181) discosses, in his chapter o Tve' s book on thermal con-
ductivity, only those mezhads with 2 temperature drop {n the direction of the cyrrent
flow. that means only methods in ¢roups (a) and (b He divides the electrical heating
methods into thiee categories depending on how the temperature rise in the conductor
was measured
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(1) Kohlrausch' s Mechod.
The temperature distribution along :he conductor was measured by means of
directly attached thermocouples or other thermometers.

(11) Vorthing's Method.
The temperature distribution along the conductor was measured by means of an
optical pyrometer.

(i11) Callendar’ s Method.
The temperature rise in the conductor wa. computed from the change in
electrical resistance of the electric current.

For a detailed discussion of tne thermal and electrical potential distribution in
the specimens aqp for the mathematical develcpment, see Flynn’ s chapter (Lit.161)
in Tye's book.

() Heated-filament methods

These methods are characterised by the fact that the specimen has the shape of a
long cylindrical rod or a filament, and are based on the well-known Kohlrausch enalysis,
assuming that all heat generated within the specimen is transported to its ends, both
having the same temperature.

Kohlrausch’ s solution is restricted to the case where the temperatures of the
specimen are not very different from that of the surroundings. Kohlrausch’s method
is usually used without a guard at room temperature or only slightly above. This
method has been modified by Russian scientists (Mikrynkow, Lit.28; Lozinskii, Lit.29)
for ws< at higher temperatures up to 700°C and 1500°C, respectively, using a furnace.
This method produces the same difficulties as the use of a guard in the longitudinal
methods. Within the NATU nations, this modification has been used up tc 2000°C at
the Cen*ral Laboratory of Sud-Aviation (Vis.5) for the determination of the thermal
conductivity of graphite, refractory metals and light metals.

The Method of Jain and Krishnan (Lit.30) has been developed for high temperatures
without using a guard. As in Kohlrausch' s method, the temperature distribution along
a long rod, whose ends are at ambient temperature, is measured. The radial heat loss
by radiation is taken into account by comparing the temperature in the middle of a
short rod with that of a very long rod of the same materiel. Both are heated by the
same current. 1f the emittance of the sample material is known, its thermal
conductivity can be calculated.

The method can be used up to the melting temperature of the specimen. Unfortunately,
up to now the results do not agree well with those obtained by other methods It is
necessary to consider whether the poundary ccnditions are fuifilled (T-‘x of an
infinitely long rod) and how tie result is affected by uncertainties in the deter-

mination of the emittance

In a Russian paper dealing with an analogous design, iebedev (Lit 31) uses a short
and a long filament of the same material and measures the <urrent necessary to reach
the same central temnerature in both wires  The cmittance does not eanter into the
calculation 1f it {s the same for both filmments

A promising method has been developed by Bode (Vis [0, L1t 32 In contrast to the
other methods mentioned, the ends of his specimens are heated by wddit.ional heaters
tn match them to the contral temperature of the filamen? The themal conductivity
is deternined from the dependence of the electrical resistivity of the wiye on
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temperature and current. In Bode’ 8 method the thermal conductivity at a distinct
temperature, and not within a tempe.ature interval, can he determired. The experi-
mental arrsngement ensures that the re-radiation to the specimen iz kept small. The
emittance can be determined, in addition. This method also offers the possibility of
measuring the emittance if there is no back radiation to the specimen. The error
caused by the Thomson effect and by radial heat flur can be neglected. The method is
used up to 1100°C with a total error of a few per cent.

This method is being further developed for use in the temperature range 800°C to
2000°C. An essential improvemont is acnieved by maintaining a constant stress in the
specimen wire. The new apparatus is constructed in such a way that it is also
applicable to other direct-heating methods (Kohlrausch; Jain and Krishnan; Holm and
Stémmer).

In all these filament methods an error may be caused by a volume Peltier effect
which is observed when a direct current flows through regions of inhomogenecus com-
position (Birkhclz, Vis.124). The use of alternating current is therefore recommended.

The method of Powell and Schofield (Lit.33) uses the radial ¢emperature distribution
in an electrically heated wire or rod for the calculation of the thermal conductivity.
In this case the electrical energy dissipation within a given radius r is set equal
to the heat flowing radially out of the cylindrical surface of radius r . The
precision indicated is sbout 5 to 10%. This principle was also used by Angell, Rasor,
McClelland and Scott (Lit.18).

Although Powell and Schofield reported the best values of the thermal conductivity
of graphite up to 2700°C. determined with this method twenty years ago, I couid not
find anybody who was using this method today. The influence of the emittance on the
accuracy of temperature measurement seems to be the main problem.

According to Rasor and McClelland (Lit.3) the errcr caused by the emitiance can be
neglected above 3000°C when using graphite specimens.

(b)Y *Necked-down' me thods

The principle of the “necked-down’ methods is the vse ot short specimens with a
narrow constriction in the mid-section. In this way, heat losses by radiation and
convection become negligible compared to the heat flow to the cold ends. A..ording
to Hopkins this is rot true with hydrogen as the surrounding gas (Lit. 34)

Assuming the electrical and thermal potential fields to be equivalent, the Lorenz
factor can ue calculated directly  With the knowledge of the «'votrical resistivity,
the the:mal conductivity can s&lso be obraived

This method was first used hy Holm and Stormer {a 1430 (Lot 34 Nowndays there
are two developaents in this field usting somewhat different techniques

Hopkins (vis 24 Lit 34 yses the voltage drop soroxs the neck and the maximum
temperature of tihe bridge 5T°.x} neasured pyrometrically  to determine the lorenz
numhsr This method can be used up to temperataies above the melting poin?. becayse
surfece terston wil! keep the matertal of the neck in ;' v even tf it Is aolten

Flynn ovixs 40 [t 4 determines the neck temperatyure by ousing the neck of the
RPecimen as R resistance themometer He used this me-hod up to 11007C and clatimed
the followiog accuracy  *1 9% at '007C and *2 %% at w0’C Compared with the resuits
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of the longitudinal apparatus (see Section 2.2.1.1), the values cobtained by the “necred-
down” metnod within the same specimen sh.w an error of 10.4%.

(¢) Methods in which the temperature p-oftle of radiating
surface areas is measured

The rectangular bar methcd, proposed by Longmire, is critically reviewed and used in
the Parma Research lLaboratories of the Union Carbide Corporation (Vis.44, Lit.36).

The thermal conductivity is deteormined from measurements of the temperature profile
across the surface of the directly-heated specimen in the shape of a rectangular bar.
This method i5 especially apt for the determination of the thermal conductivity of
graphite because the important anisotiopy ratio cen be obtained additionally by
recording the temperatures of both the square cross-:ections. The measured power input
allows determination of the total henispherical emittauce. In the mathematical treat-
ment of the method the longitudinal heat flux to the electrodes in the measuring
section is neglected. The nethod is used up to 2800°C. The precision, as indicated
by the data spread, is t5 to +10%

For the “Hoch” method (Vis.30, Lit.37) the equation of heat conductior has to be
solved for a finite cylinder, heated in a vacuum by induction from the outer side-wall
surface. The heat will flow into the interior by conducticn and dissipate by radiation
from the planar faces cof the specimen. In steady-state conditions, the temperature
profile in the planar surfaces is measured. For calculation of the thermal conductivity
it is necessary to know the emittance. The ratic of specimen specific heat to
emissivity can be determined from the rate of cooling after switching off the power
input. Ffrom this measured retio and values tor the specific heat from the literature
the em!ttance is calculated. Most data are accurate within 310 to t20%, but the -~verall
accuracy is claimed to be t6%. The method can be used up to the highest temperatures
(the temperature of destruction of the specimen).

Concluding remarks on the direct-heating steady-state methods

Considering that these direct heating methods can he used only for electrically
conducting materials, there are so many advantages, especially in the high temperature
range, that 1t is surprising that they nave not yet tfound greater application.

The advantages are the heat generated in the specimen {s well known, there are no
difficulties with themal contact hetween heat source and specimen, no chemical re-
action with the enviveament, only a fow specimen materials are needed steady-state
conditions are reachec rapidly, limited only by the melting potnt of the material, and
there {s the possibility of measuring additfonal properties using the sane experimental
set -up

Por a detatled discusston on the pros and cons of electrical heating methods see,
for example, Flynr’ s chapter in Tye' s book (Lit 161 Brief v, Flvin states that
with the possthl: exception of very low temperatures, whete electrical heating methods
have not been daed, a properly designed electrical heating method car vield thermal
conductivity values of an accuracy egaal to or hetter than 'hase obtatnable by any
other methods of measurement In many cases electrical heating methods woutd he cheap
and guick e plso paints out That  up to 10007, direct -heating methinds mav be
preferred whtle for higher temperatures especial!ly, Bode' 2 arraigement seess to he
promising




20

If the materials can be made in the form of homogeneous rods or wires, an experi-
mental st:udy to compare all these electrical heating methods should be undertaken, in
order to nlear up the validity of the assumptions for the mathematical solutions and
the effectiveness of the experimental arrangements.

A similar opinion was fcund at the Thermophysical Properties Research Center at
Lafayetie, USA (Vis.43). This centre has worked out a programme for the US Air Force
with the aim of comparing the moat important of the direct-heating methods. Also,
at SERAI (Vis.l) in Belgium, a similar test programme has been developed and the various
possibilities have been studied. Finally, at the PTB (Vis.10) at Braunschweig, Germany,
further improvement cf special direct-heating concepts is proposed.

All these activities should be sponsored and coordinated.

2.2.2 Comparative Methods

In a comparative heat flow apparatus a specimen oI :nknown conductivity is ccrnected
in series with a specimen of known conductivity and the tempersiure di’ “2rence is
measured usder steady-state ccncditions in both specimens.  Thus ¢ » heat flux can be
calc:lated without directly measuring ic. Th.- is the css_atiel cu.antage of the
comparative methods. The accuracy of these methods ." nends or tre eva .ubility of
suitable standards, which limits their application. The problem of fi.ding standards
for all ranges of conductivity and of temperature is discussed in Section 6. So far
no suitable standards for the higher temperature range are avaiiable. The long dis-
cussion that has tuken place over the years on the thermal conductivity of Armco iron
and platinum i{s an example. Comparative methods may bhecome more important in the
future for high tempersature measurements If _he necessary standards hecome available.
The methods are now discussed briefly.

(8) The comparative method of SNECMA, with longitudinal apparatus,
applicable up to 2000°C (vrs. 4, {1t.38)

In this meth 4 a pile of specimens and standards is used in a longitudinal arrange-
ment connected to a graphite heater on th:. top. This pile is surrounded by a tube made
of the same material as the pile and cranected to the same graphite heater on the top
of the stack. The whole arrangement is insulated by an Al203 Pt guard With this
arrangement transverse heat losses are largely eliminated All temp.ratures are
measured by thermocouples using Chromel vs Alumel, +{ vs Pt'Rh and W vs W 'Re with
BN insulation.

Results of the thermal conductivity of U0, UC, BeO. C and W re available up to
2000°C An accuracy of *5% 15 claimed using the thermal conductivity values of
Araco tron given by the American specialists (see Section §)

The difiirultties of thermal contact within the pile are overcome hy “scooping”
the iuterfaces of the specimen

‘N The Battelle vel?t guarding method by, 290
& I3

The Battelle metiiod can be gsed up to 24G0°C with s accuracy of 5% Contrary to
the SNFUCNMA method. with a pile of specimeas, the Rattelle acthod yses spectmens in
the shape of dises with a longitudizal hesy flow asd Ta heaters The refershce cample
15 larger in diameter than the specimen Thes  and tecause of the smail helght of the
sapple to he seasured  the radial hew! losses e minisised withost using sny guard
Only & thermal fnsulation of Bed) peowder ix used

e —-
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(c) The DEW longitudinal device (Vis.6, Lit.39)

This method represents a classical longitudinal arrangement with a heated guard.
It will work up to 700°C. Specimerns in the shape of rods are used and the heat flux
is determined across a nickel standard, placed between the specimen and the heat sink.
The repeatability is 15%.

{d) The British Ceramic Research Association method (Vis.15)

This zethod, using a longitudinal arrangement and a pile of sperimens and standards
In the shape of discs with a non-heated guard, is mnentioned because of jts peculiarity,
thet copper discs are placed between the specimen and the adjacent standard. The
thermocouples are soldered to the copper discs and their temperature is measurad.
This procedure {s very ccavenient when dealing with brittle or very hard materials,
whare thermocouples are difficult to attach. The sequence within the stack is heater
copper, standard, copper, specimen, copper, standard. copper, sink.

2.2.3 Survey of Methods for the Measurement of
Thermal Conductivity

Summarising the steady-state methods for the determination of thermal conductivity
it is useful to review the suitable temperature range of application.

The low-temperature range {up to 900°K)

Longitudinal methods are best for the lowest temperatures. The greatest accuracy
is better than 11%.

The medium-temperature range (906 - 1307°K)
Several methods can be used, with nearly the same accuracy. These are as follows:

(a) Longitudinal methods, accuracy t1.1%, the temperature of 1300°K being the
upper limit of application.

(b)Y The radial method, accuracy better than *2% becoming mere and more superior
at higher temperatures to lcengirudinal methods.

f¢) The Forbes bar methods, accuracy t1 5%, with the simplest experimental
arrangement but the most complicated method of calculation Forbes bar methods
should also be applicable at higher temperatures

(dY Direct-heating metheds, with heated filament or “necked-down’ arrangement.
with accuracies of about 2 or 3%

The high-temperature range iabore 1807A0

For this temperature range only radial methods and direct-heating methods are applt-
cable. While much research (5 being done 10 developing radial methods for the highest
temperatives up to 3100Y% 0 the development of direct heating methods seems to have

been neglected up to now

The aceuracy in the detersinution of snemal conductivity ot the highest teaperas

tures 1s less thah * 7% pertaps o2
{ i

Fror oall these femperRtursy ranges. cmmparative methods cogld be gsed 1) suttable
stwidards were avajlable Therefore the programme on high temperatare standards s
of the greatest (mportance Burthernmore the work on stadands s mportant to
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permit comparisons of the results obtained using an absolute method with the work of
other investigators.

2.3 Measurement of Thermal Diffusivity

The thermal diffusivity “a” is defined by the heat flow equation as follows:

oT ¥ T I

= —— . , 3
3t 9x? v oy? ! 22 3

where T {is the temperature, t the time and x,y, z are Cartesian coordinates.
The propagation of heat is described by the change of the temperature in the material
as a function of time. The dimension of the diffusivity is (length)?(time) !.

The diffusivity is correlated to the thermal conductivity by

N o= 87yc, . (4)

where ¥ is the density and cp the specific heat of the material. If the density
and the specific heat are known, the thermal conductivity can be obtained by measuring
the diffusivity.

This simple equation (4) does not consider the effect of relaxation time. Therefore
forther oscillations of temperature can be caused by an impulse of heat. The well-
known phenomenon of second sound in superfluid helium is an example of the effect of
long Telaxation times,

Finally, wmass transport can be caused by temperature gradient (Soret effect), which
cegses after vcaching a certain concentration gradient. As a result the initial and
the final thermal conductivity in the material can differ significantly.

As shown by the restrictions mentioned, the relation between conductivity anu
diffusivity can be more complicated than that given by Equation (4). As & consequence,
conclusions drawr. from steady-state measurements as to the behaviour in time-dependent
processes, or fron transient measurements to the steady-state behaviour, should be
controlied by experiment:; wsith the same material

Generally, the measurement of thermal diffusivity in sciids is more than an {adirect
way of determining the thermal conductivity It is an additional means uof stndying
transport phenomenr. apart from its importance in technical applications

Despite these restrictions, transient methuds are widely used for the determination
of the thermal conductivity because the specific heat and the density of solid materiala
can be measured more ews’ly thar thermal conductivity. even at high temperatures The
transient methods #1111 be distinguished in this report as “non-steady state” and as
“perindf{c’” ones In transient technigues the response of a change in temperature in
a8 sample exposed to a given transient heat flux or heat pulse {s measured Por o the
evalustion »f experimental results on diffustvity 1t is not necessary to knos the
absolute level of the temperature and the quantity of the heat fiux

Smuil specimens mav be used The time required for measurement {8 very short
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2.3.1 Non-Steady-State Methods

2.3.1.1 Flash methods

Generally non-steady-state methods are known as flash methods. The specimen, a thin
plate (diameter > 10 mm, thickness = 0.5 - 5 mwm), is heated indirectly and homogeneously
in a tubular furnace. A short pulse of light is sent to the front of the specimen,
which becomes additionally heated by absorbing this flash. The temperature increase
at the rear face of the specimen is recorded by either thermocouples, cells of semi-

conductors or by multipliers. The recorded temperature change with time allows the
evaluation of the itnermal diffusivity.

Simple Xenon flash lamps are used as 1ight sourccs for measurement up to 1600°C.

For higher temperatures, laser sources with an output energy of about 20 joules must
be used.

Mathematical solutions for the flash method have been given by Parker et nl. (Lit.41),
Taylor and Cape (Lit.42, 43) and Cowan (Lit.44). According to Parker and his co-workers,
the thermal diffusivity can be calculated either from the time needed to reach half
the maximum temperature at the rear face, t

yi2 0 ©OF from the characteristic rise time,
¢

¢ (that 1s, the slope of the temperature with time), by the following equation

1.33 d? 0.48 d?
a = 7 b=
LAY

2
2 m tc

where d 1is the thickness of the specimen.

This solution is vaiid if the following conditions are fulfilled:

(1) Heat fiow is only ir one direction (no radial heat flow).
(ii) Constant the mal properties within the material tested.
(11i) Homogeneous absorption of the heating pulse in an infinitely thin layer at
the front of the specimen.
(ivy Infinitely short heating pulse.
(v) No heat losses by radiation.

In most cases these conditions cannot be realised completely.

especially at high
temperatures.

To satisfy the first condition the temperature 15 generallvy aeasured in the

centre
uf the roar face of the specimen.

where one-dimensional heat flux predominates

The second condition holds {n most cases
pulse (only & few degrees)
specimen

since the teaperaturs rixe caused by the
is only & negligthle fraction of the temperature of the

As to the third condition, a costing at the {ront of the specimen may be usefyl

1f the material does not absorb the light 15 a thin iaver

Concerning the fourth condition, tne error cain he peglected

sgall compared et the charscteristic thermal diffusion ¢ine t. This cann be

Specinen

1f the puise time is

accomplished % ancreasing the thicknesxs d of the

T B
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Cape and Lehman (Lit.42) have shcwn, that Equation (5) is valid within 15%. without
corrections for neat losses, if the condition

A
— > 1 cal/cm?sec’K ,
ed

18 fulfilfed, where : 1is the emittance.

This means that, if materials with low thermal conductivity are tested, the thick-
ness d should be kept as small as possible. Fur good conducting materials, the same
becomes necessary at high temperatures, because their thermal conductivity decreases.
Therefore mwost research organisations use very thin specimens for the flash methods.
The thin specimens, however, are more sensitive to the effect of finite flash time
(condition (iv)). Bollenrath (Vis.11) suggests solving this problem experimentally
by using pulses of different duration and extrapolating to infinitely short time.

A8 to the fifth condition. seversl methods have been proposed to account for
radiation losses from both surfaces of the specimen, leading to the derivaticn of a
radiationr loss factor.

According t» Cape (Lit.42) the radiation factors are applied as perturbations to
Equation (3), reglecting re-radiation from the surroundings.

Cowan (Lit.44) calculates the heat losses {rom both surfaces. The soluticn for the
time-dependence of the temperature is given graphically. The following parameters
R and A are introduced as corrections

T 3
R > <-“\ , (6)
Tl/

(1Y
A > da(l 'R)G\).OOO

The factor A can be determined experimentally from the cooling portion of the
temperstur history curve at the rear surface Acconiing to Cunnington (Vis 36,
Lit 45, 15771 who uses the sethod deacribed hy Cowan. the offect of R is relatively
saall (less than 14%)

1
- . (T
X

With graphite or tungsten resistor-furnaces, a laser vquipment as source fer the
flash and a sultiplier as .ctector. thiw method can he used up to 2800°C  wowever
the ewnct correction of the ciperimentel resulta four heat 'osges by radiation at
these high temperatures has not vet heen determined

Table Y111 on p. 93, lista inatitutions within the SATO naations using the flash
sethod The precistons given are not always weli define. wd are therefore not
comparshie Jivect;y A critical analysis of the 41fferent wethods based on
cograrative searsursaents sould be a task o7 a team of speciaiista
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2.3.1.2 Other non-steady-state methods

For many years a variaty of methods has 2xisted for using temperature distributions
in a heating or cocling process to calculate the diffusivity. Becauue of the develop-
ment of the more eleganc methods using small specimens, like flash methods and the
period.c ones, these simple transient ncon-periodic methods are only rarely used.

Two examples nay be given:

(&) The transient radial inflow method of Cape, lLehman and Nakata (Vi.28) uses
cylindrical specimens heated by induction in tne outer sidewall surface. The
temperature rise in the inner and outer part is recorded. The method is used
up to 2500°C and an accuracy of +5% is claimed.

(b) The same principle has been used hr Huttinger (Vis. 2B, Lit.46) in studying
the baking of carbon bodies between room temperature and 1000°C. The specimen
is slowly heated at a constant rate in a tubuler furnace and the radial
temperature distribution is measured as a function of the time. The recorded
change of the radial temperature distribution allows the calculation of the
thermal diffusivity as a function of temperature. A similar method has been
described by H W Flieger for the investigation of moderately poor conductsrs

e, (Lit.162). The accuracy claimed is 1% in the temperaiure range from

L 70 to 1000°C.

2.3.2 Pertodic Methods

In the periodic metheds, a periodically varying heat flow is generated within the
specimen. This is achieved by modulating the energy of a Joulean heater or of an
electron beam or of an arc-image or by the re-radiation of the heat losses of the
specimen. In most cases no additional Leating is necessary. The variaticn of the
temperature at different positions along the direction of heat tlow within the specimen
is observed and the thermal diffusivity can be caiculated from these experimentail -

resilts.

The different solutions of tue genera] heat flow equations are dependent on the
boundaly conditions prescribed by the experiment.

The foll-wing cases will be discussed

The Angstrom aethod, using direct resistance heating
The electron beam and arc-image zethods. hased on Cowan' s principal calculation.
The periodic rate of cooling sethod. using hewting by an arc-image

The disc-methods of Kespar, with indirect heating of the specimen in a furnace

D001 The dncstrom method

A hundred vears ago Angstros (Lit 47 developed his classical method A thin long
~yd 1w heated sinusoidally st one end and the propagation of the twsperature wave is
measurced at ffer~nt oints alor, the rud

P the assumptton of 4 semtoanfinite Sod and & sinusotdal twmperature ~hange '8
aade the thermal diffusivity awy be determined either by m mduring the ratic of che

‘e
N

sarilitudes D of the smperatiure wave at tw: points or by their phase diffetence
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If both A¢ wid D are determined, the thermal diffusivity can be calculated at high
temperatures =ithout special allowance for radial heat losses.

H
= = (8

2 Db log,D

w 18 the angular frequency ot the temperature variations and x the distance between
the measuring points.

In practice is may be difficult to produce a pure sinusoidal temperature varistion
at the source, although it can be realised mechanically (Birkholz, Vis.124). Goldsmid
{Vis.23) uses the Peltier effect (see also Green and Cowoles, Lit.48) with advantage,
because of the symmetry of the temperature waves

If the initial wave is sgquare or not truly sinusoidal, a Fourier analysis of the
temperature variation at a point may be carried cut and attention can then be coufined
to the fundamental fregquency. The higher harmonics can be neglected, for they are
rapidly sttenuated.

The amplitude of the temperature oscillation veneraily usedis smaller than t5°C; the
frequency is about 1[min~!]

Table IX /p.94) lists the institutions using the Angstrom method. As shown, this
method has been used up to 900°C only.

According to Birkholez (Vis.12A) this method is suitable for higher temperatures and
the theoreticel conditions can be realised experimentally quite easily. The equipment
is simpie and cheap. This method should be considered end discussed by a team of
specialists.

2.3.2.2 Perwudic methods based on Cowan’s analvsts

Cowan {(Lit 51) has presented a theoretical study on the modulation of the tempera-
ture in a specimen, vhen one face is periodically heated.

Pased on this calculation, several methods of determining the thermal diffusivity
tiave been develuoped. Generally, the specimen is a thin solid plate, a sheet or a disc
simile* tn shape to the specimens used in the flash method The froat face of the
specimen is heated directly hy eleectron bombardment or hy the radisticn from an arc-
furnace. Yo aclttional indirect hegting is 1:cessary The change in temperature of
the faces during the moduluced heating 18 rocorded photoelectr cally

Cowan’ s traatment allows caleulation of the thermal ciffusivity from the phase
shift between the temperature vartattens on the tfront and rear faces, between the beem
medulation and the temperuture variation on the front or on the rear face of the
specimens In addition thermal diffusivity may be calcalated from the attenuat ton of
the tompe~ature wave stthin the specimen In practice. these soluttins are used (o

e fora of nomograms
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For all these czlculations of the tamperature distribution within the zpecimen,
the one-dimensional differential equation is used, neglecting heat fiux in the direction
parallel to the faces. Cowan further assumes thav the difference in heat loss from tbe
faces of the specimen is proporticnal to their difference in temperature and that the
energy i< absorbed in an :n“initely thin layer. A correct calculstion of the
diffusivity of a speciren from the measured attenuation or phase shift {s possible
only when the heat lcss parameters — in the same way as for the flash method -- are
known. Cowan has shown how these parameters can be determined.

Cowan' s solution seems to be correct, but the accuracy for the experimental
determination of the loss parameters is only a few per cent so far.

{a) Heating with an electron-gun

This method is practiscd in only three research establishments (see Table X, p.25).
By using an electron-gun, the samples can be heated up to the temperatures of melting
or vaporisation. This means that t.e temperature is limited only by the temperature
of destruction of the specimens. The heating must be carried out in a high vacuum
(< 107" mmHg). This is 8 disadvantage for materials with high vapour pressure.
Mcdulated heating can be attained very easily and accurately by modulating the electron
beam power. The reproducibility is very good and scientists using this method are
convinced that, after further development, determination of the thermal diffusivity
should be possible within about 2%, even at very high temperatures.

(b) Heating with an arc-image or plasma

An arc-image equipmert for the periodic heating of carbon and graphite specimens
has been used with success for many years in the USA (UCC, Vis.44). No vacuuam is
necessary. The m:dulation of the heating power 1s reali<ed by intermittent light,
with 1otating shutters between .[ight source and specimen. In France (SNECMA. Vis. 4
new equipment has been develoved in which & plasma (5900°C) is used as a source of
radiation for the additional heating cf one end of a small rod specimern. The
sinusoidal modulation is done oy a “persienne”. The specimen is heated basically
over the whole length, as #ell as at the end, by a tubular graphite furnace The
temperature wave is measured at two points along the rod through 1 hole in this
furnace {the Angstrom arrangement)

2.3.2.1 Rate uf cooling method

This special method was develnped in the UCC Researcn Laboratories, Parma, by
Null and Lozier (Vis 44, Lit 5D

An arc-image furnace is used for heating The small cylindrical spercinens, a fow
mm in dismeteor and 10 mm in length, are heoted perindically by interrupting the beam
of light by rmeans of an electromegnetically controlled shutter  No additional heating
ts used  The surlace temperature of the specimen is recordsd during the cooling

interval Analyses of the problem  with the assumptien of one-dimensional hew?
flow along the axis of the sample and short cooling fntervals, show that the heat
flow equation can be =olved as folloes

- (9
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where 7y is the density, c the specific heat, A the thermal conductivity, At the
decrease in surface temperature, t the ccoling time and H, the flux absorbed at the
surface of the specimen, wshich is mzasured radiometrically.

As the temperature decrease is only a few degrees within a cooling time of only
30 msec the use of Newton's law seems to be justified. This method gives only values
of the product Ac7 but, in combination with Cowan' 3 phase shift method, where
Ac7y is determined, the specific heat may be eliminated. The method {s used for
araphite in the tempersture range of 2400°K to 3300°K. The reproducibility reported
is +14%.

2.3.2.4 The “disc nethods” of Kaspar

As mentioned earlier the main vroblem in the measurement of the thermal diffusivity
at high temperatures results from uncontrolled heat losses by radiation. Kaspar (Vis.26)
avoids the racdiation losses by an appropriate experimental arrangement. He has
developed two methods, the “double disc method” (Lit.53) and, as an improved technique,
the “single disc methnd” (Lit.40).

The specimen is heated indirectly in a tubular furnace. At the end of the tube
mirrors reflect radiation from the specimen back to the specimen. This reflected
energy 1is modulated by means of rotating blades.

In the double disc method a pair of discs is exposed at their outside faces to
identical periodic flux variations. The thermal diffusivity is determined from the
amplitude ratic of the temperature variations on the front and hack of one of the
diecs. The main difficulty of this method is the detection of the very small tempera-
ture differences of some tenths of a degree at 2000°C or more. According to Kaspar
a sensitivity of about 10™°°C may be achieved.

In the double disc method, the amplitude and phase of the periodic temperature
variations on the front of both discs must be identical. This is difficult to achieve
and sc the single disc method was doveloped. In this method a shield with a tolersbly
1ow thermal load impedance is used to avoid heat losses in the specimen and Kaspar
used staciks ~f very thin tantalum carbide elemern.s with success.

These methods have b_-n used so far in the temperature range 1500°C to 3000°C, with
a graphite tube “urnace anu o inert atmosphere  The sumple dimen~‘ons are diameter
25 mm and length 2 mm. The accu: ¢y Seems to be about +10%
208 Summary of periodic transtent me thods

‘he periodic trarsieat merthods seem to be very promising for spplication at high
tamperaturaes Fio~. developed by Angstrom cne hundred vears ago, mors sodern methods
are available t- day such as the Girect heating by electron boembardment . by radiation
Tro an arc-fmaov or a plasma, or by re-{maging the radiniion ¢ the indirectly heated
specimen 1thelf Al these aeow modi ficatiens with periodic heating and «ooling are
applied in practice fo- the measurement of refractory materials up fto the highest
tempergturas, oo oap to the temperature  f dostruc:,on «if the stecimens
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In comparing the advantages of the specinul modifications, the electron gun technique
offers advantages because it permits, by simple means a perfect sinusoidal modulation
of the heating on one hand, u:id has & wide range of experimental possibilities for vary-
ing the heating and measuring conditions on the other hanu. The users of this technique
are convinced that they are able to devel:'p this method further into a high precision
technique. The disadvantage is in the necessity for high vacuum, which makes appli-
cation of the method impossible for materials with high vapour pressures and high
evaporation rates. For such materials the periodic heeting by radiation using an arc-
image or a plasma is advantageous. In these cases the modulation must be performed
mechan! ~ally.

Since Kaspar’'s method does not necessitatc heat loss corrections, it seems the most
appropriate for very high temperature wcrk.

2.3.3 Summary of Thermal Diffusivity Measurements

With modern transient methods, measucement of the thermal diffusivit~ may be per-
formed on small specimens and in a short time. For most non-stationsry methods the
experimental set-up is simpler than for thermal conductivity apparatus, but the source
of energy is very expensive in most transient methods. However, the accurucy achieved
is not yet as high as with the steady-state methods. With further development of the
measuring techniques an accuracy of better than 5% might be reached, evcn at very
high temperatures. Only for the Angstrom method has a reproducibility of better than
12% been claimed. The Angstrom method should be highly promising for high temperature
application, too. Generally, the transient methods can be used up to the tempersture
of destruction of the specimen. A great difficulty is the exact determination of the
heat loss parameters, knowle¢dge of which is necessery to calculate the diffusivity of
the sample material from measured data.

%
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Another method is that of Kaspar, who suppresses radiation losses experimentally.
This method is highly promising, but further development is necessary.

Apart from their unique application at very hi.h temperatures, some of the methods
cen be used down to low temperatures, too, result. g in a wide range of application
temreratures.

This ts true for the Angstrom method as wel! as for the electron-gun method, when
IR detectors are used (wheeler. Vis 21).

When thermal diffusivity measurements are used indirectly for the detemmination of
the thema: conductivity, the spec.fic heat must be known as accurately as possible
{see Section 2 4

2 4 Measurement of Specific Heat

As shown 1n Section 2 3, knowledge of the specific heat 18 necessary for the
calculstion of the thermal conductivity from thermal diffusivity measuraments
Therefore, tecaniques for determmining the specific heat, eospecially a2 high
temperatures. are considered
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The specific heat is temperature-dependen.. The method most used is the “drop-
calorimetry” method, which essentially gives values of the enthalpy of the specimen
at the temperature of the heated specimen relative to that at the temperature of the
calovimeter. By keeping the same calorimeter temperature, but making runs at different
furnace temperatures, the relative enthalpy can be found as a function of temperature.

The adisbatic calorimeter is adequate for the determination of the specific heat
at very small temperature intervals, but it is more complicated. Furthermore, some
special techniques. such as the pulse heating method, exist

2.4.1 Adiabatic High-Temperature Calorimeters

Generally, the specimen, heated under adinbatic conditions, serves as its own
calorimeter. The specimen, sometimes enclosed in & close-fitting capsule of non-
reacting material is heated by an internal electrical heater in a sensitively countrolled
environment and the temperature rise in the sample caused by an additive energy input
is measured.

The specimen and its container are surrounded by an adiabatic shield, the tempera-
ture of which is matched to the temperature of the specimen as closely as possible by
additional heaters. This is accomplished by monitoring the temperature of the specimen
at different points, and again at equivalent points of the adiabatic shjelding, by
thermocouples and by using the differences of the emfs of corresponding thermocouples
to control the power of the shield heaters.

This method looks very simple in principle but is very complicated in practice if
high accuracy is required. Only four establisnments within the NATC nations were
tound tc use this method.

2.4.1.1

The University of Tennessee (Stansbury, Vis 45, Lit.54, 55) has been working for
many years on the development of adimbhatic calorimeters of high accuracy. So far
temperatures of 1000°C can be realised. The accuracy claimed (10.5%) is the best
found in high temperature calorimetry. It should be menticned that the short raage
order in Cr-Ni alloys could be detected by this technique (Lit. 56), showing that these
alloys are unsuitable as standards tfor thermal ccnductivity measurements
RV Bt

The NPI, Metullurgy Division (Vis 22 has developed a high temperature adiabatic
calorimeter for the determinution of the heat of reaction in metallic systems. This
calorimeter can be used for measurements of the specific heat. too Temperatures up
to 1100°C can be achieved so far In this high temperature range an accuracy of +1i%
is claimed (Lit 57) Kubaschewski thinks that it is possible to extend the tempersture
nf application up to 1700"C

R Kohlhaas and his collaborgtors iVis I have developed an adiabatic cslorimeter
and used 1t from room temperature up to 16007C (L1t 102 10D The covlindricaid
specipens of 22 mm o diaseter and A0 am height hang on a molybdenum wire within a thermal
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insulation of aluwrina. The adiapbatic conditions in this arrangement are realised by
a directly heated molybdenum tube, the temperature of which is matched to the tempera-
ture of the specimen. Kohlhaas and Braun have studied systematically (Lit.101) the
errors in such an adiabatic calorimeter system.

For this method an accuracy of 129 at 1500°C is claimed. This calorimeter has been
developed for studies »n specific heat of iron alloys during the transition hetween
the solid and 1iquid states, i.e. for 1600°C as the upper temperature limit. Using
other materials for heaters (tantalum) and a different insulation instead of alumina,
this system, using "ubuler furnace, could be developed for application at higher
temperatures. Koh. 3 corrects his measurements for heat losses and cails his method
“quasi-adiabatic’.

2.4.1.4

According to Flynn, the NBS also has an adiabatic calorimeter, used up to 500°C.
Further details are not kuown.

2.4.2 Drop Calorimetry

In this technique the encapsulated specimen is heated in a separate tube fumace
up to the measuring temperature and then dropped into a calorimeter, where the
temperature increase is measured.

The arrangement seems very simple, but special care must be taken to account for
heat losses from the capsule during the drop and to avoid heat transfer from the
furnace to the calorimeter. Th2 precautions become more and more jmportant, the
higher the temperatures.

The furnace tube is connected to the calorimeter by a drop tube which normally con-
tains two shutters. These are only open=d during the drop and are supposed to prevent
heat exchange betweer fummace and calorimeter. The temperature ot the capsule is
measured pyrometrically. Heat losses can be minimised by using a hydrogen atmosphere,
for in this case thermal equilibrium is reached very quickly, on acccount of the high
thermal conductivity o! hydrogen (Lit .58, Vis.33).

A critical study of the different types of drop caiorimeters and their respective
adventages and errors is given by Douglas (Lit.59). For temperatures near room
temperature a precision of +0 04% and an accuracy of t0 5% are claimed. At very high
temperatures (2860°CY an accuracy of *1% has been reached The overall accuracy of a
drop calorimeter is comparable with that of an adiabatic calorimeter. Because the
measured specific heat is calculated from the difference between large numbers, further
imptrovement in accuracy is very difficult and also expensive

The drop calorimeter 1s widely used in the NATO nations.

Problems in drop calorimetry arise if the sample undergoes a transition during the
experiment or remains in oan 111 defined state after the quenching

Becuuse of the jarge namber of |, jaces ysing drop calorimetry, no special list s

compiled.  The 1nstatutions can be found 1n the list of visits (Section 3 1
[ )
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2.4.3 Pulse-Heating Calorimetric Techniques

These methods are limited to electrical conductors but can be used up to the melting
point of the material. The specimen behaves as its own calorimeter. The specific heat
is calculated from the rate of temperatures increase resulting from uniform electrical
heat dissipation within the specimen. Two different methods a’re used in the institutes
visited:

(a) ORNL-method of Kollie (Vis.41, Lit.80)

The predetermined specimen temperature is schieved by Joule heating of the rod with
a constant currer: and recording the rod tempsrature and the power dissipation in
known length of the specimen. From these ti.e electrical resistivity and the total
emittance are determined. Ry suddenly incressing the current and measuring the tempera-
ture and power of the test cection as a function of time, using a high speed digital
voltmeter, the specific heat is calculated. The rod is suspended in a black-body vacuum
chamber of constant temperature. Radiation losses occurring during the pulse (> 4 sec)
are accounted for by using previously measured total emittance values. This method is
use? up to 1400°C. The eccuracy is t1% from 100 to 800°C and somewhat less at higher
temperaturas (t5%).

Black-body conditions in the chamber were attained by spray-coating all surfaces
inside the chamber witn a pure colloidal synthetic graphite. It is assumed that this
coating has an emittance of approximately 1.0.

The method was improved recently by connecting the output of the fast digital
voltmeter, for current, voltage and temperature, directly to the ORNL computer system.

(b) Atomics Internacvional method (Taylor, Finch, Vis.28, Lit.61)

This method uses pulses of the order nf milliseconds and heating rates from 1000°C
tn 60, 000°C per seccnd. The specimens have the shape of filaments and the temperature
of the sample is determinad from the electrical iesistance of the filament. A dual
beam oscilloscope is used to rccord the resistivity as a function of time. The samples
are heated additionally by means of & furnace, which determines the uppar limit of the
temperatur=2 of applicaticn.

Because of the high heating rates and the small *emperature variation (1°C) the
radiative losses amount to only a tew per cent of the dizsipated energy. With a
correction which uses only an approximate value rfor the emittunce, this error in the
specific heat due to radiation is reduced to less than +1%.  The overall accurscy was
estimated to be better than t5%.

According to Finch (Vi. 28) the same pulse-heating technique hes heen used in France
by Lallement and Affortit (Lit.62)

20009 Summary of Heasurements of the Svecific Heat

Prop calorimetry is the mo3t freguently used method for measuring aspectfic heat in
all temperature ranges up to the upper limit of about 2800°C N other method {s more
accurate This method. yielding only mean values between a wide ;aroe of temperatures,
fs not applicable for materials which undergo transformati ns {n the interval hetween
the temperature of the fumace and the tesperatuyre of the calorimeter
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The adiabetic calorimeter, which avoids this disadvantage, becomes very complicated
in the experimental arrangement if graat accuracy at high temperatures is required.

The pulse technique is not very accurate, but it can be used up to the temperature
of destruction of the specimens. A list of institutions using adiabatic and pulse
methods is given in Table XI (p.96).

2.3 Measurement of Emissivity

In the preliminary report the nomenclature of Worthing (Lit.63) and Richmond (Lit.64)
was used. According to this, all properties of a materiel itself should have the
ending “ivity'’”, whereas properties relatine to the surface should end ip “ance”. 1In
this sense we cen define

ealttance: ratio of energy radiated by a surface, per unit ares, per unit time,
to the energy radiated by a black body at the same temperature,

emissivity. emittance of » material having an opticelly smooth surface and a
thickness sufficient t~ be opaque.

Ir a comment on this proposal, Lozier (Vis.44) said that international standardi-
sation requires the use of “emjittance’” to describe surface-dependent emissive
properties to be abandoned in favour of “emissivity’”. The nomenclature in the report
was therefore adapted to this principle

Knowledge of the emissivity of a specimen is necessary for a correct pyrometrical
meastvrement of temperature, as well as for the calculsticn of heat loases by radiation.

For the first problem, the temperature is measured in holes whenever possible,
which means that near black-body conditions are realised. Direct-heating methods
using filaments and transient methods have to measure the true temperature o1 thz
surface. In this case knowledge of the spectral emissivity is [mportant becsuse the
optical pyrometers usually use a wavelength of 0.665 u.

2.5.1 Experimental Determination of the Emisstvity

2.5.1.! Measurement of reflectivity

The eminsivity of u surface is related Lo its refleriivity by Kirchhoff s Law.
Since reflectivity is easier and more accurate to mrcasure than em{ssivity, the National
Bureau of Standards (Lit 65) has developed an apraratus for reflectivity measurements
at elevated temperatures It uses a continucus gas laser as the illuminating source
in an integrating sphere reflectometer  Tie incident vadiaiion i8 cut off s0 that the
reflected ralintion can be distinguishcd from the emitted flux. Ry use of the laser
source the reflected flux {8 {ntensified to many orders of asgnitude and can be
detected very accurately The disadvantage that only a few wavelengths, detemmined
by the characteristics of the laser, cah be measured, 2ay be overcome by i{nterpolating
between the measured valves wvhen the whole Apectrim at room {emperature {8 known

The reflectivity at rogm tamperiture i{s measured hy an elitpsoldal mirror reflecto-
meter. where a narrow bheas of radiation from the monochromator {8 focused through s
sagll hole {n the ellipsoldal mirror on to the specimen. which ts pesstioned at the
first focua of the ellipsoid The ellipscidal mirror focuscs the radifation reflected
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by thc specimen on to the detector, which is positioned at the sacond focus of the
mirror system, some 40 cm below the specimen. The flux losses are ccnsiderable and
an error analysis has not yet been given /Lit.65).

This reflectometer measures the directional-hemispherical reflectivity of specimens
froz room temperature up to 2500°C, either absclutely or relatively. The error in
absolute reflectivity varies from about +0.7% for a perfectly diffuse specimen to
about -0.02% for a perfectly specular specimen.

2.5.1.2 Measuremen: of total emissivity

In all methods a specimen in t%: form of a thick-walled hollow cylinder is heated
and the emissivity of the specimen is compared with that of a standard. The various
methods Jdiffer in the arrangement of the specimen and the standard.

In the “center post technique” (Vis.27, Lit.66) the specimen is positioned in a
susceptor having a centre post. The specimen fits over the centre post and is heated
by the susceptor. The emissivity of the specimen is taken as the ratio of the rad:ated
energy of the surface of the spe«i:men to that of the centre post, multiplied v the
known emissivity cof the susceptor material.

In the “deep cavity technique” (¥Vis.27, Lit.66) the susceptor has no centre post;
it forms the bottom of the central cavity and the specimen forms the side walls. To
increase the effective emittance of the cavity it is lined with a high-emittance
material (Ni0O). The emittance of the sperimen is taken as the ratio of the radiance
of the flat top of the specimen to that of the cavity.

The susceptor was made of tungsten. The temperatures were measured with an optical
pyrometer and the radiated energr with a total radiation pyrometer. {orrections were
made for optical scattering errc: and temperature difference error.

It was found that the *center post technique” is more .ccurate than the “deep cavity
technique”, Data obtained by the shaliow cavity technigue and by integration of
normal spectral emissivity measured by the rotating cylinder method are less accurate.
tco. The centre-post data were estimated to be in error of about 0.05 in emissivity
(Lit.€6).

DALY Measurement of spectral emisstvoty

For the determination of the spectral emissiv;ty the “hole-in-tube method” can be
used.  The specimen, in the form of & thin sheet, 1 rolied intas a 1 25 mm diameter
tube, 280 mm lonk. A 1 mm hole ts drilied through one wall near the contre of the
tubular specimen, thus forming a black-body cavity for pyrometric temperature
measurements.  The emissgvity tx ealculated from the ratio of the temper.s ures
measyred tn and oy the sude of the hole.  The apparatus was cperated to 17007°C 4,
error analvsis 18 ot given,

This aetiod 1= also ysed at the Batteile Memorial fnstitpre oVis 220 fop th
determination of the total emissivity

At tne Seuthern Researsoh Institute  Vis 32, Lt 87 the radtancs o0 a speimen 16
r
b

cogpared with the radiance o0 a Mlack-body cavity at the .ame tesperatare. The
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surface temperature of the specimen is determined with theimocouples up to 1300°C and
up to 2750°C by optical pyrometry. For the determination of the true temperature, a
method of iterating between the readings of the optical pyrometer and a total radiation
detector (a 160-junction thermopile) is used. A hole, 1.25 mm diameter and 150 ma long,
in graphite serves as a black body. The apparatus operates from 400°C up to 2750°C and
an accuracy of about +12% is claimed.

The method used at the PTB for emissivity measurements (Vis.10, Lit.68) measures
the polarisation of the emitted radiation as a function of the angle of emissivity.
This method can be used for metals up to 2500°K with an accuracy of +2%. The emissivity
of hafnium and tungsten were determined in this way.

2.5.1.4 Summary »f measurements of emis.ivity

Although many efforts have heen made to measure precise va'ues of emissivity the
problem nf using these values for the calculatjon of heat losses has not been solved
satisfactorily because the emissivity is highly dependent on the surface smocthness,
the degree of oxidation or chemical reaction, snd the surface structure.

Therefore all methods of determining thermophysical properties at high temperatures
try to avoid corrections in which numerical velues of the emissivity have to bhe used.
Institutions measuring the emissivity are listed in Table XJ1 on p.37.

2.6 Measurement of Thermal Fxpansion

Thermal expansion is anothor important thermophvsical property of thermal expansion
behaviour. The following ccefficients are very often used to describe ....

The mean roefticrent of linear thermal expansion, defined as

oo de Ty L . 1

where L and L are the lengths of the specimen at temperatures T, and T

The corttioret fp 0 temperature T cinstantaneous coefficient of linear
thermal expansion, defined as
Al
1
dT L
The thermal cWAns N 1S vasier 1o measyre than the therval comnsfuct v ity ele .

high temperatyres,
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2.6.1.1 Principle of the method

Generally the interfercmeters consists of two flats with reflecting surfaces, placed
parallel to each other a short distance apart. The specimens are arranged between the
two Jlats. If monochromatic light impinges on the surfaces from one side, interference
fringes are formed. When the two surfaces are moved by a dilatation of the specimen,
the fringes move too, and this movement is uscd to determine the thermal expansion. '
In vacuo, the linear thermal expansion 18 given by

AL AN

_—_ = — (12)

L, 2L
where L and AL are the specimen length and its increment, A 1is the wavelength
of the light used and N {s the number of fringes which have passed the reference
mArk.

Polished flats made of vitreous silica of optical quality are used as reflecting
surfaces. The bottom of the lower flat {s ground so as to be non-reflective, while
the surfaces of tte top flat should have an angie of about 15 minutes of arc between
then, to reduce and eliminate extraneous reflections and fringes. A reference point
or line is etched in the surface of the upper flat. Monochromatic light of known
wavelength is used for illumination. Kirby (Vis.39) is developing a laser as the
source of light. To produce & convenient number of fringes in the field of vision,
the specimens must be of exactly the same length, to within several wavelzngths of
light.

2.6.1.2 The Fureau and the Newton's rings method

There are several types of interferometer, such as the Fizesu i1nterferometer, the
Abbe-Pulfrich interferometer, the Priest interferometer and the UCC interferometer
ysing Newton' s riags.

The expansion of a apecimen measured with - he Fizeau interferometer is determined
absolutely, but the expansion as measured with the Priest and Abbe-Pulfrich inter-
ferome*ers is determinsd relative to the expausion of some reference material, such
as viirous sxiiica. The interferometer using Mewton s rings also gives absolute data.

in the Fizeau interfereomster proposed by the 4STM (111,69, twy vitreo. =ilica
flats are used The xpecamens, of the order of & few mn long, «re placed  tween the
two figts 1n such & way that one of the three ponts of support bears g.at of the
weight of thy “op flat This pesition, Jdirectly over the supp<.rt, 13 chosen as the
reference point of the fringe systom. The whoele arrangesent 18 placed (7 a fursace,
For plat» separation up to o omm, a discharge lagp {1iied with hellua 1s conventent
For separat tons gp o 20 mm oanother wsavelsngt!h 15 adeguats and & gevrcury iamp aay be
used

The sens tivity of thic pethad gs about 0010 am, sinoe R fringe sepavally

corresponds o nechasf oa wave ength of boght o snd UG Y m Tringe can be ey? (wated.

ThaoNewt o g melhad o has fwen deve]opel By the VT Vs Ly LAt T MeasiTe-
ropt o0 trermal o egansion Dy the nterTerimet e gsing New! U8 rings s rather simtiar
T the Frzess nterfer-@eter methsi gne of Cre ptioal flats e repiaced by g
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plano-convex lens, which rests on the specimen with the plane sidc. Newion's rings
are formed between the curved = rface of the lens and the lower surface of the optical
flat, positioned closely above. For the determinaticn of the thermal expansion a
pertion  the area of the first Newton’'s ring is viewed by a photomultiplier. The
output of this photomultiplier i{s received by a xy-recorder in addition to the emf

of the thermocouple attached to the specimen. The apparatus operaies ip a vacuum.
Specimens about 12.5 and 25 mm long and of 25 mm diameter are used. For fllumination
& mercury arc lamp was chosen.

The sensitivity of the system should be equal to that of the other interferometers.
As the apparatus 1s not yet finished, an erros analysis is not given. The Newton's
rings method is superior to the Fizeau method if automatic recording is used.

Interferametry methods were seen in use during visits to the establ ~hments shown
in Table XIII (p.98).

2.6.2 Push-Rod Dilatometers

In a push-rod dilatometer, the specimen is heated indirectly by a controlled
furnace. The thermal expansion of the specimen is conveved out of the heated zone by
ar extensinn rod and compared with the expansion of a known material.

For measurement of the difterential expansion betwesn the specimen anu the reference
material, various arrangements are used, such as . al gauges (Adamel, Vis.2; Pears,
Vis. 42, Lit.73), differential transformers (Linseis, Vis.12B; Net.sch, Vis.31, 44),
mirror systems (Bollenrath, Leit - Vis.11, 28), etc. The sensitivity of these
measuring devices is satisfactory, out the accuracy of the results is affected by a

mber of doubtful factors, such as the thermal expansion of the reference material,
the slipping and duformation of the specimen, inhemogeneous heat distribution in the
furnace, eud so on.

Many different ways of overcoming *these diffic-lties have boen proposed. An unnamal
solution, with the specimens inclined at 30° to the horizontal axis, deserves mention
here (Gatto, Vis. 153

In most cases the temperatures of the specimen is measured by a thermocouple along-
s1de or abose 1t. The only accurate way 18 measure the specimen temperature in an
asial hole of (he specimen as 1s done at the ONR 7Vis 15 and Aacken (Vis. Ll

The uppe temperature limtt of application 11 deterained by the stability of the
materia! o1 construction, especiaily of the push rod In mo&t cases vitreous silica
Cased up e o0 O, and AL O up to 1500 At higie v temperatures zireonium,
tungsten or prayshite parts aﬁnt e ysed .

Pushi-ro. Siiatemeters are more widejy uned o bhurope Lo in the United Stales,

They are - ommerciailiy AvaliRbIe  Adame ], Linseis, Netzsech, lLertsy, ete

For all these appuratuses an accurges o about 1% up to 120070 can he axsumed
1yt T T Gatt o Via % clarms A sen<itivity bwetter than 05 0 For high
trppeTal e mefsil=aments the SR apparatus Vis 420 it T8 s suttebie and (s 0w

tomeriiwed
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The high “->mperuture dilatometer of the SRI uses graphite extension rods and can be
operated up to 2750°C. The specimen required 13 about 18 mm in diameter and a icngth
of 75 .m is desirable for accurate results. Movement of the specimen is measured by
a dial geuge, which indicates total movement of 2x 10 ‘mm. When required, tungsten
pads are inserted at the ends of the specimen to eliminate diffusicn of graphite from
the dilatoneter parts into the specimen. Either a helium or sn argon atmosphere is
employed, bLut the equipment can also be operated in a vacuua.

An overall accurazy of 5% is claimed. Errors resulting frca temperature gradients
are estimated t be less than +1%. Because of the general application of the push-rod
method, no separate table of institutions using this meithod is giver; they can be secn
from the list of visits, in Seciion 3.1.

2.6.3 The Bauaron Dilatometer

Tae Beudron dilutczeler (Lit.131) is e mnlification of the pusk-rod system. The
principal i1dea 1s to el.minate the effect of the dilatation of the rod system on the
recording system. Tias is done by arresging the push-rod system at right-angles to
the specimen axis. The dilatation of the specimen is transferred to a differential
trznsfcrmer by s pivoted lever.

The Baudron dilatometetr was s en in use at the British Ceramic Research Association
(Vis.19). 1Tbere sintered alumina is used as the maierial for the rod system. The
lever bearirgs sre positiamed in an Invar block, cutside the furnace, to minimize
errcra caused oy the variation of the distance between the bearings. The mv “hod gives
2 reproducibility within +!% and an overall accuracy > 12%.

The creep of the rod system could be a very serious disadvancage and no experience
at very hlr -emperatures is available.

2.6.4 Twin Microscope Com, arctors

I1f mechanical sy~ toms for measuring the Lherral expansjon rannot be applied because
of excessive temperaturcs, cprtical systems may be used with advantage. Such & systea
consists of a furnace contalning the sample and tvo iong-focus (tele-) microscopes.

This method scems to be simple Lut som difficulties arise in practice. Suitabls
rarking of the specimens {8 one difficulty, because the optical observation requires
the brightners of the marks o differ Iros the hackground. A sufficient contraal
hotween pai ks and background has heen achievad by uzming soail holes drilisd ta the
saaple (%is.33, Lit.T4) or by using thin wires as marka.

raother difficnlty arises becausa the optical mesaurements are subjc~t to erro:
ceused b¥ relraction ¢f the light beams in the msedive -urriunding the sample. There-
fore a correction factor nust be applied to obtain accurate resylis,

Similar problems cccur in modern creep-teating apparatusrs.  Scwe laboratories use
recording comparators f{or measyring the elongatioa (GEU, Vis, 33). ¥ith the “Optron”
device a rengitivity fn swiomatic opticel length seasurement of 2.%.13" am
(1.10°° tnchy is rchieved

TR e B
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Somz examyiles aie now given o illustrate the measurement of thermal expansion by
twin microscopes.

2.6.4.1 Kirby’'s newly developed apparatus (Vis.39)

Kirby uses 8 vertically mounted tubular vacuum furnacc of 0.5m length and a
rhenium heater with five separately rontrolled heater units. The sample length is
100 mm Pt/6Rh vs Pt/30Rh and W/13Rh vs W/25Rh thermocouples are used for the
temperature measurements. A standard deviation of £23 ppm is claimed; that means a
precision in length measurement of 2.3 x 10™° mm.

Exchange of specimens with GBEC Laboratories (Vis.33) has produced excellent
agreement.

2.6.4.2

The GEC group uses twin microscopes for measuring the thermal expansion up to 2500°¢C
(Vis.33, Lit.74, 90,

The specimens, about 60 mn long, are heated in & tungsten furnace operating in a
helinm atmosphere. Rod and sheet waterial can be used and the specimen is positioned
horizontallvy in a tungsten block supported within the furnace. Swall holes of 0.25 mm
diameter, 50 mn apart, are used as the reference marks. Above 1000°C, the tempersture
of the specimen is measured pyrometrically; below this temperature Pt vs Pt/10Rh
thermecnuples are used. The temperature uniformity of the entire specimen is within
+10°C, achieved by the massive tungsten holder and additional radiation shields. The
microscope is calibrated before each test by using & standard linear scale etched on

& glass siide. The measured expansion values are corrected for the refraction occurring

in the heljum atmosphere. The reproducibility is 2% at 2500°C.

2.6.4.3 Collins's measurement of the thermal
expanston of graphite (Lit.75)

Opt:cal methods have been used for some years to meusure the thermal expansion of
graphite and Collins's apparatuys is an example. He uses 30 cw long samples and shtzins
B reprcducibility of the length measurement of 1 «107¢ mm. ‘This ccrresponds to 1% of
the total change in length of a specimen which is heated from 1000°C to 2500°C.

2.6.5 Xeray Trchnigues

Lattice expansion can be measured direc.ly by means of high temp rature X-ray
techniques. Systems using films as well as direct-roading arrangenents are employed.
Before detaiied consideration of the systems, tiie relalion between lattice expansion
and bulk expansion must be discuassed.

Por isctropic non-porous materials an agreement between lattice expanstion xnd bulk
axpansion cah be expectsd. Rirby {¥is. 39) has compared his latest avasuremeats of
thermal exnanzicn of platinum up to 1000°C with the X-ray date of Edwards, Speiser and
Johnstou (Lit.76) and found goxd agreement. On the contrary there 1s disagreement
betreen iattice expansion and bulk expansion of graphite {(cf.Lit. .77, 78} and diffcrences
can be expected with alloys, too,

Hizh temperature X-ray rosesson s underlaken at the following establishments,




40

2.6.5.1 UCC Research Latoratories, Parma (Vis.44)

These laboratories use s Debye-Scherrer technigue. The specimens may be heated
indirectly or directly. When the electrical conductivity of the sample does not under-
go marked changes during prolonged heating, the direct method is used. In other cases
heating is by radiation of the sample from tungsten or tantalum strips. In addition a
graphite heater tube can be used to a‘hieve higher temperatures.

The upper temperature limit is the melting point of the specimens, which are directly
heated. Indirect heating can be used up to 2400°C. An accuracy of +0.1% in the
measurement of the lattice parameters is claimed.

2.6.5.2

SVECMA (Vis.4, Lit.79) has developed a high temperature X-ray technique with a very
strong heating system, using a U-shaped tantalum heater., This chamber will work up to
2850°C. Systematic research on the refractory metais and oxides is in hand.
2.6.5.3

Karlsruhe (Vis,12B) is studying the laiticc expansion of several graphites up to
1500°C with different chambers (Lit.78).

2.6.6 Summary on Thermal Expansion

As mentioned in the Introduction, the measurement of thermal expassion at high
temperatures is not as difficult as that of thermal conductivity, hecause optical as
well as X-ray methods can be used. The interfercmetric methods are the moust precise.
Huwever, because of the lack of transparent materials for high temperatures their
spplication is usually limited to temperatures below 1009°C; by using expensive
sapphire optics they can be operated up to 1500°C. Push-rod systems can be used up
to 2700°C with appropriate construction materials. However, in general they are not
very precise. Bsudron's modification is anly rarely used. The latest twin-microscope
methods give very precise values; sensitivity in length measurement of 2 x 10" mm for
samples 100 mm long has been achieved.

The possibility of replacing methods measuring bulk thermal expansion by X-ray
methods should be investigated. As a busis for theoretical considerations, the X-ray
wethods should be used.

Table XIV, on p.99, lists inatitutions which use optical and X-ray methods.

2.7 Neasurement of Eiectrical Properties

As outlined {n Section 5 il is al3o necassary 20 measure s antrical prupeirties such
as the electrical reaisti~ity and the Scebeck cosfficient, as functiops of temperature
as well as the residual resistance for thearetical ussessaent of experimental results
on thermal conductivity.

The electiical resjistivity {a composed of & term aricing from the electron-lattice
interactions snd a term depvndent on ‘mperfectinna.  The firat term ia dependent on
the temperature and dominates at higher teaperatures, This intrinsic electricsi
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resistivity is used in relation to the thermal conductivity, expressed by the Wiedemann-
Franz-Lorenz law. The second term is indepencent of the temperature, becomes important
at very low tempereatures and is called the residual resistivity. It is a measure for
the impurity level. In practice, instead of using the residual resistivity directly,
the ratio of resistance at room temperature to that at liquid helium temperature (4.2°)
is used. This minimises extraneous factors in the measurement such as sample geometry
and shape (Lit.80) and effects due to anisotropy.

The Seebeck coefficient is used for calculation of the thecretical Lorenz number,

vhich is necessary to separate the total thermal conductivity into an electronic and
a lattice portion.

It seems to be very important that these electrical properties should be determined
on the specimen whose thermal properties are measured. It should be recommended that
all establishments engaged in measuring thermal conductivity should measure these
electrical properties simultaneously (Vis.25, 38, 41).

2.7.1 ¥easurement of Electrical Resistivity

Electrical resistivity can be determined by methods based on Ohm' s law or by
measuring the inductive resistance with slternating current. The latter method is not
suitable for very accurate results or for measuring the temperature dependence at high
temperatures. They are mentioned at the end of this section.

If specimens of well-dzfined shape like rods, tubes or filaments are available the
voltage drop method can be used. This is especially suitable for methods with direct
heating at high temperatures. For suc: arrangements see Lit.80 and 81.

An accuracy of about $0.1% up to 1100°C {Lit.25) is claimed, in which the largest
contribution tc the error arises from the uncertainty of the cross-sectional area.

The electrical resistivity has b -.> mrasured on metals up to 2500°C in, for example,
the GEC laboratories (Vis.33). Resu.ts on Golybdenum snd on the iadependence of grain
structure and grain size are reported in Lit.11.

The elecirical resistivity of graphite has been messured up to 2506°C by McClelland
(Lit.3), who includes a discussion of the experimental difficulties.

To avoid difficulties arising from the requirement of well-defined shapes for the
specimens, the newly developed measuring methods, generally employed in the fleld of
semi-conductars can be used. The so-called “four-point potential-drep technique’” can
use specimens of unknown dimensions, provided they are large enough, with res;:ct to
the probe spacing, tu be assumed as iafinite (Lit.80 and 81).

The four prober are arranged in one line and the tips are pressed against the
sample. The current is paased between the cuter two probes, und tie voltsge is
geasured hetmzen the Inner teo. The resistivity s given by

2 lE
- (:3)
!
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vhere | 1is the spacing between each pair of adjacent electrodes, E is the voltage
and I is the current.

Probes with very smali spacings can be made. The contacts can be of 0.07 mm (0.0003
in.) diameter tungsten wires with sharp points, and the spucing ! can be 0.02 mm.

Ne discussion on the accuracy for specimens of highly-conducting materials or on the
upper temperature limit could be found in the literature.

The residual resistivity at the temperature of liquid helium by this “four-con:act
potent ial-drop method” was measured by Weisberg (Lit.80) for similar specimens with a
precision of a few percent using a nanovoltmeter (sensitivity 10™° V).

For semi-conductors a precision of only 10% is claimed.

As already mentioned, the electrical resistivity can also be measured by alternating
current methods without contacting the specimen. The measurement is based on the
determinstion of the change of either the wutual inductance between two coils or the
impedance of one coil when the specimen is placed in the centre of the coil (Lit.117,
118). These methods are less accurate than the methods using direct current (Lit.80)
described earlier. They are therefore only used when current and potential lcads
cannot be attached to the specimen or when its size and shape are unsuitable for the
direct current method.

Such methods are widely used for determination of the homogeneity of large specimens,
as for example in the US Air Force standard progremme for thermal conductivity (Vis.35).

2.7.2 Measurement of the Seebeck Coefficient

The differential thermoelectrical power with dimension [.V/°C] bLetween s pair of
metallic canductors is called the relativs Seebteck coefficient. Using a reference
weta)l with known absclute Seebeck coefficient, the absolute Seeback coefficient of the
scasured material can be caiculated by subtraction. Generelly platinum, eaplcying the
sbeolute Beebeck data gi/en by Cusack and Kendall (Lit.97), is usmed.

The experiaental arrangement is combined with the electrical resistivity measure-
gents, using direct-lhicated specimens and an additionai i{ndirect hester on the thermal
fusulation, providing a temperatire gradient of some degrees . “ Vis.4l, Lit.82).

The Senbeck coefficient can be determined ‘airly accurately. Laubitz (Vis. 2§,
Lit.25) gives a maxinua accuracy of $+0.1 uV/°C, which in about $0.4% up to 1100°C.
McElr 7 (Vis.41, Lit.82) claims an sbaolute error of +0.9% up to 1000°C,
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3. LISTS OF VISITS AND BIBLIOGRAPHY

Rt e SIS

3.1 List of Establishments Visited o
This section summarises visits made to various establishments as follows:

(a) Scientists contacted during the visits.
(b) Main field of interest of the institution in relaticn o this AGARD project.
(c) Equipment for studying thermophysical properties.

EUROPE
Vis.No.
Belgium
1. SERAI Société d'Etudes, de Recherches et d' Application pour
1’ Industrie,
Bruxelles, 109! Chaussee d' Alsemberg.
(=) W.R.Ruston, Dr E.Votava.
(b) Basic research on direct-heating methods for thermal con-
ductivity measurements projected.
(¢) X-ray equipment for high temperatures, standard equipment for
metallurgical research.
France
2, IRSID Institute de Recherches de la Sidérurgie Francais,
St.Germain-en-Laye, 185 Rue Président Roosevelt.
(a) C.A.Constant, Prof. Dr Kozakevich, Dr G.Urbain, Dr Lukas.
(b) Testing of metallic materials at high temperatures. Basic
research on liquid metals and cn the transition from the solid
to the )iquid state,
(¢} a: (push-rod, Adsmel) up to 1000°C.
c: (drop calorimetry).
O: up tu 1400°C (projected).
3. ONERA Office National d'Etudes et de Recherches Aérospatiales,
Chatillon-sous-Bagneux (Setine), 29 Avenue de la Division
Leclerc.

(s} J.Poulignier, M. Lignon, M. Guyct.

(b) Sasic and applied research in Co and Nb allcys, carbides and
coat ings.

(¢) a: (push-rod), ¢, o, thermo-analrsis.

R e
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Vis.No.
France (continued)

4. SNECMA Societe Nationale d' Etude et de Construction de Moteurs
d’ Aviation, Usine de Suresnes,
92 Suresnes, 22 Quai Gallieni.

(8) M. Pellard, R.Deimas.

(b) Testing of high temperature materials, such as tungsten,
graphite, carbides and oxides.

(¢) A : (comparative methods) up to 2000°C.

a: (periodic arc image).
¢: up to 1000°C.
o: (X-ray) up to 2850°C.
o: up to 1800°C.
4
5. Sud-Avistion Societe Nationale de Construction Aéronautique,

Division Engins Spatial et Electronique,
92 Courbevoie, 55 rue Victor Kugo.

(a) G.Kamoun.

(b) Testing of high temperature matzrials (tungsten, graphite,
] beryllium).

(c) A: (direct heating, Kohlrausch) up to 2000°C.
up to 750°C.

(push rod) up to 1500°C.

(drop calorimetry) up to 2400°C.

(total).

moga e

Germany
§. DEw Deutsche Edelstahlwerke AG, Zentrallaboratorium,
415 Krefeld, Oberschlesienstrasse 16,
(a) Prof. Dr K.Pungardt, Dr ¥ Spyra. d
(b) Development and testing of alloy steels for high temperatures.

(¢) A: (longitudinal apparatus) up to 100°C
(longitudinal comparstive method) up to 700°C.
a: (push-rod) up to 1000°C,

7. Euratom Eura‘oa Institut fur Transurane,
Kernforschungszentrum Karlsruhe-Leopa'dshafen,
71501 Leopoldshafe:.

ta) Dr H.E.Scheidt

(b) Studies on thermal conductivity at high temperatures (UO,. Pu0,,
refractury setais).

(¢) v : {(wethod of compensated f1lux) up to 1000°C.
8. (electron beam), no tempersture limit.




Vis.No.

Germany (continued)

8. Kernfor-
schungs-
zentrum,
Karlsruhe (a)
(b)
(c)
9. Krupp
(a)
(b)
(c)
10. PT8

(8)
)]

{c)

11.  TH Aachen

()

{o)

{e}

12A, TH Xarlaruhe

(8}
(b}
{¢)
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Institut fir Matsrial- und Festkorperkunde,
Kernforschungszentrum Karlsruhe-Leopoldshafen,
7501 Leopoldshafen.

Prof. Dr F.Thiimmler, Dr Ondratschek, Dr E.Patrassy.

Development of nuclear fuels, based on oxides,;
powder metallurgy.

A: (radial method) up to 2000°C
(longitudinal method) in development.

Friedr. Krupp, Widia-Fabrik, Verc.uchsanstalt,
43 Esgsen 1, Miinchner Strasse 125/127.

Brof. Dr O.Riidiger, Dr J.Hartwig, Dr W.Michel

Development and testing of high melting carbides at high
temperatures.

A : (longitudinal apparatus) up to 1000°C.

Physikalisch- Technische Bundesanstalt,
33 3raunschweig, Bundesallee 100.

Or U.Schley, Dr K.H.Bode, Dr P.Rahlfs, Dipl.Phys.H.Kunz.

Calibrating of measurement technicnes of tharmophysical
properties; control of standards for thermal conductivity:
developaent of new methods for the determination of therme-
physical properties.
X : (longitudinal spparatus) up to 500°C, for plates up to
300°cC.
(longitudinal comparative method) room temperature.
(direct-heating method) up tn 1100°C.
a: (push-rod) up to 1000°C.
€: from -189°C up to 2000°C.
T: (recording pyrometer) in development.

Inatitut fur Werkstoffkunde, Rheinisch-Westfilische Technische
Hochschule, Aachen.

Prof. Dr F.8ollenrath, Dipl.Phys . H.E. Evers.

Applied research on thermophysical properties of high teapera-
ture materials as a besis for sclving sevossstical engineering
nrobleas.

a8 (flash or electruon gun) being planned.

Inatitut flir angevandte Phyaik,
Tochaiache Hochachule, Karlsruhe,

Prof. Or F Stockeann, Dr U.Birkholz.

Wwsic rezearch in z0lid stete physics, especially semi-conductors.

8 (Angstrom sothod) up to 600%C,
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Vis.No.

Germany (continued)

128. ™ Karlsruhe

12, Uni Kola
Italy

14, CNRN

15, CMNR

16. Kuratam

(8)
(b)

(¢)

(8)
(b}

()

(8)

(b)

(c)

{a}
(d)
{¢)

{a)
(b)

Inatitut fur Chemische Technik,
Technische Hochachule Karlsruhe,
75 Karlsruhe, Xaiserstrasse 12,

Prof. Dr E.Pitzer, Dr K.Hiittinger, Dipl.Chem.H.Boder.

Applied research on bigh temperature materials; development of
artificial graphites, silicides, borides, composites, coatings.

X : (couparative method) room temperature.
a: (cooling-down method) up to 1000°C.
a: (push-rod) up to 1800°C

(X-ray) up to 1500°C.

Institut fiir theoretische Physik,
Iniversitit Koln.

Prof. Lange, Dr R.Kohlhaas,

Basic research in thermal and magnetic properties of metals
and alloys up to their melting teamperatures,

A: (longitudipal zethod) up to 100°C
(radial method) up to 1000%C.
¢: (quasi-adisbatic calorimeter) up to 1500°C.

Concilic Nazionale delle Ricerche Nucleari
Casaccia, Roma, Via Anguillarese.

Ing.Pranco, Dr S.Morretti, Dr Pizzotti, Ing.Blanci,
Ing. Evangeliati.

Applied research on nuclear materials, vanadium al.cys, s‘eels,
UO,: heat transfor between cxides, steels and moltein metals.

A: (of molten metals) up to 1000°C.
8 (Xe-flash) up to 1500°C.
a: (push-rod, Adamel];.

Concilio Nazionule deile Recerche
Gruppo di Recerche sulls Techroliogia del
materisli non traditionali

Milano, P. le Rodolfo Morand!, 2.

Prof. Dr Ing.P. Gstto.
Applied research on bhigh teaperature salerials and coatings.
a: (push-rod) up to 1306°C.

CCR Iapra, 8ervicio Qhtaico Pisico.
ing.C.Mustaccht, 8 Giuliani.

Measureaent of therwophysicel properties of reactor materials.
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Vis.No.
Italy (continued)
Euratom (¢) A: (longitudinal method) up to 600°C
(cont inued) (radial outflow method) 500 - 1000°C
(com, ~1ative method) room temperature,
a: (electron gun) no temperature limit.
©: up to 1700°C.
17.  PIAT Central Laboratory, Bezione energia nucleare B

Torino, Corso G. Agnelli 200

(2) Prof. Dr J.L Lancat{, Dr C.P.Galotto, V.Galliina, M.Cmini,
Dr Rosstelli, Dr I.Amato, Dr G.Prigerio.

{b) Basic research in solid-state physics and metallurgy, applied
research and development of nuclear materials, testing of
engineering materials,

(¢) o: (push-rod, Netzsch) up to 1500°_.

18. Istituto Termoaetrico
Torino, Via delle Acacie,

{a} Dr G.Ruffino.

(b) Calibration of temperature messurements, development ¢f new
pyrometric instriments.

(¢) a: (interferometric) 90° - 273°K.
T: (recording pyrometer) under development.
United Kingdox
19. British Ceramic Research Association,

Queens Road, Stoke-on-Trent, England.
(a) P.Popper, D.B.Binns.
(b} Developirg and testing of cermmic naterisls.
(¢) A: (longitudinal comparative method) up to 100°C.

a: (Xe-flash; rcom tempersture.
c: (drop calorimetry) up to 1000°C. '
a: (push-rod. Baudron diiatometer) up to 1000°C.

20. Clarendon laboratory, Universaity of Oxford,

Departsent of Physics, Perks Road, Oxford, England.
(a) Dr R Berman

(b) Basic vesmearch in thermal conductivity of non-metallic saterial:
at very low temperatures.

(¢) ¥ (longitudinal method) at temperatures of liquid and

solid He up to 90°x.
¢ (drop calorimetiry) {n the range of very low temperatures.

RGNy e
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Vis.No.

Urited Kingdom {continucd)

21. GEC
22. NPL
23.
.

(»)
(b

(c)

(a)
(b)

Generel Electric Coupany,
Hirst Research Centro. Wesbley, Middlesex, England.

H.¥.Davidson, H.H.W.1csty, M.I.Wheeler,

Basic and applied materisls rescarch for electrical and nuclear
application, development o2 a diffusivity apparatus using
electron hombrrdmen: .

2. (electron beaa) from 300°C, no upper limit.

National Physical Laboratory, Teddirgton, Middlesex, Eugland.
Metallurgy Division, Division of Applied Physics,
Standards Division.

Dr Hopkins, Dr O.Kubaschewski, C.R.Barber, Dr T.Quinn, W.A.Dench.

Calibration of standards; development of measurement techniques;
thermochemical research.

(¢) A: this department is closed.

()
(b)

(e)

(s
L F

(c)

¢: (sdiabatic caloerimev:+) up to 1500°C.
T: (reccrding pyrometer) under development.

Bath "niversity of Technology, School of Physics,
Ashley Down, Bristol 7, England.

Prof. 8.H.Ayliffe, Dr H.I.Goldsaid.

Basic research on thermal conductivity of semi-conductors and
thermoelectrical alloys; studies of the change of thermal
conductivity with magnetic field (Maggi-Righi-Leduc effect).

A: (longitudinal method) from -90°C to +400°C, magnetic field
up to 10,000 gauss.

a: (laser flash) up to 12(3°C (in collaboration with Windscale
(Reactor Development Laboratories, %indscale, Seliafield,
Seasacale, Cumberland)).

miveraity of Wales, Departseat of Physics,
Singleton Park, BSwansec, Tales.

Dr M.R.Ropkins

Basic research on therws! and dlectrical properties nf setsllic
materialas 1n =olid stale and during selting. therwal
copductivity in semi-cnoducturs.

A : (direct-hesating) no tesperiure liamit.
£ no tempersture limit.
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AMER.ICA
Vis.No,
Canada
25. NRC National Research Council, Division of Applied Physics,

Montreal Road, Ottawa, Ontario
(a) Dr H.Preston-Thomas, Dr M.I.Laubitz, Dr R.E.Bedford.

(b) Basic research on thermal conductivity of metals;
tesperature geasuresents.

(c) A: (longitudinal and Forbes bar) up to 1000°C.
p: (residual electrical resistance at 4°K) up to 1000°C.
8: up te 1000°C
T- development of high temperature the.mocouples.

United States

Aerospace Corporation, Materials Sciences Laboratory,
2400 E] Segundo Roulevard, Los Angeles, California.

(s) I.D.McClelland, Dr J Kaspar, E.H.Zehms, I.Richesrdson, Mr Welten.

(b) Materials research for aerospace purposes; thermophysical
properties of graphite at very high temperatures.

(c) a: (Ksapar s periodic re-radiaticn ter anique) up to 2800°C.
(X-rsc) up to 1500°C.

APSC Air Porce Materials Latoratory,
Materials Enginzering Branch,
Wright-Patterso:.. Air Force Base, Ohio, 45433.

{a) A.M.Lovelace, ki.L.Mingea, G L.Denman, Mr Stevenson.

{b) Basic and applied research on materials for aerospace appii-
cation. Smsic research un heet transfer and the influence
of roughness.

(e \: (refial inflow apparatus) up te 2300°C

{gun* ied hot-plate) up to 1366°C.

a: (laser flash) up to 25009,

: (optical method) up to 2300°C.

€ :© laser source integrating sphere reflsctoseter, up to 25305C,
accuracy ~ 1%. ellipsoide)l sirror refisctometsr, only st
roca temperature, centre post technijue and duep cavity
tecknique for determination of the tots! esittance up to
2000°C.

Al Atoaits Inte'natisga:, Resasreh froune on Metallurgy
BRolid State Phyaices and Meterial Scleace,
P.0.80x M9, Canogs Perk, Caiifornis.

() B.V.XKleder. N.M Kekata, R A.Pinch, C. A Saith, C.C.Weeks.

(b} Basic and applied research on nycluar satorials, espectally
Ir-hydrides and U-oxides.

S

RS, e

o
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Vis.No.

United States (continued)

Al (¢}
(continued)

29. Battelle

(a)
(b)

A: (radial inflow apparatus) up to 2700°C,
? : (laser flash Method (Cape and Lehmann)) up to 1800°C
(transient radial inflow method) up to 2500°C.
6 : (drop calorimetry) up to 1650°C
receiver 750 - 800°C
bydrogen pressure apparatus
(pulse calorimeter) no temperature limit.
o: (optical) up to 3000°C.

Battelle Memorial Institute, Columbus Laborstories,
505 King Avenue, Columbus, Chio.

D.Dingee, J.F.Lagedrost, R.McCann, C.F.Lucks.
Con..'act research in measuring ther-ophysical properties.

(c¢) A: (longitudinal comparative method) up to 850°C

(self-guarding disc method) up to 1800°C
(radial inflow metho!) up to 2500°C.
(laser flash) up to 2000°C.

¢drop calorimetry) up to 2000°C.
(push-rod method. 810, end graphite).
(total emittence) up to 2000°C.

mag op

30. Bixth Conference cn Thermal Conductivity, Dayton, Ohio, Octcber 19 - 21, 1966,

(Only the scientists not mentioned in a separate Vis.No. are listed here.)

(a) (b) (c)
P.G.Klewens Basic research in ’ -
University of Connocticut, solid state physics
Storrs, " and transport
Connecticut sochanisas. -

C.E.Moeller Msaasurements of A : radial outflow

Midwest Research thermal conductivity apparstus up

Inst ituts, at high temperatures. to 2700°C.

425 Volker Boulevard,

Kansas City 10

M.Hoch Basic research in X . steady-state

Ohio Stste University, - thermal conductivity wethod using

Department of Chemistry, weasurement st high direct heating
. Coiumbys, Ohlo tomperatures. up to 2800°C.

B.H.Morrivon

.oz Alamoas Scientific

Laboratories,

Box 1683 NU, Los Alawos,

New Mexico
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Vis.No.
Un-:ed States (convinued}

31. Dynatech Dynatech Corporatioun, 17 Tudor Street,
Cambridg., Massachusetts 02139,

(8) R.P.Tye, L.C.Hosgland.

(b) Development and production of apparatus for measuring thermo-
physical properties.

(¢) A: (radial outflow) up to 2700°C
(radial inflow) in development, now up to 900°C
(longitudinal) up to 1009°C
(hot plate method).
c: (drop calorimetry) up to 1200°C.
«: (pushk-rod, Netzsch) up to 1000°C.

32. GA General Atomic Division, General Dynamics Corporation,
Research Department, Metallurgical Department,
San Diego, California 92112,

(a) Dr W.L.White, M,.T.Simnad, C.L.Meyers, Dr W.C.Bokros, G.b.Engle,
W. V. Goeddel.

(b) Basic end applied research in reactor materials, especially
graphite.

(c) A: up to 1000°C,
o: (push-rod, X-ray).

33. GEC General Electric Company, Nuclear Material and Propulsion
Operation Materials Evaluation and Analysis,
Cincinnati, Ohio 45215.

(a) W.E.Niemuth, J.B.Conway, Mr Flegella, A.D.Feith,
¥.C.Kuhlmann.

(b) Basic researca on ceramic nuclear fuels and rafractory materials,

) (radial outflow) up to 2509°C.
(laser flash) up to 1000°C,
(optical m:thod) up to 2500°C.
(drop caloriwetry) up to 2500°C.
{tharmocoupies} up to 2300°C.

o nR B >

4. JA, Jet Propulsion Laboratory. California Institute of Technology,
4800 Oak Grove Drive, Pasadens, California 91:03.

(a} D.B.Piachbach, M.H.leipold.
{b) Research on graphite and refractory ceramics.

(¢) a: (optical) up to 2000°C
(X-ray) up to 1300°C
(push-rod) up to 1000°C.
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Vis.No.
United States (continued)

35. A.D.Little A.D.Little Incorporated,
20 Acora Park, Cambridge, Massachusetts 02140,

{a) H.McMahon, Dr Glunser, A.E.Wechsler.

(b) Devolopment and production of cryogenic equipment, contract
research in thermophysical properties, coordinator of the
USAF progremme for high temperature standards for thermal
conductivity.

(c) A: (longitudinal) in development
(radial outflow apparatus) vp to 2700°C.

36. Lockheed Lockh2ed Missiles and Space Compaly, 3251 Hanover Street,
Building 205, Palo Alto, Califorris.

(a) R.Perkins, G.R.Cunnington, J.Smith, Mr Bragg, A.J.Funai,
Dr Goetzel.

(b) Applied research on materials for aeronautics.

(¢) A: (radial inflow apparatus) up to 2700°C
(guarded hot-plate method) up to 500°C
(longit.-iinal comparative method) up to 509°C.

a: (Xe flash) up to 800°C
(laser flash) up to 2400°C.

37. MIT Massachusetts Institute of Technology,
Camtridge, Massachusetts 02133.

A, Heat Transfer Laboratories
(a) Prof. W.M.Rohsenow.
(b) Reasarch on heat transfer.

(c) Measurementsz of thermophysicsl properties in collaboration with
Dynatech (Vis.31).
B. Laboratory for daterial Science
(a) Prof. W.D.Kingar~.

(b) Research in ceramics. No further interest in thermophysical
properties of refractories.

35, NBE Nat iona) Bureau of Standards, Cryogenic Division,
Boulder. Colorado 80302.

(a) R.L.Powell.

(b) Basic remearch in loe temperature thersal conductivity,
culibration and development of standards.

(¢) A : {longitudinal appuratus, floating heat sink) 4°K - 300°K.
.8 at low cemperatures.
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United States (continued)

39, NBS National Buresau of Standards,
Gaithersburs,, Maryland.

A, Length 8-ction
b (a) R.K.Kirby
‘ (b) Measurement of thermal expansion, collection of data.

) a: (optical method) up to 1800°C i
(interferometric method) up to 1000°C, 3 i

B. Office of Standard Reference Data
(a) Dr E.R.Johnson.
Ko {b) Collection of thermodynamic and transport data.

(¢) No experimental work.

40. N8BS National Bureau of Standerds,
Washington, DC, 20234.
Enviroumeirt Engineering Sectionm,
Baiiding Research Division, IAT.

| ¥ (a) D.R.Plynn.
‘ (b) Basic research in thermal conductivity up to 1000°C. Engineer-
ing measuremonts of thermal conductivity up to 600°C.

(c) A: (longitudinal heat flow method combired with necked-dowm
direct-heating method in one apparatus) from 100°C up to
1100°C

(longitudinal apparatus utilising Porbes bar method) two
similar apparatuses with a combined temperature range
& from - 160°C up to 850°C -
3 (longitudinal apparatus) from -180°C up to +50°C
(absolute cut bar apparatus) from 100°C up to 1200°C
(longitudina] steam calorimeter apparstus' irom 200°C up
to 1400°C

(guarded hot-plate apparatus) from 0°C up to 60°C
(guarded hot piste apparatus) from -50°C up to +300°C in
development.

41. ORNL Oak Ridge Nationkl Laboratory, 1
Metals and Ceraaics Division,
Oek Ridge, Tennesmee 51811,

(s) D.L.icElroy, W.Pulkerson, R.K.¥Williaas, I.P.Moore, T.0G.NKollte.
(b) Therwophysical properties of resctor and refractory seterials.

{e) A (radial outflow ecpparatus) up tc 1000°C
(radis] cutflow appa-atus) up to 2200°C {n development
(longitudinal spperatus) -190°C up t~ +80°C
{longitudinal epparatus) up to 100°C.
¢ (pulss heating method) 100 - 1400°C.
2.8 up to 1000°C.
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Vis.No.
United States (coatinuad)

. 42. SRI Southern Research Institute,

2000 Ninth Avenue, Sovth Birmingham, Alabama.
|

|

T

(a) C.D.Pears, C.M.Pyron.

(b) Contract research and measuremant of thermophysical properties
at high temperatures.

(¢) A: (radial outflow apparstus) up to 800°C

(radial inflow apparatus) up to 3000°C .
(guaraded hot plate method) up to 540°C.

(drop calorimet.ry) up to 2800°C.

(push rod method) up to 3100°C.

from 400 up to 2750°C.

(LI~ B <)

43. TPR" Thermophysical Property Research Center,
West-Lafayette, 2595 Yeager Road, Indiana 47906.

{a) Prof. Y.S.Touloukian, R.W.Poweli, D.P.Dewitt, C.J.Ho.

(b) Collecting of literature on thermophysical properties,
selecting most probatle values, experimental control of the
date ot thermal conductivity.

(¢) A: {longitudinal method) -90°C to room temperature
(longitudinal comparative and absolute methed) from 50°C
to 400°C
(longitudinal comparative method) from 200°C to 1000°C
(direct-heating methcds) from 200°C to 1000°C
all techniques are in preparation.

4. UcC Union Carbide Corporation, Carbon Products Division,
Parma Technical Center, 12900 Snow Roed, Perms, Ohio.

(a) J.Gcwman, W.W. Lozier, J.Meers, Mr Rittersbusch, Mi Weinard,
Mr Weber.

(b) Research and development of carbon and graphite products.
Thermoplysical studies up tu the highest temperatures.

| (c) A: (radial inflow method) up t~ 270C°C, pressurea up to 40 sta
| (direct-heating., rectangular bar method) up to 2300°C
(guarded hot plate method) up to 500°C.
a: (Xe flash) up to 900°C
(periodical arc-isage sethod) up to 3000°C
{cooling-down method) up to 3000°C.
a: (interferometric method)
| (X-ray) to 2700°C
; (push-rod) to 1000°C.
| £ up to 2%00°C.

:




AN e PP

55

Vis.No,
United States (contiuued)

45, University of Tennes iee,
Department of Chemical and Metallurgical Engineering,
Knoxville, Tennessee.

(s8) Prof. Dr E.E.Stansbury.
(b) Basic research irp metallurgical caloriwetry.
(¢) ¢: (adiabatic ralorimeter) 500 ~ 1000°C.

46, Westinghouse Electric Corporation,
Astronuclear Laboratory,
Thermophysical Properties Laboratory, ;
Pittsburgh, Pa.15226, Box 10864, ]

(a) P.S.Gaal. !
(b) Investigations of nuclear fuels and structural materials. v

(c) A\: (comparative cut bar) 20 -200°C

(radial outflow) 1000 - 2000°C.

a: (flash) 20°C.

o: (recording push-rod)
-200 to +1000°C.
(twin microscopic) for testing 10 sampies concurrently,
20 - 2700°C
(interferometer) -200 to 20°C.

c: drop calorimetry to 600°C.

: =200 to 3000°C.
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Thermal Expansion of Uranium Monocarbide. NAA-SR-8538,
Atom. Int. available from Off. Techn, Serv., Dep. Comm.,
Washington 25, DC.

Bull. Soc. Pranc. Ceram., Vol.27, 1955, p.13.

Journal of the American Ceramic Society, Vol.47, 1964,
p. 256,

Journal 2f the American Ceramic Society, Vol.46, 1983,
p.381.

Journal of the American Ceramic Scciety, Vol 48, 1965,
p. 164,

A Quantum Theory of Thermal Diiatation in Solids. Jouraal
of the Chemistry and Fhysics of Solids, Vol.27, 1966,

p. 1479,

The Theory of the Thermal Conductivity of Solids. Chapter
ia “Thermal Conductivity” (edited by R.P.Ty2), to be
published by Academic Press, London in 19d8.

Hanbuch der Physik, 1958,

See Lit.136.

Handbuch der Physik, Band 189, 1956.

Electrons and Phonons, the Theory of Transport Phenomena
in Solids. Cambridgs University Press, 1863.

Principles of the Theory of Solids. Cambridge University
Preas, 1063.

As. Phys., Vol 3, 1929, p.10%%.
Cryogenics, Vol.o, 1865, p. 297,

Physicel Review, Vol.113, 1839, p. 1048.
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Kuchman, J.
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. Powell, R.L.
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Nechr. Akad. Wiss., Goettingen.

Physical Review, V~', 132, 1963, p.508.

Physica, Vol.5, 1938, p.595.
Journal of Applied Physics, Vol.28, 1957, p.1282.
Zeitschrift der Physik, VYol.126, 1949, p.495.

Journal of Applied Physics, Vcl.31, 1960, p.496.

American Society for Testing and Materials, 1966, p.134.

Journal of the Chemistry and Physics of Solids, Vol. 20,
1961, p.1.

Handbuch der Physik, B8d.¥, Berlin, 1926, p.1.

Z. Elektrochemie, Vol,17, 1911, p,789.

Journal of Applied Physics, Vol.33 (Suppl.l), 1962, p.307.

Philosophical Magazine, Vel.45, 1954, p.290.

Use of a Flash Method yor Measurement of Thermal
Diffusivity of Entry Vehicle Heat Shield Materials.
Lockheed Palo Alto Research Laboratory report,
Californis, 1967.

The Measurement of Thermal Conductivity with Particular
Reference to Temperature Measureaenit. 5th Temperature
Measurement Society Conference, Hawthorne Memorial
Center, Caliifornia, March 1967.

Journal of Nuclear Materials, Vol.22, 1967, p.311.

Determination nf Thermal Conductivity U'sing the YRS
Wetals Apparatus. 6th Thermal Conductivity Conference,
Dayton, 1966.

Hea:urement of Thermci Conductivity by Steady-State
Vethods wn which the Samole s Heated Directly hy Pascage
of an Fle~tric Current. Chapter in "Theraa! Conductivity”
tedited by R.F.Tye), tc be published by Academic F. )as
Inc., London in 1968.
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1682. Flieger, H.W. Jr The Thermal Diffusivity of Pyroceram at High Temperatures.
3rd The:mal Conductivity Conference, Gatlinburg, 1963.

163. Richmond, J.C, Naticpal Bureau of Stardasds, NBS Technical Note 252,

et al. November 20, 1964.

164. National Bureau of Standards, NBS Report 9369, Progr:ss
Report 30, November 1, 1965 - January 31, 1906.

165. National Bureau of Standerds, NBS Report 9407, Progress
Report 31, PFebruary 1, 19¢6 - July 31, 1966,

166. Touloukimn, Y.S. Thermophysical Properties of High Temperature Materials.
McMiller Corporation, New York, 1967.

167. Bedford, R.E. Reference Tables for Pt/20% Rh and Pt/5% Rh Thermocouples.
Review of Scientific Instruments, Vol.35, 1964, p.1177.

168. Bedford, R.E. Rejerence Tables for Pt/40% Rh ond Pt/20% Rh Thermo-

couples. Review of Scientific Instruments, Vol.38,
19684, p. 1571.

4. DATA AVAILABLE ON THERMOPHYSICAL PROPERTIES

The conclusion of tie AGARD Structures and Materials Panel during the 22nd session
(see also Section 1.1 of this report) was that the adequacy of published data for a
limited number of ..‘erials, such as titanium alloys, heat-resistant nickel alluys,
tungsten and graphite, as well as gold and platinum, should be studied and
recommendations for further study should be made.

As shown in Section 1.3.3, some new literature exists in WADC Technical Report
58-476 (Lit.82). 7The comprehensive collection of the TPRC Data Sheets on Tiermo-
physical Properties (Lit.84) has been iss:od continuouzly since 1962, and is supple-
mented each year. In sddition twe vclumes with data on the thermal conductivity of
the nost interesting high-temperature materials (Lit.85, 86) have been pubiished by
tae same institution. Three publications, sponn:ired by the National Bureau of Standards
will be available after revision within the Nutionai Standard Reference Data Series
from tie Superintendent of Documents, US Government Printing Office, Washington,

DC, 20402. In January 1967 the firnt voiuse was published &8s NSRDS-NBS 8 (Category 5-
Thermodynamic and Transport Properties), wherein the thermal conductivity of the
folluwing metals is reported: Al (solid and liquid), Tu, Au, Fe, Mn, Hg, Pt, Pt/Rh,

Ag. " ax well as some non-metallic materials, such as Alzef. ReO, boroailicate glass,
dinmond, MgO, Pyroceram, fused and crystalline s:o:. T10, and numercus liquids and
gasen (Lit.87).
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A new comprehensive data collection on thermophyaical properties of high-temperature
materials has recently been issued by Y.S.Touloukian from the TPRC and it replaces the
WADC report (Lit.83), which has become out of date. It is printed by the McMiller
Corporaticn of New York, and is commercially available.

4.1 Data on Thermal Conductivity

In the following, parts of the two cited reports of the TPRC on the thermal con-
duct vity of selected materials are discussed in more detail. The first one, (Lit.85),
now replaced by (Lit.87), deals with the thermal conductivity of the metals Al, Cu,

Au, Fe (pure and Armco), Mn, Hg, Pt, Pt/Rh, Ag and W. That of the metals Cd, Zo, Pb,
Mg, Mo, Ni, Nb, Ta, Sn, Ti, Zn and Zr, and of a number of types of graphites ar well
as the thermal conductivity of some gases, is summarised in the second veport (Lit.8¢).

These two reports contain, not only the complete references in detsil and disgrams
of all these data as functions of temperature, but elso a recommendation of the ~ost
probable vaiues. Copies of the disgrams for sorme of the materials are included in this
section as a basis for discussion on the adequacy ¢f tlie avajlable literature wj hin
the framework of an AGARD specialist group.

The following elements are represented:

Pure metals: Au (gold) (Fig. 1)

Cr (chromium) (Fig.2)

Fe (Armco iron) (Fig. d)

Ni (nickel) (Pig.4)

Pt (platinum) Fig.5)

Ti (titanium) (Fig.6)

W (tungsten) (Fig. T
Non-metal: graphite (Fig.8, 9)

As can be seen from the diagrams (Figs.1-9), sme of these materials such as Armco
iron (Fig.3) and graphite (Fig.8) have been stuuied intensively, while on other metals
only single values are available, such as for gold at temperstures above 100°C (Fig.1).
It can alsc be seen that the varicus measurements on some distinct metals, for example
on Armco iron (F'ig.3), agree well, while on others, such as tungsten, they differ so
widely that they are not comparable. The reason for thesz differeices {s firstiy in
the incomparability of the specimens caused by their different Quality and their
inhomogeneity, secondly in the different methods of measurement &nd finally in the
differing skill and care of those carrying out the measurements.

While the collection of references and compilation of data Ly the TPRC is universally
acceptable, recommendations on most probable values differ according to different
specialists.

It is impossible to dispute, inprinciple, the atguments of the criticr that the TPRC
recoamendations are influenced too much by subjective judgewent. (A practical exaaple
{s the thermal conductivity of platinus, which seemn to have been clarified at the
last conference on thermal conductivity (Vis.31); the agreed valu~ differed from the
valuyes recomaended at thiu time (compare Figure 13 with Pigure 5).)
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A visit to the Thermuphysical Properties Researsh Center at work, and discussion
with scientists there, gave the impression of a very critical selection and balancing
of the individual results as objectively as possible. As a first estimate these
recommended values are very useful and great efforts have been made to find recommended
values, based very oftenonhighly unrcliable results. But for fundamental research, the
study of the literature referred to in these compilations should be done by the research
scientist himself in relation to his special problems. The collection of data in
Figures 1 -9 shows very clearly the need for a comprehensive programme of collaboration
and fresh comparisons between the work of specialised institu’.ions all over the world.

With regard to measurement accuracy, it seems premature to discuss in detail the
thermal conductivity of alloys, because the thermal history of the specimens is an
additional source cf error. The short range order in tha ares of solid solutions of
Cr-Ni alloys, apart from segregations, recrystallization etc. in complex high
temperature alloys should be mentioned.

Besides these American efforts in collecting data, the independent data collection
in the well-known Landolt-Bornstein book should be noted. The chapter on thermal
conductivity was written by K.H.Bode (Lit.88).

4.2 Data on Thermal Diffusivity

The TPRC data sheets on thermophysical properties (Lit.84) have so far included the
diffusivity of the following materiala:

Metals: Al, Be, Cr, Mo, N{, Pt, Ta, Ti, W, Zn.
Alloys: Ti/Mn, Ti/Al, Co/Cr, Ni/Cr, Ti/Nt.
Non-Metals: TiC, TaC, grsphite.

A further up-to-date coliectior of thermal diffuslvity data appears in
Y.S. Touloukiap’s recent book on “Thermophysical Properties of High Temperature
Materials'” (Lii.168).

4.3 Data on Thermal Expansion

Newly revised data on therwal expeansion of interest to the Panel are given in
Y.2. Toiloukian' s book (Lit.166) and by R.K.Kirby (Vis.39, Lit.898).

Therea’ expansion data are nct included in the TPRC ‘Data Sheets on Thermophysical
Properties’.

Many experimental results {n the study of the thermal expansiocn of refractery
saterials have come {rom Conway’s group {(GEC, Vis.33, Lit.80). Por example Figures 10
and 11 show his iatesat reosults in which an analogous hehaviour of all these materials
is showm.

Accordirg to Kirby (Vis 39), the use of & logarithaic plot of eipansion versus
Leaspers.ure {8 guestionxtis since theie {4 (0 1eagon to expect the plot to be linear.
The ap.. ach to line- R carently due to the fact that most maierials expand
shout the sam* amour. g from toor tesnerature to the pelting point.
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The bulk thermal expansjon of graphite bodies is a special problem. It has been shown
in several papers that the bulk expansion behaviour is not connected with the lattice
expansions (see Figure 15 and Lit.78). This is caused by anisotropy, porcsity, bulk
density and distortions (zee Figure 1€ and Lit, 105).

4.4 Data on Emissivity

Data on radiation properties are reported in Tnuloukian’s recent bock on thermo-
physical properties of high temperature materials (Lit.186) and in the TPRC data sheets
(Lit 84).

So far emissivity values of the following materials of interest to the AGARD Panel
have been published: '

Metals: Cr, Co, Au, Fe, Mn Mo, Ni, Pt, kh, Ag, Ta, Ti.
Alloys: Ni/Cr, Ti/Mn, Ti/Nb, Ti/Al.
Non-Metals: TiC, SiC, graphite.

A team of specialists is collecting data on emissivity for the new edition of the
Landoldt-Bornstein book (Lit.88). Those interested may contact C.Tingwald, PTB (Vis.10).

3. SURVEY OF THE THEORY

1t is not the purpose of this report to eanter into a profo:md discussion of the
theory of thermophysicai properties. 1In _uis section only a brief survey of the most
importent topics is given in relation to further development of the technical appli-
cation of materials especially at high temperatures, where measurements are difficult
and unreliable, A better knowledge of present theories and their future development
enables one to understand the atowmic mechanisas and at least the phenomenology.
Purthermore, understanding the theory enables one to estimate the possibility of
extrapoleting data to other temperarure regions, or as & future aim, of calculating
theraophysical properties thoorztically, without experiment. Discussion is mainly of
the theory of thermal conductivity; the theories of thermal expansion and of specific
heat are mentioned only briefly.

5.1 Theory of Transport Phonomena

Although thermal concductivity is the main subject, a general survey of electrical
conductivity is given as well. General treatments of the theory of thermsal conductivity
are giver by P.G.Xlemens (Lit.137, 138), H.Jones (Lit.139) and J.M.Ziman (Lit.140, 141).

The mechanise of heat transport (o a highly complicated phencmenon. through the
combination of many related offects which caanot be considered asparately. The main
coatributions to heat transport come from phoncas and free alectrons, but asbipolar
heat flow, photons, spin waves and excitons also contribute.

With the concep: of @ solid as a syster ¢f coupied cacillators which tranamit the
thermoelastic waves as ¢ hanis, it is convenient to write, by snalogy with the kiaetic
theory of gases:

o et Bl bR S R . AIAIRGIAN 4 s
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A= 5}_.j ¢y vy lj , (14)

whore ¢ 1is the specifi: heat, v the mean velocity of particles and = the mean
free path of particles; J describes the conducting processes.

Tud heat flow by these carriers is limited by a variety of scattering mechanisas,
the most important of which are

phenon - phcion scattering,
phonon - point defect scattering,
phonon - electron scattering,
phonon ~ boundary scattering,
electron - phonon scattering,
electron - point defect s:attering.

The main problem in the understanding of thermasl conductivity is the determination
of the mean free path of the different scattering mechanisms.

Because, in non-metallic solids, only phonon scattering occurs, this group of
materials will be di-cussed firat. In metals electron scattering only is dominant
and this group will be discussed later.

5.1.1 Conductivity in Insulators

Feat conduction in solids without free electrovas is due to lattice waves. In this
so-called lattice thermal conduction, A, , the heat is transported by directional,
cooperative quantized vibrations (called phonons) of the thersally-excited interacting

lattice tons. The same phonons are responsible for specific heat and thermal expansion
in metals.

The phonon distribution is disturbed by a temperature gradient and the interactiocn
processes tend to restore the equilibrium distribution. The balance of these two
trends causes a steady-state non-equilibrium distribution and a resulting heat current,
which therefore defines the thermal conductivity.

the _rocess of obtaining an expression for the lsttice thermal conductivity starts
vith the Boltzmann equation for phonons. The solution is generally obtained either by
the use of a varistional procedure with trial functions for the phonon distribution,
or by the use of the relazation-time concespt, in which it is assumed that the disturbal
occupeticn nusber of esch phonon mode returns exponentially with time to its Planck
distribution value. Witkia the relaxation-time framework, the simplest solution of the
Boltamann equation yields an expression for the conductivity,

Vs [ v T de (18)

where <o) ia the contridbution o the specific huat per unit volume from phonons of
angular frequancy ., ¥i{.) s their group velocity and 7(,) their eoflective
relaxation time. The expression for the sean {ree mtt_: of phonons { can simiiarly
be uritten
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A= e v do. (18)

In insulators without point defects the mean free path is limited by deparcures of
the lattice vibration froe the simple harmonic. In the resulting interactions, the
energy of the interacting phonons is conserved, while the vector sum of the wave numbers
nay either be conserved or changed by & reciprocal lattices vector. The interactions
may iavolve any nimber of phonons, but thoae involving three phonons ai2 probably the
most important. The conservation conditions may then be written

o, +fw, 1w, (17

q, +4q, q, + 8. (18)

w 18 the frequency, q the wave nurter and g the reciprocal lattice vector. If
€ = 0 the interaction is a Norwal process (N proceas), while if g is a reciprocal
lattice vector there is an Umklapp process (l:-process). N- and U-processes influence
the thermal conductivity in a different way. N-processes do not change the heat flow
directly, but are reans for energy exchange among the phonons. U-processes chailge
directly the energy and the direction of phcnoas and in this way thz heat flux is
limited by the efficiency of the process in restoring the equilibrium phonon distri-
bution.

Regarding the temperature dependence of the conductivity in non-metals, three regions
can be distinguished. In region 1, at sufficiently high temperatures, when T >> SD
(GD = Debye temperature) the heat flow through the crystal is determined by this autual
scattering of phonons, in particular hy U-proce<ses. The conductivity 1s an intrinsic
property of the substance and is inversely propcrtional to the number of phonons
N N 18 given by Bode (Lit.88) as

ph " “ph
N 17} l\“l 9
Xl — =11 (1
ph kT /i .
and for
o . kT
T >» ]:-, Nph ;: . (20)
Froe these results, the mcan free path loh -8 proportional to the reciprocal of the
absclute temperature T : ‘
{ : 21
- (2D
ph T
or, for high tesperatures, i
N (3

This temperatire Jependence {s slways observed fur crystalline dislectric meterials
at high teaperatures and can be ured for a careful extrapolation to higher teaperatures
if the teaperat.re dependeince of the latlice part in region | iz known.
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At increasing temperatures the thermal conductivity becowes more and more complicated
because of aiditional conduciing mechanisms, for inscance scattering processes of
higher order and conduction hy photons ind electrons. The behaviour is only e¢nder-
stood qualitatively.

Of the proposed special theories for isolators, that of Leibfried and Schloman

(Iit. 145) is used most. The theory was developed with the assumption of an infinite
ideal crystal, having no lattice defects and impurities, and permits the calculation

of the sumber of U-processes and their influence on the thermal conductivity. Some
corrections have been made by Steigmeier and Kudman (Lit.146), relating to the temperea-
ture and material dependence of the non-harmonic parameters and to the consideration

of higher order processes (4-phonon-procestes). The differences between experiment

and thecry are consiaerable and the quantitative use of these theories is restricted.

With decreasing temperature, the probability of U-processes {s diminished. According
to the theory of Psieris (Lit.142) the tewperature-dependence of the thermal con-
ductivity in this temperature range 2 is given by

T\P 6.\
A (9_> exp \-t-’%) (23)

)]
and should be infinite at the lowest temperatures.

According to Klemens, Berman and Ziman (Vis.20), the scattering on point-detfects
become dcainant in this region. This scattering process is only effective for phonons
with high frequency. With decreasing temperature the number of phonons with high
frequency diminishes. Now *he influence of N-processes becomes important; the fre-
quzncy spectrum is altered and phonons can be changed from low to high frequency.

By this mechanism the exponential increase of conductivity with decreasing tempera-
ture is inhibited, resultfing in a veversed temperature-dependence at the Jowest
temperatures of thermal conductivity (temperature region 3), which jasses through a
mavimum at about

7his maximum can only be observed for guite pure ~ateriuls. A systematic study of the
influenze of point-defects in ¢his area between the Lemperature ranges I ani 2 has
been made Dy Bermgn and his collaborators (Vis.20, Lit.143) with isotopes of light
elspents, crisiemlly 1iF now He?/tie®. In such well defined mixtures of izotopes the
alteration of the reiaxation time for N-processes can be calculeted.

Csllaway (Lit.!44) has developed & relsxation time theory which fasiiitates the
calculation of the low temperature benaviour of thermsl condyctivity, {nsiuding the
maxigua Terich. He suceesded in istroducing a combined ielaxation time for the various
scattesing processus effective in this temperature region. His expressaion for the
tharmal conductivity donnists of two tergs \L , normatly the main contribution, and
\ ., ahich say be regarded a3 A correction ters related to the restmeal of N-procosses.
The Cullaway theors hag bosn ysed successfully to describe the thermal cviadurtivity
ol & wido weriety of cryetuis. With scme reservations the behaviour of lattice thermsl




conductivity at low temperatures is well uvnderstood and can be treated in a pertly
quantitative manner. An exact theory based on theoretical calculation of the lattice
forces does not exist at present.

Within the region T << HD . the mean {ree path of the phonons reaches the magnitude
of the crystal dimensions, and then the thermal conductivity is de:.. ined by the
crystal diameter (Casimir, Lit.147) and &lso by the specific heat, ifor the wave
velocity is approximately constant. ¥%e may write

A cdxTd, (29
vhere d is the crystal diameter.

In this temperature regiocn the thermal conductivity is no longer an intrinsic
material property. The simple Equation (24) does not express the completely different
mechaaiism of scattering. A propertv on & macroscopic scale, such as the thermal con-
ductivity [watt™'sec”'degree™!], is no longer significant, if this property depends
only on the geometr, of the specimen considered. Taking this into account, it is not
surprising that the specimens of bad-conducting glass with no crystalline long-range
order show a better conductivity than crystalline graphite, which is a much better
conductor at higher temperatures.

For the temperature range near absclute zero, the thermal conductivity is directly
proportional to temperature. This is becesuse the thermal resistance is entirely ceaused
by small-scale defects with dimensions smaller than the dominant phonon wave length.

5.1.2 Thermal and Electrical Conductivity in Wetals

Heat transport in a metal is principally achieved by the motion of conduction
electrons. The lattice thermal conductivity, AL , becomes significant in less pure
netals and in alloys, tnough it is still small compared with the electrconic contribution
(Ae). Both conduction mechunisms are limited by various scattering processes, each
process acting as a separsate resistance in series., The measured conductivity Kn is
appreoximately the sum of both parts,

g > Ao t AL - (25)

The lattice part cf the thermal conductivity amounts only to & few per cent., This
conducticn machanjsm has been discussed in Sccticn 5.1.! for non-metallic materials.
Therefore, in the foilowing, only thermal corductivity by electron is considered.

There are two main scattering processes which limit the electronic conductivity in
the expresnsion Equation {25). The first is the scsttering of conduction elecirons by
thermal vibrations of the lsttice (tke phonons), as represented by the electron-phonon
resistivity, %, , a cha-acteristic property for a given metai. This scattering is
moat important at intermediate teamperatures (about 40 to 80°K; and nhigher. The second
process {e the scattering of conduction electrons Ly lmperfeciions (both impurity
atoes and lattice defects), ar represented by the electron-delect res{stivity, W

N

This scattering (s moi? important st the lower tepperatures. The reciprocal of the
total electronic thermal conductivity, \0 , is the tote] electronic thermal
resistivity, W_ . which {s assuzei tc be the sum of the two reststivities, #, and

L

P
plus a small deviaiion term W, . that is,
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1
T M T MMy (26)
e
T.is equation is analogous to the one used in alectrical circuit theory for the total
resistance when the resistances are in series.

The deviation term has beeu studied theoretically hy Kohler (Lit.149) and indepen-
dently, in experiments, by Powell et gl. (Lit.150)., It is of the form

v _ al,lo (2n
Po BV, + %)

where o, S, and 7y are first-order constants and cac be determined experimentally.

Though theoretically significant, the term is numerically important only for very pure
metals,

Whenever the interaction term w,o is negligible, the thermal equivalent of
Matthiessen’'s rule for electrical resistivity,

W= W W, (28)

is approximately correct.

Powel] (Lit.151) has given a zraph for this relation and its equivalent for con-
ductivity (Pig.12). With knowledge of the two separate terms of Equation (28),
prediction of the total electronic thermal conductivity becomes feasibhle.

Both theoretical and experimental research have led to expressions for magaitudes
and tempcrature-dependences of the electron-phonon and electron-defect resistivities:

¥, = AI® (29)

(n>2to3 T< 40%); IP ~ u constant (nsar room temperatures); W, = 8/T (at ali
temperatures). The constant A in thke electron-phonon resistivity term iz related
to the intrinsic properties (including the characteristic temperature, 90) of a given
motxl and will not chunge for minor additions of chemical impurities or physical
fmrorfections; F in the electron-defect resistivity term i3 related to the given
saount of imperfuctior rnd residual electrical re;istivity of the actual specimen.
Atove 40°K, the electrun-phonon resistivity approaches a constant value, often
labelled W®_ .

n Figure 12 the loren: nuaber L is alao shown. It is defined according to the
Wiedecann-Franz-Lorenz lcw ss follows:

L= ~§ - 2448 « 1077 . (30}

Sommerfeld related the Lorenz number [ to the Boltzmann constant k and to the
elementary charge e
. 2
ALY

L - - =1 (31)
3 \e/
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As seen in Figure 12, the Lorenz rat{os for a high conductivity specimen extrapolate
to approximately the Sommerfeld value at 0°K but fall considerably below it at higher
temperatures. The behaviour of the low-conductivity alloys is different: the valuus
between about 10 and 60°K are higher, but above 60°K the values are sgain lower. The
regions where the ratios are a .ve the Sommerfeld value indicate temperature ranges
where lattice conductivity is important.

The Lorenz ratio should he constant if the conduction electrons are scattered
elastically. This is approximately true at high temperatures, where there is a large
amount ¢f thermal vibration giving rise to large electron-phonon scattering, and at
low temperatures, where the residual term is predominant in the electrical resistivity.
At intermediate temperatures, the condition of elasticity no longer holds, the Lorenz
ratios decrease considerably from the Sommerfeld value, if the lattice thermal con-
ductivity is negligible. Any significent amount of lattice thermal conductivity will
raise the Lorenz ratio above the value it would have had if only the electronic term
in the thermal conductivity were counsidered.

A more detailed expression for the lLorenz number has been derived by Ziman

(Lit. 140, 141):
n? k?

. 8TA'K' (d%(e))
Ly = |70~ 5 ¢ ) 7"
3 3e 45 eo(l) \ Je

(32)
/&=y

Here the Seebeck coefficient S enters into the second term. Up to now the third
term has been neglected but, according to McElroy (Vis.41), it should be taken inte
account in the future and used to explain deviating results.

Finally, & simple correction of the Wiedemann-Franz-Lorenz relation given by
Backlund (Lit.152), which is widely used by experimental researchers, should be
ment ioned.

Backlund separates the electronic thermal resistivity le into three parts:

'er due to thermal scattering of electrons,

] due to spin-disorder scattering,

8
':J due to impurity scattering.
He writes
'Q = l”¢'954lu (33)
ST R T g YRy : (34)
with oo~ ~30 + bT
where °  is tne reatdual slectrical resistance and b a constant. The Wiedemann-

]
Freaz-Lorenz law can then be written as

- TN

R




6

This relation holda even for the transition metals and is valid in the region where
o 1/T, P, 1is determined by the temperature-dependence of the electrical resistance
at intermediate temperatures.

Bidcxlund reports a good approximation to the real behaviour for iron between
90°K - 1300°K and McElroy confirms this.

5.1.3 Comparison Between Experiment and Theory

Better experimental methods and better defined specimen materials have become avail-
able in the last few years and some research teams have started basic research to
correlate these new experimental results with the present tpeories. The work of the
following teams will be discussed:

The research team at the Clarendon Laboratory, Oxford (Vis.20), studying
lattice conductivity at low temperatures.

The research by R.L.Powell on the low temperature behavicur of metals (Vis.38).

The work of Laubitz (Vis.25), on testing the validity of presert theories for
monovalent metals up to 1000°C.

The studies of the ORNL group (Vis.41) to explain the conductivity behaviour
of several materials up to 1000°C and to try an extrapolaticn to higher temperatures.

5.1.3.1

Berman (Vis.20) has shown that the low-temperature thermal conductivity of dielectric
crystals may be explained very satisfactorily by Callaway's relaxation-time theory.
Rowever, when T GD the agreement is only qualitative in most cases.

5.1.3.2

R.L.Powell is experimenting in the low temperature region. With a set of copper
specimens with various impurity contents and with varicus lattice defects, he found
that the intrinsic thermal resistance and the residual resistivity are additive only
if the latter is caused by differing physical ststes, and not if it is caused by
different chemical impurities, which influence the intrinsic resistivity additionally.

5.1.3.3

Laubitz and his group are trying to calculate theoretically the electronic part of
the therezal conductivity of monovalent metels, using experimental results on the
electrical resiativity and & theoretical calculation of the Lorenz number. The
lattice pert of the thermal conductivity is calculated theoretically, using Leibfried
and Schlozann’ s approach (Lit. 143,

As shown recently, the measured values agree qQuite well with the theory at tempera-
tures higher than T"‘-D - 2 . The agreement could be extended to T"'u 1.5, {f gt
i3 assumed that the nuaber of free eiectrons per atom ix about 0.6 instead of 1.0,
which is compatible with present-day Fnowledge.
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5.1.3.4

The main aim of McElroy’ s research group (Vis.41) at Oak Ridge is to predict
tte temperature behaviour of ineresting materials at higher temperatures with the
help of accurate measurements in the range cf about G to 1000°C., On the same rpecimen
the thermal conductivity, the electrical resistivity and the thermoelectric power are
measured. Using Ziman’'s expression for the Lorenz number, separation of the measured
thermal conductivity into electronic and lattice parts is attempted. A lattice con-
tribution of about 25% is found for tungsten. A prediction of the thermal conductivity
up to 1400°C by extrapolation seems to be possible, using this research.

5.1.3.5 Practical use of 1he theories jor
predicting thermal conductivi:y

As pointed out in the previous sections, s theoretical prediction of thermal con-
ductivity behaviour seems to be possible for well-defined pure monovalen. metals in
the medium tempereture range, as shown by Laubitz on copper between 300 and :00u°C.

For temperatures below 300°C the calculated values agree with the experimental
data only if arbitrary assumptions are made. Future work on other monovalent metals
should determine whether the calculation of thermal conductivity from electrical data
is justified.

For temperatures above 1000°C no experimentel comparison with theory exists.
Additional difficulties in the calculation can be expected because of further
scattering processes.

For alloys the effect of point-defects can be estimated roughly, if these are dis-
tributed homogeneously. (See the latest contributions of Klemens (Lit.136).)

There is no chance possibility of calculating the thermal conductivity in complex
alloys if thermnl instability can be expected. It is also impossible to derive the
thermal corductivity of heterogeneous materials from the theorv.

The extrapolation of exactly measured conductivity data to higher temperatures,
using clectrica: date additionally, seems most promising, although the complexity of
the scattering machanism has cften not been understood completely so far.

The conductivity behaviour of pure non-metallic conductors at very low temperatures
is beginning to be understood.

5.2 Specific Heat Theories

Debye’ s theory on specific heat is generally cons{dered to be sufficient for the
consideration of this thermophyvsical property. Debye has assumed a simple isotropic
three-dimensional frequency distribution and charscterises the temperature-dependence
of the specific heat at constant volume by the limiting freguency Cmax which {3 a
characteristic of each material. The apecific heat, according to Debys, {s related
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and the Debye temperature is defined as

h
6, = _’ik!'-'l. (3n

At very high temperature e, = 3R , because eh”/kT becomes small when ht >> v ,
whereas at low temperatures ¢, = aT® , which is the seme dependence as is shown for
the phonon part of the thermal conductivity at very low temperatures in Equation (24).

The real frequency spectrum can be determined by neutron scattering neasurements
(see J.A.Krumhansl, Lit.155). Knowledge of the frequency distributions c¢nables the
thermodynaaic properties of the crystals to be calculated by means of statistical
formulae. This field of research is important for discussion of the theory of thermo-
physical properties.

Purther efforts in solid-state physics have been directed towards a separation of
the various parts contributing to the specific heat, which is determined experimentally,
using Equation (38). A discussion of new results has been given by Braun and
Kohlhaas (Vis.13, Lit.103).

c. = (¢

o -¢,) +cy+cp, (38)

p

where c_ 18 the experimentally determined value, ey the specific heat at constant
volume, % the Dehye part aud Cp the electronic part. Difficulties arise when the
specific heat at constant pressure is to be corrected to constant volume, using the

expression

TV, 3
c.—-¢c, = —-Ju§~ (39)

P v « ’

where [ 1z the volume expansion coefficient, o the isothermic compressibility and
V, the atomic volume at the standard temperature T, . B can be found from [ = 3«,
where a 1is the linear coefficient of thermal expansion. However the (~mperature-
dependence of « is usually unknown, since the empirical relation (40) of Nernst and
Lindemann (Lit.154), with a constant A to be determined by experiment, is not
generally valid.

€, = Cy - AcBT. (40)

Braun and Kohlhaas therefore propose to divide the experimenta! ¢ versus T curve
directly intc the iatticc part, the electron part and the msgnetic part. By this
procedure the (cp~-c') correction is needed only for the lattice psart.

The lattice part cp Tatt i8 composed of the harmonic part Cy and & sum resulting
from the non-harmonic portion of the lattice vibration, consisting itself of the part

(c,-c)) and ¢,

» latt ol

For the harmonic epproximation, the crystal expansion does not have to be con-
sidered:

. (41
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According to Debye’ s theory

6 1
ey = cD_TE = 3R<1-%> [(Bym?..... ]. (42)

For the correction of (cp--cv)1 the Griineisen equation (Lit.153) can be used:
t

(cp—cQI“t = cDﬁGT, (43)

where the Griineisen coefficient G , given by

8Y,

K C

G =

' (44)

(-]

is nearly independent of temperature.

The non-harmonic part of the specific heat has so far only been approximated by
Cya = AT, A being-3....-5x107%. (45)
The electronic part of the specific heat can be expressed as
cg = yM1 + FENT = T+ b1, (46)

where F(fo) is a function of the Fermi energy ° . For free electrons

F = —3772/10'1‘:.

Y can be calculated from specific heat measurements at low temperature.

The magnetic part of the specific hzat in ferromagnetic meterials can be expressed
as

Cou = cp - cD(}T tept “bE tCya - M

Using this expresaion Braun and Kohlhaas (Lit.103) have separated the experimenta!
results on specific heat measurements of the metals Fe, Co and Ni. They have used
the adiabatic calurimeter (see Section 2.4.1.3) and the results are shown in Figure 13.

One can recognise the interesting consequences uf modern research in the field of

specific heat, showing the dzviation of ¢y from ¢

5.3 Remarka on the Theary of Thermal Expansion

Thermal =xpansion 18 caused by the asymmetry of the atomic lattice vibrattons.

Originally the theoretical treatment began from consideration of the potentisl
energy of two lattice components ax a function of the asymwetric elongaticn:

Pipy A r’®.r” (48)

- 3
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Griineisen has given two rules: firstly

a = constant x Cy » (49)

which means that the temperature-dependence of the thermal expansion will follow that
of the specific heat cy - Or inversely: by exact measurement of the lattice expansion
the temperature-dependence of the specific heat c, can be controlled.

Griineisen’ s second rule, expression (50), enables one to estimate the constant in
expression (49).

c,xk m+n+ 3 c, K
Y _ _ = Y_G. (50)
v, 6 v,

3aa = -

m and n , the exponents of expression (48). are independent of temperature within a
wide temperature range.

As the compressibility « is nearly temperature-independent, the cubic coefficient
of expansion 3a (= B for isotropic materials) will follow Debye's T3 law also at
low temperatures.

In recent years a careful experimental investigation of the Gruneisen parameter G
has been made for some monatomic crystals by several authors. The general conclusion
is that G remains almost constant over a wide range of tempw.atures near the Debye
temperature BD of the solid, while in the lower temperature region a marked deviation
from the Griineisen rule occurs. For copper this deviation results in a reduction in G
of about 15%. A qualitative explanation of the effect has been given by Bijl and
Pulian (Lit.156) on the basis of a continuum model of the crystal; however, the
theoretical range of temperatures over which deviation would occur is much higher than
the one experimecatally observed.

In Gallotto' s research group (Vis.17) basic considerations of thermal expansion
behaviour of solid argon are treated, resulting in a new theory by Galline ard Omini
(Lit.135). Argon is used because oniy of this materisl are the intermolecular forces
known with sufficient sccuracy.

6. CURRENT ACTIVITY ON THIRMNOPHYSICAL PROPERTIES
IN NATO COUNTRIES AND PROPUSALS FOR FUTURE
COLLABORATION

6.1 Current Activity

In the course of my visits through the NATO countries 1 found a large n:mber of
fustitutions and specialista interested 'n, and working intensmively {n, the {ield of
thermophyrical properties af aolid materisl at high temperature {see Section 3.1).

In Europe the apecialists work mostly i{n establishmenta or nucféur ehorgy cantres
or tn industry [t ieems that most of them do not have sufficient contact with other
specialisis. In mainy cases they even do not know each other, nor are they awsre of
the research problems of others. The initiative of R W Powell in gathering all the
specialists tcgether for a discussion in Teddington ‘n 1864 s significant (Lit.1(6),

. L}
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but now all activity in the field of thermophysical properties has been discontinued
at Teddington.

s Bt R

On the other hand, specialiats in the USA are collaborating and the Canadians havo
joined them. This led firatly to special meetings, the moat important of which are the
annual Thermal Conductivity Conferences which have been held since 1961, sponsored in
turn by the leading laboratories. A limited number of coples of the proceedings,
containing all the reports presented, are then isaued (Lit.107-112, see also
Section 1.3.4).

Secondly, this personal contact between specialists resulted in cooperative tests
on intereating specimens (see also Section 6.2). The first one was started by Battelle
on the thermal conductivity of iron, and last year the differences in the published
data on the thermal conductivity of platinum were clarified (Vis.30, Lit.91, 92),

Furthermore, some leading specialists are trying to prove the validity of the
present theories on thermal conductivity by precise measurements. ' Such fundamental
research is done in Canada (Vis.25) and in the USA (Vis.41), (see also Section 5).

For applied research, an extended technical programme, supported by the US Air Force,
with the sim of developing high-temperature thermal conductivity standards, was
initiated in 1965 (see Section 6. 2).

The efforts made to create specimen banks for standards deserves mention. The
Netional Bureau of Stanagards at Boulder, Colorado, is preparing standards for thermal
conductivity measurements at low temperatures. Similar efforts are under way in
Germany, where thermal conductivity standards for the medium temperature range can be
bought from the PTB (Vis.10).

A central institution for studies in ihermophysical propertias of aaterisls is the
TPRC in West-Lafayette, Indiana (Vis.45,, supported by the NBS, the US Air Force,
American industry and other institutioas. The task of this centre is to gather all
available data on thermophysical properties (cf. Section 4), to select w:li-proved
data and to control their validity by experiments at the centre. '

Although & large nuabter of laboratories are equipped for research on thermophysical
properties, not all of them seeam to be able to mak~ full ume of itheir capacity and
suitable research projects are amaited.

6.2 Standards for Thermal Coaductivity Weanurement

6.7 ! Lenera!

The {irst liep towaris achieving conpnrgﬁle reaslts in therxs] conductivity measmure-
"pents s to make suitadly, well-defined utanderds available. Many >fforts have been
mede to find suck standards for high temperalure work.

AD.Little Ins. (V.s.25, L1t .93, see algw Section 6.2.2) have ostadblished ¢t\»
following criteris for an ideal thermal sanductivity standard:
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(a) There shall not be any phase change.
(b) The radiative contribution to the heat transfer must be negligible.

(c) Th» material should be isotropic, for many types of thermal conductivity
equipment require this.

(d) The materia) should have a homogeneous microstructure.
(e) The microstructure should remain stable, regardless of the heat treatment.
(f) Tre vapour pressure sust be low, for many instruments work in vacuum.

(g) The sample materials must have sufficient mechanical strength to withstand the
loading appiied during the measurements and the- must not creep or distort
during the test period.

‘h) The thermal shock resistance should be good.

(1) The material should have good machinability and good fabricability.

(k} The melting point must be sufficiently high.

(1) The material gust be chemically stable-.

(m) The material should be easily available and should not be toc expensive.

Recrystallisution has not been considered, in the study referred to, as a ssvere dis-
sdvantage, since grain growth can be minimised by prior annealing.

The use of very pure metals is not favourable becauze their physical properties are
highly sensitive to small amounts of ijmpurity. Only in the rsgion belcw room-temperature
{s this aspect important. Thus ocly a relsatively small group of materisis may be
appropriate. ’ ’

At ambient teaperatures, nhd up to alxcut 1000°C, the following metsls have received
attention from several investigators:

Armco ‘ron end high purity iron,
nickel,

Inconel 702,

platinus.

{ron was found tc De sn excellent thermal copductivity standsrd belos 910°C (phase

change (o y-iron). High purity ivon i{s s better ruference materiel than Armco {rea,

“which is rather sensitive to heat treatmeni. The temperaturc-dependence of the tharmal

condyctivity can be controlled by calculaf ing the thorma! copductivity from the
electrical resistivity and the lattice por:ien {Lit.%2).

Because of the chemical instabtlity of iron the more stabie nickel in propozed as
s stande-a.  Aczording to ¥ Spyra (DEW, Vix 6) it =an he used betwean - 100 and + 336,
whery the sccuracy of the smoothed curve s within about $1.5% (Lit. 345,

To overcome the chemjcal instability of irop at high temperature, Inconel was pro-
potad ak @ atasdard. But, as recent stodios have shown (L1t 93, 96), thix cogplex -
alloy ts umasitably bocause of i's sensitivity to heat treaigent.

Flatinum is chew,. ally atatle over the whole ismpersture range, but very differont
rasulis on its hermal condectiviiy Rave bmen reported (wee Figure 3. According to

-
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the last conference on thermal conductivity (Vis.31, Lit.91), agreement betwsen all
those scientists present was achieved. The thermal conductivity of platinum of uot
extremely high purity is now known up to 1000°C within +2% and, although the thermal
conductivity is affected by purity, platinum seems to be a sultable standurd up to
1000°C (see Pigure 14).

6.2.2 The US Air Force Programae for High Temperature Standards

The US Air Force has given a contract to A.D.Little Inc. to develop standards in
the temperature range between 1000 and 2700°C (Vis.27, 35). Within this programe
waterials within a wide ranga of conductivities and readily available in consistent
qualicy are considered.

The meteriels are distributed by A.D.Little to ten institutes using different methods
for compaiison of the measurements. The first results were expected ir the spring of
1967 and the programme was due to he finished by the end of 1967. A' the time of the
visit to A.D.Little Inc. (October 1966) the following materjals had been selected:

ceranics: AIQOG, ThO:,

intermvetaliics: sintered TiB,.

metals: sinter-d and arc molten W,

graghites: the types CER and RVD of the UCC and POCD 1924-H.

It would be of grest interest for research workers in Europe to compare these American
test results with their ow, ) :

8.3 Propusals for Future Cullaberation

“ In discussing the special problems in this report, several proposals for collabora-
tion within the AGARD {ramework have already been made. In this section some ideas
on the necessity and [~'ority of regearch in different fields is discussed.
LR " Literature

The iiterzture nas been collected by the TPRC (Vis.4?) aid 1% universally available
on request wnd no further {ndividual activity se.mz ' be gecresary. A cead of

spectalists within AGARD could seek methods of direct collaboration with this well
organised research cenire. ’ :

A critical ‘liscusaion of these references by a team Hf specialisn's within AGARD
wouid be helpful to the TPRC in proposing recommended relues,

£ 1) Ntaswiards

Ax wiready menticned, the availability of standerds is the first step towards a
comparison of sethods id equijaent. The standards shuuld be toated by as many
specinlists ax persible.

™ best procedure {or AGARD specialists would be to join one of the existing
Age Dican programmes, eventuslly enlerging of supplesenting theam fros more geners.
potints of view,




Such collaboration would be of advantage not only to European specialists, giving

them a good contact with this organised ressarch, but aiso to the American programmes
themselves, by using the European research capacity for comparison beyond the frame-

work of the research contrsct.

6.3.3 Specialist Conferences

As the annual American Confercnces have shown, personal contact and coutinued dis-
cussion promote the development of this science in ai unique way. The improvement in
accuracy, to +2%, of experimental results on the~mal conductivity at 1000°C is due to
interchange of experience during these well-coordinated conferences. The best proposi-
tion is for AGARD specialists to enlarge these conferances through participation by
the European uations, provided that the difficulties of travelling and expense can be
ovvercome. European conferences on thermal condustivity, or move generally on
“thermophysical prorerties at high temperatures”, should be arranged.

$.3.4 Comparative Testing nf Different Methods

The activities of scientists ir the measurement of thermophysical properiics develop
from tlieir speciel research iuterests, such as solid-state physics. nuclear technology,
acronautical research, general engineering aspects, etc. Every scientist uses methods
most suitable for his owrn purposes and, siace the setting-np of the apparatus and the
achievement of precise measurements is very time-consuming, all scientists try to find
experime.tal solutions only for their own problems. The use of different methods for
comparing result> seems to have been neglected in the further development of a
standard programme, a critical comparison of the differant methods, and perhaps deve iop-
ment of newer, better methods, shouid be considered. This is especially important for
the electrical direct-heating steady-state methods and the periodic non-steady-state
methods., Neither group Las found as much favour as seems to be necessary for a critical
examinat ion.

Part of thic problem is to obtain uniform definition and usz of such terms as
repeatability, reproducibility, precision and accuracy.

6.3.5 Develcpment of the Theory

The validity of existing theory on thermal conductivity should be prove:d experi-
mentally by exact measuring methods esud it might then be extended to simple alloys.
Kowever, the development of methods should be undertaken hefore starting new experi-
mertal work on verifying the theory. Although theoretical pre-calculation of the
therpal conductivity does not seem possibie, the extrupolation of precise experimental
results to higher temperatures, as well as the 23t{mation of the effect of alioying
plements in simple alloys, does sxeem possible.

i 20 Hesearch on Thermal Eqpansion

Bulk thermal expansion is caused by lattice c«xpansion. Although: apparatusex for
the determination of lattic> parameters at high tesmperature are well developed, mo
systematic research . lattice expanaion for refractory materi{ala has been done,
Theoret jcal considerations of thermal expansion behavicur should be based on X-ray
zeasurements and this c.uld provids a progragme of work for a team of specialists,
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The situation for graphite is more complicated, as already mentioned (Section 4.3).
The bulk expansion behaviour is determined not only by lattice expansion but is
influenced to a nigh degree by structural parameters of the artefact (see Figures 15
and 16). The correlation of lattice expansion and bulk expansion on different high-
temperature materials should be clarified.

6.3.7 Conciuding Remarks on the Proposals

As mentioned in the Introduction, all the scientists contacted during the visits
were very interested in collaborution. This is true of Europeen research, where sc
far the work has beer done mostly by individuals, as well as for the American research
workers, who have good contacts with one another ard want to colleborate with their
Buropean colleagaes as well. If this collabcration could be promoted, & series of
problems could be studied within an AGARD project. Some specific ones are sumrarised
as follows:

1. Development of standards for thermal conductivity measurements.

2. Comparison of measuring techniques and their most sujtable application.

3. Development of new measuring techniques, especially the steady-state direct-
heating methods and the periodic transient ones.

4. Comparative error analysis of all methods and critical comparison of available
results, using a uniform nomenclature.

5. Development of better equipment for temperature measurements, especially
recording pyrometers.

6. Testing the validity of present theories of thermal conductivity for pure metals
and simple alloys, using additional measurements of electrical properties.

7. Measuring of the phonon-part in metals, in high magnetic fields or by alloying
techniques.

8. Promotion of new theoretical approaches in thermal conductivity, based on
exactly defined metais and simple alloys.

9. Studies on thermal expansion behaviour, using high temperature X-ray techninues
as 8 bas:s for dev2loping older theories. .
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List of Chapters and Authors in the Monograph
“Thermal Conductivity” (edited by P.R.Tye)

Name

Address

Topic

Dr P.G.Klemens

Dr G.K.White

Dr M.J.Laubitz

Dr D.L.McElroy

Prof.
t.K.Danielson

Dr E.Fried

Dr R.W.Powell

Dr E.Steigmeier

Prof. A.W.Pratt

Mr M.J.Hickman

Dr &.McLaughlin

Dr H.Ziebland

Nr D.F.Flyon

Westinghouse Electric Corp.,
Pittsburgh 35, Penn., USA

(now University of Connecticut,
Storrs, Connecticut)

Bell Telephone Laboratories,
Murray Hill, New Jersey,
07971, USA (until Oct.1967)

National Research Council,
Qttawa 2, Ontariv, Canada

Oak Ridge National Laboratory,
Oak Ridge, Tennessee, USA

Iowa State Uriversity,
Ames, Iowa 50010, USA

General Electric Company,
PG Box 8555,
Phijadelphia, Penn., USA

Thermal Properties Research
Centre, West Lafayette,
Indiana USA

RCA Laboratories,
Zurich 5, Hardturmstrasse 169,
Switzerland

Dept. of Building Sciences,
University of Astcn in
Birminghem, England

Basic Physics Division,
National Physical Laboratory,
Teddington, Middlesex,
Fngland

Dept. of Chemical Engineering,
Imperial College,
Kensington, S.W.7. England

{ Explosives Research and

Development Establishment,
Waltha= Abbey, Essex,
England

National Bureau of Standards,

Washington, DC, USA

General introductory theory
to the thermal conductivity
of sclids.

Measurement of solid
conductors at low
temperatures.

Measurement of good conducting
solids at high temperatures.

Measurement of thermsl
conductivity by radisl
flow methods.

Thermal diffusivity and other
non-steady-state methods.

Thermal conduction contribution
to heat transfer at contacts.

The thermal comparator method
for thermal conductivity
measurement .

Thermal conductivity of semi-
cotiaucting materials.

Theory of thermal conductivity
of insulating materials.

Measurement of thermal con-
ductivity of insulating
materials,

Theory of thermal conductivity
of fluids.

Measurement of thermal con-
ductivity of fluids.

Electrical heating methods.




TABLE I1

Insulators for Thermocouples

Material M""i"'(“:e Z;Cu";if’rjatautr:) (°C)
A1,0, 1800
Bn 2000
BeO 2100
HfO, 2200
Tho, 2300

TABLE III

Prorerties of Commonly Used Thermocuuples i

T?;;, elf"flct:tf‘ieo:f rhermocouple (Ifﬂy/c{;) Accuracy Remarks
about 409K Au/0.03Fe vs Ag/0.37Au 10-20 $0. 2% Lit.6-8 !
Au/0.03Fe vs Nb 10 +1.29 Lit.6-8
300°K Au/0.03Fe vs JONi/10Cr 10 - 20 +0.5% Good
gensitivity
at 1%
; Lit.6-8
4°K to 300K | Au/2.1Co vs Av/0.37Au 5-40 | +0.5% | Lit.9-10
-250°C to 350°C Cu vs Constantan | 16-60 | £0.1°C
-200°C to 1200°C Chruc~l vs  Alumel 16-40 | 350°C | Changes in
L +0.1°% vacuum
' 350°C
1%
Room temperature Pt vs Pt/10Rh 510 | 1100°C} Operates
tc 1500°C i 10.2% very well
1100°C up to
10.5% 1100°C
1000°C to 1800°C Pt/6Rh vs Pt/30Rh 10 about for exemple,
YQOC “Ell 18"
at 1500°C | Degussa
Hanau,
| Germany :
; (Vis. 10 s
400°C to 2400°C W/13Re vs W/25Re 0.02-35 t24 Feith
i (Lit. 11
| gave a
{ sensitivity
| of 10.3°C
} at 2000°C
‘ Vis 33)




Dats for a Visual

TABLE IV

and a Phoinelectrical Pyrometer

Visual Photoelectrical
Temperature of application T > 600°C 600 - 3700°C
at. 1000°C, +1.5°C
Sensitivity at 2000°C, 15°C +0. 04°C
at 3000°C, +10°C
Accuracy - +1°%C
Response time - 10 sec
Stability - 0.002°C/h
for & radiating
area of
0.3 x 0.3 mm?
. TABLE V
? Data on Automatic Pyrometers
L‘ Leeds and Northrup Pyro. Inc.
i
i Sensitivity $0.2°C at 1063°C 0. 14% (peak-tc-peak noise)
? Stability 0.0017°C/h 0.005°C/h st 1063°C
¥
i Response time 1 sec 0.1 - 0.2 sec
¢
: Minimum object
i diameter 1.4 om 0." m
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Institutions Using Longitudinal Heat Flow Methods

TABLE VI

R S

Institutions Remarks Vis.No | Lit.No
Canada
NRC, Ottawa. Ontario up to 1000°C 25 -
Germany
DEW Zentrallaboratorium, RT - 100°C 6 17
Krefeld accuracy 12,5%
Europ. Transuranium Inst., RT - 1000°C 7 20
Karlsruhe accuracy 15%
only for bad conductors
Krupp, Widia-Fabrik, RT - 700°C 9 -
Versuchsanstalt, Essen
PTB, Abt.III, Warme, RT - 500°C, 10 101
Braunschweig accuracy 2-3%
thick samples used
University of Cologne, -180 - 100°¢ 13 120
Institut fir theoretische accuracy t3. 5%, 121
Physik precision +2%
Italy
Euratom. Inst. RT - 600°C 16 -
Servizioc Chimico Fisico flat discs,
Ispra 80-120 mm dia.
10 -25 mm thick
United Kingdos
University of Oxford 1%k - 90°K 20 6
Clarendon Laboratories accuracy 5%
Bath University of Technology | -90°C - 400°C, 23 113
- . magnetic field 10 000 gauss
USA 7
'NBS, Cryogenic Division, 4K - 300°K " 38 19
Boulder, Colorado accuracy +1%
NBS, Buflding Res. Diviston, ip) -180°C - +50°C 40 -
Washington © (b} RT ~ 600°C in air ' 16
RT ~ 750°C in vacuum -
{c) RT - 1100°C 1
platinum approxizate
accurescy 1%
(dy 10@ - 1200°C 114
cut bar approximate
eccuracy-t2. 5%
OfMNL., Osk Ridge. _-195%C - +100°C i1 22
Tennensev accuracy +1.8%
. TPRC, West-Lafayette, 50°C - 400°C 43 -

Indiana

{n construction

— - —
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TABLE VII

Institutions Using Radial Feat Flow Methods

Institutions Remarks Vis.No | Lit.No
Germany
Inst.f.Materiel- u, Fest- 500°C - 2000°C 8 159
korperkunde, radial outflow
Keruforschungszentrum, high temperature gradients
Karlsruhe
University of Cologne, RT - 1000°C 13 119
Institut fur theoretische accuracy 16%
Physik radial outflow
Italy
Euratom. Inst. 500°C - 1000°C 16 -
Servizio Chimico Fisico radial outflow
Ispra
UsA
APSC, Materials Engineering up to 2300°C 2 -
Branch, radial inflow

Wright Patterson
Air Force Base, Ohlo

Atomics International up to 2700°C 28 122
Metallurgy, Solid States, radial inflow
Physics and Material accuracy t18%

Science Groups,
Canoga Park, California

Battelle Mem. Inst. 1600°C - 2500°C 29 -
Columbus, Ohio accuracy
+5% to 1800°C
t8% above
radial inflow
Dynatech Corp. {8) up to 2700°C i 123
Ceabridge. sccurac, *10%
kassachusetts radial outflow
commercially
avaiiable

{bY up to 900°C
radisl] (nflow
in develupeent
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TABLE VII (Continued)
1
Institutions Remarks ] Vis.No | Lit.No
USA (continued)
GEC, Nuclear Mat. and 800°c -~ 2500°C 33 11
Prop. Operation radial outflow 124
Cincinpati, Ghic
Lockheed, Missiles and up to 2700°C 36 -
Space Company, accuracy +20%
Palo Alto, California radial inflow
Midwest Research Institute, up to 2500°C 30 23
Kansas City. Kansas radial outflow
in construction
Nat. Beryllia Corp. up to 2500°C - 125
Haskell, New Jersey accuracy 110%
radial outflow
commercially available
ORNL, Metals and ~156°C -~ +1000°C 41 22
Ceramics .avision, accuracy 2% 96
Oak Ridge, Tennessee radial outflow
up to 2200°"
in development
Southern Research Institute, (a) -140°C - +2250°C 42
South Birminghanm, radial outfiow
Alabama accuracy +5-15%
(b) -140°C - +2754°C 21
radial inflow
accuracy 7 - 12%
UCC, Carbon Products Divisfon, up to 2800°C 44 126

Parma Technical Center,
Parma, Ohio

acouracy
$20% at 1000°C
1 8% at 2600°C
pressures up to 33 atm

radial inflow

DTN S




TABLE VIII

Institutions Using Flash Methods

Vis.NoA[ Lit.No

Institutions Remarks
France
Sud Aviation, Div.Spat, up to 750°C 5 ~
el elec., Courbevoie
Italy .
CNRN, Casaccia, Roma up to 1500°C, accuracy 14 127
+6%, Xe-flash, laser in
development up to 1000°C
United Kingcdom
British Ceramic Research only at room temperature, 19 -
Association, Xe-flash, thermoccuples
Stoke-on-Trent, England as detectors
Reactor Development Lab., laser flash 23 -
Windscale, England up to 1200°C
UsA
AFSC, Mat. and Eng. Branch up to 2500°C, Ta-furnace 27 115
Wright-Patterson InAs as IR-detector
Air Force Base, Ohio
Atomics International up to 1800°C, laser 28 43
Canoga Park, detector to 1%00°C
California thermocouples, above
multipiiers
Batte’le Memorial Inst. up to 2000°C, laser 29 -
Columbus, Ohio (20 joules), Ta-furnace,
PuS-detector, multiplier
in construction
GEC. Nucl. Mat. and Space up to 1000°C, laser 33 -
Operation, (20 joules), PL-furnace
Cincinnat i, Ohio up to 1600°C,
PuS-detector
Lockheed, Missiles and from 150°C to 800°C 16 45
Space Company accuracy 4. 5, 157
Palo Alto, California Xe-{lash,
with laser to 2400°C
uee, Carbon Prod. Div. up te 900°C, Xe-flash, #+H

Parma Techn. Center
Parma, Ohio

thersocouples as
detectors, accuracy * 2%
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TABLE IX

Institutions /sing the Angstroo Method

New Jersey
- — N

[POS VNEPENEP S

Institutions Remarks Vis.No | Lit.No
France
SNECHA, Usiue de Suresnes in prepatatiuvn: radiation 4 -
heating by & plasma
source and & “persienne”
Germany
Institut fiir angewandie working at room tempera- 12A -
Physik, ture, reproducibility
Technische Hochsochuie, 12 -3%, in construction
Karlsruhe up to 600°C,
mechanically regulated
resistor heating
United Kingdon
Bath University of Technology | up to 400°C, use of a 23 -
semiconductor as heater
USA
Iowa State University, up to 900°C, mccuracy - 49
Amas, lowa "t2% oirect resistant
hest
Radiuv Corporstion of America, up to 1000°C - 50
Princeton, accuracy +2%




Institutions Using Periouic Transient Technigues

TABLE X
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ueC, Carhon Prod. Div.
Center,

up to 3000°'C

-
Institutions Remarks Vis.No | Lit.No
France
SNECMA, in preparation: radiation 4 -
Usine de Suresnes heating by a plasma ;
source anid a ‘“persienne”
Germany
Euratom Inst.f.Transurane, electron beam, 7 20
Kernforschungszentrum accuracy about +5%
Karlsrub2
Italy
Evratom Inst. electron beam, 16 127
Servizio Chimico Fisico, from 300°C with ‘
Ispra IR-detector
United Kingdom
GEC, electron beam, i | -
Hirst Research Centre, from 300°C with
Wembley, Middlesex IR-detector
USA
Aerospace Corp. Mat. indirect heating, 26 40
Sciences Laboratory, pericdic disc methods 53
Los Angeles, using re-radiation by
California miTrOrs, l
up to 280G6°C i
Ameyican Machine and Foundry perivdic electron beam, - 116 !
Coapany, 1000°C - 1100°C §
Alexandria, Virginia accuracy + 2% | }
1
{R) periodic arc image 44 36 :
i

Parma Techn.
Paraa, Ohio

(bY pertodic cooling i
dowh up to J0007C i

R S

Koz

AN

(3
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TABLE XI

Institutions Measuring Specific Heat by
Adiabatic and Pulse Methods

T M
Institutioas Remarks Vis.Ne | Lit.No
fFrance
Centre d’ Ftudes Nucleaires pulse heating - 62
Pontenay-aux-Roses
Germany
University of Cologue, cuasi-adiabatic 13 101
Institut fiir theore® ‘sche up to 1600°C 102
Physik accurecy 12% i 103
United Kingdom
NPL,, adiabatic 22 57
Metallurgy Division up to 1500°C
accuracy 1%
[ USA
Atomics Internntiona’ pulse heating 28 61
Metallurgy, Solid Siates, no temperature ]imit
Physics and Material
Science Groups,
i Canoga Park, Califorida
ORAL, ' pulse heating a1 80
Metals and Cerspics Division ! 100 - 1460°C
Dak Ridge, Tenawwssee ? accuracy *l1%
5 reproducibility +0.5%
University of Tennessee 2 adiabatic 45 54
Dep. Chem. Met. Fag. | 509 - 100070 i 85
Knoxville, Tennesses j accuracy 0.3 ; 56
1
L { L. ——
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TABLE XII

Institutions Measuring Pmissivity

Institutions

Bemarks

Vis.No

Lit.No

France

sud Aviation,
Div. Spat. et Electron,
Courbevocie

Germany

PTB, Braunschweig, also -
Inst.Berlin Abbestr.1-12,
Dr Sauerbrey; Inst.f.
Elektrowerxstoff. da. FHA,
Prof.Dr Mecke, Freiburg,
Eckerstr.4; Elektrcwdarme -
Inst.Dr K.Heroid, Essen,
Beethovenstr. 32

USA

AFSC, Mat. and Eng. Branch,
Wright-Patterson
Air Base, Ohio

Battelle Memcrial Institute,
Columbus, Ohio

Scuthern Research Institute,
South Birmingham,
Aiabama

Nationa] Bureau of Standwrds,
Washington

determination of the
total emittance

up to 2500°C
accuracy +2%

(other addresses are
from information given
by PTB (Vis.10)

laser source integrating
sphere reflectometer ¢ up
to 2500°C, accuracy x 1%.
ellipscidal mirror
reflectometer (room
temperature) centre post
technique, deep cavity
technique, up to 2000°C

hole-in-tube method
up to 2000°C

determination of spectral
cmittance, up to 2750°C,
accursacy +12%

nearly the same vguipment
as at the AFSC,
sentioned above

10

217

29

12

40

68

65

162
164
165




Institutions Using Interferometry Methods

TABLE XIIIX

Institutions Remarks Vis.No | Lit.No
Italy
Inst. of Thermometry temperature range 18 128
Turin 90 - 273%
USA
NBS Gaithersburg Fizeau method, 39 69
laser as light source,
up te 1000°C
(under development)
UCC, Parma Newton method 44 70

up to 1000°C




Institutions t'sing Optical and X-ray Methods for
Measuring Thermal Expansions at High Temperature

TABLE X1V

arcyuraty a1y

Institutions Remarks Vis.No | Lit.No
Belgiem
SERAI, X-ray, up to 1200°C 1 -
Bruzelles U-shaped Te heater
France
SNECMA, X-ray, up to 2850°C 4 79
Usines de Suresnes
Germany
Institut fur Chem. Technik, X-ray, up to 1500°C 128 -
Karlsruhe
USA
Aerospace Corporation, X-ray, up to 1500°C 26 -
Los Angeles,
California
AVSC, optical, up to 2300°C 2 -
wright-Patterson Air Base,
Ohio
Atomics International, optical up to 3700°C 28 130
Canoga Park, accuracy 1% up to 1000°C
California 1.5% from 100G°C - 2000°C
GEC, opticai, up to 2570°C KK ] 14
Cincinnati, Ohlo
1PL, (8) X-ray, up to 1500°C 34
Pasadena, (0) optical, up to 2000°C 132
{alifornia 133
134
NBS, optical, up 'y 1600°C 39 -
Gattheraburg, Marylan!
Uce, direct to i{ndirect 44 129
Parma, Ohio heating up to 2400°C,

—
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APPENDIX

Working Party on Thermophys.<al Properties of High Temperature Metals of the
Structures and Materials Panel of AGARD,

The first discussions took place at the 24th Panel meeting on 17 to 26 April 1967,
in Turin, Italy and the final discussions at the 25th Panel meeting on 24 to 30 Septemb'r
1967, in Ottawa, C:lLada.

Chairman: Professor F.Bollenrath

Vice-Chairman: Dr A.M.Lovelace

Members: Mr H.V.Kinsey
Professor L.Locati
Professcer F.Niordson
Specialist: Professor E.Fitzer

AGARD Structures and Materials Panel
List of Members as at the 24th Panel Mceting

Functions
Ashley Prof. Holt us
Barrett Dr A.J. UK Chairman of the Structures Group
Barrois Mr W. Fr. Vice-Cha® ‘man ¢f the Materials Group
Bollenrath Prof. Dr Ing. F. Ger.
Broglio Prof. L. It.
Buckens Prof F. Bel.
Danielt pr Ing. G. 1t.
Deruyttere Prof. A. Bel.
Douillet Nr D. Fr.
Griselli Col. A. It
Hall Mr AH. Ca.
Halle Mr E. Nor,
Incarbone Dr Ing. G. It.
Kane lopoulos Col D. Gr.
Kinsey Mr H.V. Ca. Vica-Chairmen of the Materials Group
Kiglleadal Mr H. Nor. Chairman of the Materials Group
Kowalewnki Dy Ing. J. Ger.
Kiissner Prof. Dr Ing. H.G. Ger.
Leoman:! Capt. G. Fr.
lccatd pDr Ing. L. t.
Lovelece Dr A M s
Mason Mr N.H. UK
Mazet Prof. R, Fr -
Miller Mr W.B. U8
Mullins Dr B.P. UK
Niordson Prof. F. Den.




Functions
Parot Lt-Col A, Fr.
Poulignier Nr J.P. Pr.
Promisel Mr N.E. Us Chairmen
Rhode Nr R.V. us
Rhodes Mr. A.N. UK
Scheplsi Gen G. It. Vice-Chairman
Sullivan Dr T.E. us
Thielemann Prof. Ir Ing. W. Ger.
Thliveros Col P. Gr.
Thurston Nr F.R. Ca.
Van Leeuwen Nr H.P. Ne.
Van der Neut Prof. A. Ne.
de Veubeke Prof. B.Fraeijs Bel.
Videira Eng. F.Marques Por.
}
i
Membership
k PANElL, ORGANS AND OFFICERS
Policy Committee
Chairman: Mr N.E.Promisel
Vice-Chairman: General G.Schepisi
Members: Dr A.J.Barrett :
Nr W Barrois !
Mr H.V.Kinsey ;
Mr H.Kjellesdal
Mr N.H.Mason
Mr R V.Rhode
Set- up- Under the Panel Chairman, with Vice-Chairman of the Pane]l and the Chairmen
and Vice-Chairmen of the Structures Group and the Materials Group plus the
last teo Panel Chairmen.
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Set-up:

Planning Committee

Cheirman:
Vice-Chairman:
Members:

Structures Group

Chairman:
Vice-Chairman:
Members:

Panei Executive:

Panel Secretary:.

Dr A.J.Barrett
Mr #%.Barrois

Prof. B.F. de Veubeke
Mr A.H.Hall

Prof. N.Niordson
Prof. W.Thielemann
Ccl. D.Kanelopoulos
Gen. D.Schepisi

Prof. A. Van der Nwut
Nr E.Helle

Mr R.V.Rhode

Mr N.E.Promisel
General G.Schepisi

Dr A.J.Barrett
Mr W.Barrois
Mr H.V.Kinsey
Mr H.Kjgllesdal
Nr N.H.Mason
Mr R.V.Rhode
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Under the Panel Chairman, with Vice-Chairman of the Panel and the Chairmen
and Vice-Chairmen of the Structures Group and the Materials Group.

Materials Group

Chairman:
Vice-Chairman:
Members:

Dipl. Ing. Turhan Iskit

Melle Alice Guérillot

Nr H.Kj¢llesdal
Mr H.V.Kinsey

Col A.Parot

Mr D.Douillet

M- J.P.Poulignier
Prof. F.Bollenrsth
Col A.Griselli

Mr N.E.fromisel
Dr A.M.Lovelace
Nr N.H.Mason
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Information regarding the avallability of further copies of AGARD publiications may be
obtained from

The Scientific Publications Officer,

Advisory Group for Aerospace Research and Development,
7. rue Ancelle,

92 Neuilly-sur-Seine,

France,




