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CHAPTER I INTRODUCTION 

1.1 THE PEENOMENON OF THERMOTRANSPORT 

According to the thermodynamics of reversible processes 
a system is in equilibrium if two conditions are satisfied: 
(a) the temperature must be constant throughout the system, 
(b) the chemical potential of each substance in the system 
must have the same value in all phases between which the 
substance can be exchanged freely. 
Neither net heat nor net mass transfer occurs then. 

If a temperature gradient is applied to the system, the 
first condition cannot be satisfied any longer. Nor is the 
second condition complied with since a chemical potential is 
a function of temperature. As a consequence, both the net 
heat and the net mass transfer will now generally be differ
ent from zero. 

The phenomenon of mass transfer under the influence of 
a temperature gradient is usually called thermal diffusion. 
The denominatien Ludwig-Soret effect or Soret-effect for 
short is often used for thermal diffusion in the condensed 
state. This has a historical reason. In the middle of the 
last century C. Ludwig (1856) discovered thè effect in a 
solution of sodiurn sulphate. Some 20 years later the effect 
was rediscovered by Ch. Soret (1879) in aqueous solutions of 
various inorganic salts (For more details and other histor
ical particulars compare Jost, 1960, Chapter XII). 

Throughout this thesis the phenomenon will be called 
thermotransport. This term has been proposed by 
H.B. Huntington at an international symposium on electre
transport and thermal diffusion in metals, held in Septem
ber, 1965, in MUnster, Westphalia. As this new denominatien 
was approved unanimously by the participants, it is likely 
that it will supplant the term thermal diffusion in thè 
future*. 

1.2 THERMOTRANSPORT IN SOLID METALLIC SUBSTANCES. THE 
IMPORTANCE OF THE STUDY OF THERMOTRANSPORT, ESPECIALLY 
OF INTERSTITIALS IN METALS 

Ludwig's discovery of thermotransport in liquids pre
ceded by about 60 years the experimental verification of the 
occurrence of the effect in gases by Chapman and Dootsen 

* Note added in p~int. Recently, Huntington (1968) has proposed the alternative denomina
tions 'thermal ma ss t:ransport' and 'thei'momigroation '. 
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roetal investigators 

Li A. Lcdding and P. Thernqvist, 1966 

Na G.A. Sullivan, 1967 

Cu W.G. Brammer, 1957 

C.J. Meechan and G.W. Lehman, 1962 

D. Jaffe and P.G. Shewmon, 1964 

Y. Adda, G. Brebec, N.V. Doan, M. Gerl and J. Philibert, 1966 

Ag J.W. Cahn, private comm. to W.G. Brammer, 1960 

Y. Adda, G. Brebec, N.V. Doan, M. Gerl and J. Philibert, 1966 

Au C.J. Meechan and G.W. Lehman, 1962 

D. Jaffe and P.G. Shewmon, 1964 

Y. Adda, G. Brebec, N.V. Doan, M. Gerl and J. Philibert, 1966 

Zn P.G. Shewmon, 1958 a 

W.C. Clander and R.A. Swalin, 1963 

R;A. Swalin, w.c.· Clander and P. Lin, 1965 

T.F. Archbold and P.G. McCormick, 1966 

Al R.A. Swalin and C.A. Yin, 1967 

S-Ti H.G. Feller and H. Wever, 1963 a 

H. Dübler and H. Wever, 1968 

s-zr H.G. Fellerand H. Wever, 1963 a 

H. Dübler and H. Wever, 1968 

Ta B.A. Mrowca, 1943 {qual. obs.) 

W R.P. Johnson, 1938 (qual. obs.) 

D. C'Boyle, 1965 (qual. obs.) 

G.M. Neumann, 1967 

a-Fe W.G. Brammer, 1960 

Y. Adda, G. Brebec, N.V. Doan, M. Gerl and J. Philibert, 1966 

y-Fe H.G. Feller, 1963 

H. Hering and H. Wever, 1967 a 

Ni D. Klemens and H. Wever, communicated by H.G. Feller, 1963 

H. Hering and H. Wever, 1967 b 

Co P.S. Ho, 1966 

Pt S.C. Ho, Th. Hehenkamp and H.B. Huntington, 1965 

Table 1.2.1 Investigations on thermotransport in unalloyed 
solid metals. Work of mere qualitative character 
is labelled (qual. obs.). 
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(1917). Nevertheless, the phenomenon has been studied far 
better in gaseaus systems than in liquids and solids. On the 
one hand this is because the effect in the gaseaus state 
could be explained quantitatively in a satisfactory manner 
on the basis of Chapman and Enskog's theory of non-uniform 
gases. On the ether hand the discovery of the separation tube 
by Clusius and Dickel (compare Jost, 1960, p. 501), which 
enabled isotapes to be separated via the gaseaus state through 
a combination of thermotransport and convection, increased 
the interest in thermotransport in gases considerably. 

The phenomenon in the condensed state is far less well 
understood. The phenomenological equations descrihing the 
effect are essentially the same for all states of matter. 
However, as opposed to gases, there is still no adequate mo
lecular theory for liquids and solids to enable the para
meters in the phenome nological equations to be calculated 
quantitatively. 

So far as solids are concerned, even the extent of ex
perimental work on thermotransport has been very restricted. 
Attention will be given here only to solid metallic sub
stances, which have our main interest. 

Johnson (1938) and Lebedev (1940) seem to have been the 
first to abserve the phenomenon in solid metals. Studying 
electratransport of carbon in austenite , Lebedev observed 
incidently that carbon diffused to the hotter part of a spe
cimen under investigation. The first successful quantitative 
investigation in the field, however, was carried out only 
fifteen years ago (Darken and Oriani, 1954). Since then pa
pers on the subject have been appearing at an increasing 
rate. 

Virtually all investi gations which are known to date 
have been collected in Tables 1.2.1, 1.2.2 and 1. 2 .3. Some 
reports, not published in the current periodicals, may have 
escaped our attention. Table 1.2.1 lists the investigations 
on thermotransport in unalloyed solid metals. A thermal 
gradient gives rise to a redistribut ion of vacancies in the 
metal lattice and thus automatically brings about a trans 
port of metal atoms. Therefore, bath expressions ' thermal 
se l f-diffusion ' and 'thermal diffusion of vacancies' have 
been used for the phenomenon . Except for the work of Neu
mann, the investigations on thermotransport of vacancies, 
listed in Table 1.2.1, have all been done by the marker mo
vement method. Inert markers, fitted in the metal lattice, 
move with respect to the lattice in the course of the pro
c ess . Their displacements allow of drawing quantitative con
clusions about the effect. 

The investigations on thermotransport in substi t utional 
and interstitial alloys are collected in Tables 1.2. 2 and 
1.2.3, respectively. As may be seen from the latter table, 
thermotransport of hydragen in z irconium and some of its al
loys has been thoroughly investigated. This has been done 
for the following reason. 

1.2 3 



system 

Cu/Au 

Zn/Tl 204 

Zn/Ag110 

Zn/In114 

Cu/Ni 

Au/Ni 

y-Fe/Ni 

y-Fe/Pd 

Ni/Pd 

Cu/Zn 

Cu/Ag110 

Cu/Au198 

Cu/Ge68 

Cu/Co60 

Ag/Au198 

Au/Ag110 

Au/Tl 204 

Zn/1 0 wt.% Nb 

Ag/Sb124 

Ag/Ru103 

methad investigators 

X-ray analysis L.S. Darken and 

of lattice para- R.A. Oriani, 1954 

meters 

radioactive 

tracer tech

nique 

hardness 

measurements 

in diffusion 

couples 

marker movement 

radioactive 

tracer tech

nique 

marker movement 

radioactive 

tracer tech

nique 

F.R. Winter and 

H.G. Drickamer, 1955 

C.J. Meechan, 1961 

H.G. Feller and H. Wever, 

1963 b 

H.G. Feller, H. Wever and 

C. Wilk, 1963 

D. Jaffe and P.G. Shewmon, 

1964 

H.G. Feller, 1964 

W. Biermann, D. Heikamp 

and T.S. Lundy, 1965 

Table 1.2.2 Investigations on t hermotran s p ort i n s ub s t i tu
t iona Z aZZo y s i n chrono Zo g ica Z order 
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inter- solvent 
stitial metal 

H cr.-Zr 

0 

c 

N 

0 

a-zr 

{ 
Zircaloy-2 

and ether 

Zr-alloys 

{ 
a-Ti and some 

Ti-alloys 

a-Fe 

steel 

Ni 

r -Feo. 6Nio. 4 

Zircaloy-2 

a-Fe 

Ni 

cr.-Fe 

y-Fe 

Th 

a-Fe 

a-zr 

Th 

a-zr 

investigators 

J.M. Markowitz and J. Belle, 1957 

A. Sawatzky, 1963 

U. Herten, J.C. Bokros, D.G. Guggisberg and A.P. Hatcher, 1963 

v.s. Emel'yanov, N.V. Borkov, A.I. Evstyukhin and A.T. Kazakevich, 1966 

J.W . Droege, 1961 

J.M. Harkowitz, 1958, 1961 a , 1961 b 

W.V . Johnston, W.R. Jacoby, J.S. Wollam and A.H. Alberts, 1959 

A. Sawatzky, 1960 a and b, 1963 

R.E. W'esterman, 1960 

U. Herten, J.C. Bokros , O.G. Gugqisberg and A.P. Hatcher, 1963 

A. Sawatzky and B.J.S. Wilklns, 1967 

R.P . Marchall, 1965 

O.O. Gonzalez and R.A. Oriani, 1965 

N.A. ZaJ.tsev and H.O. Smolln , 196 4 

o.o . Gon'Zalez and R.A. Oriani, 1965 

o.o. Gonzalez and R.A. Oriani, 1965 

A. Sawatzky, 1960 b 

o.o. Gonzalez and R.A. Orian1, 1965 

o.o . Gonzalez and R.A. Oriani, 1965 

L.S. Darken and R.A . Oriani, 1954 

P.C. Shewmon, 1958 b , 1960 

P.G. Shewmon, 1960 

D.T . Peterson, F . A. Schmidt and J.D. Verhoeven , 1966 (qual . obs.) 

L.S. Darken ~nd R.A. Oriani, 1954 

G.O. Rieck and O.L. Vogel, 1966 (qual. obs.) 

This work 

O.T. Peterson, F.A. Schmldt and J.O. Verhoeven, 1966 (qual. obs.) 

G.o. R!eck and H.A. C .M . Bruning, 1961 (qual. obs .l 

G.O. Rieck and D.L. Vogel , 1965 

This work 

Th D.T. Peterson, F.A. Schmidt and J.D. Verhoeven, 1966 (qual. obs.) 

Table 1 .2.3 Investigations on thermotransport in inters ti
tial alloys. Work of a mere qualitative oharao
ter is labelled (qual. obs .). 

In view of the low neutron capture cross-sectien of 
zirconium, the alloy Zircaloy-2* is used as a cladding rnate
rial for uo2 fuel elernents in pressurised-water power reac
tors. Usually the Zircaloy-2 sheaths already contain a cer
tain arnount of hydragen picked up during pre-operatien eer
rosion testing. Moreover, during operatien in the high-tern
perature water more hydragen is absorbed, proceeding frorn 
the eerrosion reaction Zr + 2 H2ü ~ Zrü2 + 2 H2 and, to a 
lesser extent , frorn radiolytic dissociation. As the Zircaloy-2 

• Zi rcaloy-2 is a zirconium alloy oontaining 1. 3 - 7 . 6 wt.S Sn, 0.0 7 - 0.20 wt.% Fe , 0.07-
0 .76 wt.~ Cr and 0.03 - 0 . 08 wt.~ Ni. 
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is subjected to a high temperature gradient during operatien 
of the reactor, thermotransport occurs, driving the hydragen 
to the colder part of the metal. Here it precipitates as 
zirconium hydride as soon as the terminal solubility of hy
drogen in Zircaloy-2 is exceeded. The precipitate renders 
the roetal very brittle and may cause serieus failure of the 
roetal sheath. As the study of thermotransport permits of a 
quantitative calculation to be made of the redistribution of 
hydragen in the alloy for any given temperature profile, it 
may answer questions such as what is the maximum concentra
tien of hydragen to be tolerated under specified conditions 
in the Zircaloy-2 befare precipitation of the hydride oc
curs. 

With the advancement of engineering (reactor engi
neering, aeronautics, cosmonautics) there is an ever in
creasing need for refractory materials to be operated at 
high temperatures. They are very often exposed to high-tem
perature g-radients. The occurrence of thermotransport may 
offer here problems analogous to that discussed above for 
Zircaloy-2 in power reactors. 

Among the metals used for applications at higher tempe
ratures are the elements of the groups I V A and V A of the 
periadie system. They are notorious for the ease with and 
the extent te which they absorb environmental gases (except 
rare gases) at higher temperatures. On absorption, the gases 
dissociate into atoms. The atoms diffuse into the metal lat
tice, where they occupy interstitial positions. As their 
radii are larger than those of the interstitial holes, a se
vere stress is created enlarging the dimensions of the metal 
unit cell and influencing profoundly the mechanical proper
ties of the metal (increase of hardness, embrittlement,etc.). 

Thus, from a technological point of view, it is clearly 
of importance to study thermotransport of interstitial atoms 
in IV A and V A metals. Other motives can be given. Electra
transport, i.e. the redistribution of material under the in
fluence of a potential gradient, has recently been considered 
as a means of removing interstitial impurities from metals 
(J.D. Verhoe ven, 1966; D.T. Petersen et al ., 1966). The 
redistribution of the solute produces differences in resist
ance within the material with consequent temperature differ
ences. Thermotransport sets in and, according to the di
rection in which the interstitials move along the tempera
ture gradient, will e ither increase or decrease the degree 
of redistribution ultimately obtained. 

From a theoretical point of view the study of therma
transport is of importance to get an insight into certain 
aspects of the transport mechanism which do not manifest 
themselves in isothermal diffusion. For this purpose much 
quantitative experimental as we ll as theoretical work has 
still to be done. 

6 1. 2 



1.3 HISTORY, MAIN RESULTS 
INVESTIGATION 

AND LIMITATIONS OF THIS 

Our interest in phenomena occurring in interstitial al
loys of IV A and V A metals has its cradle in Philips' Re
search Laboratories. Here, De Boer and Fast carried out a 
number of investigations on the behaviour of oxygen and ni
trogen in zirconium. To mention a few examples, they estab
lished the large solubility of nitrogen and oxygen in zir
conium (De Boer and Fast, 1936} and the occurrence of elec
tratransport of oxygen in S-zirconium (De Boer and Fast, 
1940}. Under the influence of a potential gradient oxygen is 
driven to the anode. It was realised that electratransport 
might be a means of purifying zirconium from oxygen (owing 
to the strength of the zirconium-oxygen bond, commercial 
zirconium always contains a certain amount of oxygen) . A 
quantitative study of electratransport to investigate this 
possibility was seen to be intimately connected with the 
problem of thermotransport (compare the preceeding section} . 
Therefore, a study of thermotransport of oxygen in zirconium 
seemed justified before setting out upon a quantitative stu
dy of electratransport in the alloy. The work was started by 
Rieck and Bruning (1961}, who proved qualitatively that 
oxygen moves down the temperature gradient in S- zirconium. 
Indications were obtained that nitrogen in S-zirconium and 
oxygen in B-titanium should behave in the same way. 

~his work is a quantitative extension of their investi
gation. 'I'hermotransport in single-phase solid solutions of 
both oxygen and nitrogen in s-zirconium has been investi
gated in a quantitative manner. What is known as 'heat of 
transport', a quantity which governs the degree of redis
tribution of the solute i n the s teady state (c f . Section 
2.3}, turned out to be 21.3 kcal/mole for oxygen and 25.1 
kcal/mole for nitroge n with standard deviations of 2.9 kcal/ 
mole and 2.5 kcal/mole, respectively. 

A qualitative investigation has shown that the heat of 
transport of oxygen in niobium, and probably also that of 
nitrogen in niobium, must be very slight. A redistribution 
of interstitial a toms could not be demonstrated in either 
system. Oxygen in tantalum, however, was found to have a 
negative heat of transport. 

A quantitative investigat ion of these systems, although 
possible in principle, is complicated by the fact that oxy
gen and nitrogen do not remain in salution at high tempera
tures: oxygen is evolved as oxides, nitrogen as N2 . 

Titanium offe rs the complication of rapid evaporation 
of the metal at the temperatures necessary to obtain a stea
dy sta te of thermotransport within reasonable time. It was, 
however, easy to show tha t oxygen as we ll as nitrogen has a 
positive heat of transport in S-titanium. We obtained a 
strong indication that oxygen in ~-titanium has a negative 
heat of transport. 

Hafnium and vanadium have not been studied. The b.c.c. 
solid salution of oxygen in hafnium is only stable in a ra-

1.3 7 



ther restricted region at quite high temperatures (af. Rudy 
and Stecher 1 1963; Domagala and Ruh 1 1965). Vanadium behaves 
like titanium in that it has a high rate of evaporation at 
quite low temperatures. Moreover 1 likeVA metals 1 it loses 
oxygen rather readily. Nitrogen 1 however 1 remains far better 
in solution (HÖrz, 1968 d). 

As the rate of all evaporation processes (of oxides, 
nitrogen and metals), is proportional to the surface of the 
probes under investigation, a quantitative investigation of 
thermotransport in these instance s will demand t h icker spec
imens than we were able to use in our apparatus. The higher 

the ratio volume of the probe the lower will be the pro-
surface of the probe' 

centual loss of material during the process. One could try 
to diminish the rate of evaporation by running the experi
ments in a rare-gas atmosphere. ~xperiments performed in our 
laboratory have shown that the rate of evaporation of tita
nium can be diminished by argon at a pressure of about 1 cm 
of mercury to such an extent that quantitative thermotrans
port experiments are quite feasible with our apparatus. 

An alternative would be to choose very short specimens, 
since the time which is necessary to approach the steady 
state of thermotransport decreases rapidly with the length 
of the probes. However, very small amounts of the intersti
tial element must then be determined accurately and the 
proble m becomes more of an analytical than of a physical 
nature. 

1.4 A NOTE ON UNITS AND NOTA TI ON USED I N THIS THESIS 

In order to remain in conformi ty with our main soure es 
of refe rence, we have, rather than adopt SI uni t s, used those 
which are still generally employed in t he fi e lds of science 
r e lated to this investigation. E. g . 2 pressures have bee n 
given in Torr (1 Torr = 133.3 N/m l 1 hardness values in 
kgf/mm2 (1 kgf/mm2 = 9.81 x 10 6 H/m2), energies in kcal 
(1 kcal = 4186 J), etc. 

The notatien is essentially in accordance with the rec
omme ndations adopted in 1965 by the Ge neral Council of the 
International Union of Pure and Applie d Physics . An abridged 
version of the r e port in que s t ion has been published in the 
Bulletin of the Inst itute of Physics and t he Phy sic al Society 
~~ 302 - 310 (1967) . For typographical reas ons, however, 
Greek symbols are all of the upright type, and vectors, in
stead of being printed in bold italic type, are given in 
meagre italic type, surmounted by an arrow. 

A special notatie n has been adopted in Sectien 3.7 to 
meet the particular demands of the theory of statistica! 
analysis. The notatien is explained in the s e ctien in q ue s
tion . 

Russian and Ukrainia n narnes have been t ranslite rated 
according to the British system for Cyrillic (British Stand
ard for Transliteration of Cyrillic and Greek characters, 
B.S. 2979: 1958, British Standards Institution, Londen, W.l). 
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CHAPTER II PHENOMENOLOGICAL THEORY OF THERMOTRANSPORT IN 
SINGLE-PHASE INTERSTITIAL ALLOYS 

2.1 EQUATION FOR THE FLUX OF INTERSTITIAL ATOMS 

Our investigation has only been centeredon thematrans
port of interstitial atoms in single-phase bin~ry alloys. 
For such alloys the flux of interstitial atoms, J, is given 
by the vector equation 

j = -DN{Vln N + (Q */RT2 )VT} (2.1.1) 

In this equation N represents the atomie percentage of the 
interstitial element in any given point of the probe and T 
the absolute temperature at that point. R is the gas con
stant, Q* a quantity called the heat of transport, and V the 
differential vector operator. D is the isothermal diffusion 
coefficient of the element in the metal. This is seen by sub
stituting VT = 0 in Eq. (2.1.1), which yields 

.... 
(J)VT=O = - DVN (2.1.2) 

i.e. Fick's first law for diffusion. 
Eq. (2.1.1) may be found in any paper dealing with 

thermotransport in the solid state, but, for the proof, the 
reader is always referred to standard texts on the thermody
namics of irreversible processes such as the one of De Groot 
(1951). These texts deal with gases and liquids for physical 
objects and define the fluxes with respect to the local cen
tre of gravity in the system. When dealing with interstitial 
atoms in a solid alloy, however, it is more practical to de
fine the flux with respect to the local roetal lattice, al
though the difference between the two types of fluxes is very 
small for a dilute salution of interstitial atoms in a heavy 
metal. 

It seemcd appropria te to the author to give an outline 
of the proof of Eq. (2.1.1) and that for two reasons. 
(i) If a proof is omitted, the underlying assumptions are 

nat well recognised. 
(ii) Although a number of standard texts on irreversible 

thermodynamics contain the necessary i.!;formation to check 
the validity of Eq. (2.1.1) even if J has been defined 
with respect to the mctal lattice, it takes much time 
to gather those parts of the theory which are necessary 
fora complete proof. 

Conceptions and forrnulae which are easily found in the usual 
t e xtbooks will be supposed to be known by the r eader* . 

* An int roduetion to th e thermody nam ica of irroeve 'f's ibZe processes (in Dutch ) with a de tailed 
proo f of Eq. (2 . 1. 1) has been written by the author and may be obtained on request. 
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2.2 DERIVATION OF THE EQUATION FOR THE FLUX OF INTERSTITIAL 
ATOMS 

The thermodynarnics of irreversible processes provides 
an expression for the 'entropy souree strength', i.e. the 
rate of entropy product·ion per unit volume in an arbitrary, 
microscopically large and macroscopically smal l region dV of 
a single-phase system which is nat in equilibrium. The size 
of the volume element d V has been chosen microscopically large 
in order that the thermadynamie parameters in the element be 
defined. It has been chosen macroscopically small in order 
that the thermadynamie parameters be single-valued at any 
instant. 

Using Gibbs' relation which is postulated to be valid 
under non-equilibrium circumstances as well, and by applying 
the continuity equations of matter, moment, and energy, the 
following expression for the entropy souree strength, <P 5 , has 
been obtained (af. Fitts, 1962, Chapter I - II, or De Groot 
and Mazur, 1962, Chapter I). 

r ->: -+ 
<Ps = Jq.~(1/T) + L J .• {K./T- ~(~./T)} + additional terros 

i=1 l l l 
(2. 2 .1) 

The additional terros in this expression need nat be speci
fied for our purpose. They account for the contributions to 
the rate of ent ropy production made by chemic al reactions whe n 
these occur, and by the friction within the system. Chemical 
reactions do nat occur in the thermotransport process which 
has our interest, and the atoms move so slowly that the vis
cosity term will be negligibly small. 

In Eq. (2.2.1), dq is the heat flux and Ji the mass flux of 
component i in the volume ele ment dV. Bath are defined with 
res pect to the local c e ntre o f mass. li is the local exter 
nal force on component i per unit of ma s s , and wi the local 
chemical potential of component i per unit of mass. 
-+ we ... denote by Pi the local partial mass density, and by 
vi and v the local velocity of component i and the velocity 
of the local centre of mass in dV, iespectively. Contrary t o 
Jq and ji, Vi and V are defined with respect to an e xternal 
frame o_t reference which is fixed in the l a boratory. The mea n 
fluxes ji are the n de fined by the relations. 

i= 1, ... ,r (2. 2. 2) 

The heat flux j consists of a convective and a conduc
tive part. The conve8tive part is g iven by 

r -+ 

I j . h. 
i=1 l l 

where h. stands for the l ocal partial enthalpy pe r unit of 
mass of1 component i. The conductive heat flow, which is a lso 
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called the reduced heat flow, 

J· = J -q q 

-+ 
j I I 

q 
is thus given by 

(2. 2. 3) 

Representing by the symbol VT that particular part of 
the differential gradient operator, which arises from the 
gradients in pressure and concentratien only, we may write 

V\1 1. = VT\1 1• + (Ó\1./óT)p VT (2.2.4) 
1 ,conc. 

Substitution of Eqs. (2.2.3) and (2.2.4) in Eq. (2.2.1) 
and taking into account the thermadynamie relations 

\li = hi - Tsi 

and 

-(Ó\1./óT)p = s. 
1 ,conc. 1 

in which s. represents the local partial entropy of compo
nent i, one1 obtains the alternative equation 

r ..,. 
~s = J· .V(1/T) + I J .. x . 

q i=1 1 1 (2. 2. 5) 

.... 
The quantities Xi in this expression are defined by 

i= 1, ••• ,r (2.2.6) 

Eq. (2.2.5) possesses the advantage over Eq. (2.2.1) in 
that Frigogine's theerem can be applied to it. This theerem 
may be statedas fellows (De Groot, 1951 1 p.107): 
For a system in mechanica! equilibrium Eg. (2.2.5) for the 
entropy souree strength is independent of the cho~ce of the 
velocity vin the definition (2.2.2) of the fluxes j .• 

1 

One may then write 

r ..,. ( ) ..,. J• .V(1/T) +I j.a .X. 
q i=1 1 1 

(2. 2. 7) 

-+.(a) 
in which the fluxes 1 Ji 1 defined by 

i 11 •.. ,r (2. 2. 8) 

are taken relative_"to a local point a which moves with an 
arbitrary velocity va with respect to the external frame of 
reference. 
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It is of importance to note that the reduced heat flux 
in Eq. (2.2.7), which is defined relative to the local cen
tre of mass, may be defined 'j ust as well wi th respe~t to the 
l.ocal point a. This is readily proved. Denoting by jq(a) and 
J~a) 1 the 1 total 1 and the reduced heat flux relative to the 
local point a, we have, by analogy of Eq. (2.2.3), 

(2. 2. 9) 

The heat fluxes j and j(a) are related by the expression 
q q 

r 
I p .h. (t 

i=1 ~ ~ 
v l a 

(2.2.10) 

From Eqs. (2.2.2), (2.2.3), (2.2.8), (2.2.9), and (2.2.10) 
follows immediately 

(2. 2 .11) 

Thus, all fluxes in Eq. (2.2.7) are defined relative to the 
local point a.. 
~ A system is in mechanica! equilibrium if the equality 

dv/dt = 0 is satisfied in every volume element d V and at any 
instant t. Generally, as soon as a non-equilibrium system is 
left to itself, the acceleration rapidly approaches zero. 
Consequently, the system may be considered to be in mechani
ca! equilibrium almost at the very beginning of the therma
dynamie process. This will certainly be true of the very slow 
process of diffusion in the solid state. Eq. (2.2.7) may, 
therefore, be considered to hold for the thermotransport 
proce sses we are interested in. 

and 

J. 
~ 

Choosing the local metal lattice for the local point ~ , 

shortening our notatien somewhat by writing J for J(~)' q q , 
for Jl~), and Xq for ~(1/T), Eq. (2.2.7) assumes the form 

<P s = j .x + q q (2. 2 .12) 

Before continuing our argument we must consider the 
Onsager relations. The entropy souree strength of an arbi
trary process may be written in the general form 

(2.2.13) 

By JkXk is meant the algebraic, scalar, or scalar tensor 
(double dot) product according as Jk and Xk constitute a pair 
of scalar, vector, or tensor quantities. For many processes 
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the fluxes Jk rnay be considered to be linear homogeneaus tune
tions of the quantities Xk which are called the 'forces': 

The coefficients 
tions 

J. = IL . kXk 
l k l 

(2.2.14) 

satisfy the Onsager reciprocity rela-

Lik = Lki for every 1 and k (2. 2 .15) 

The validity of these relations has been proved for various 
classes of processes. Onsager (1931 a, and b) has shown that 
they hold for fluctuations in systerns which are i n therma
static equilibrium. For such processe s both fluxes (the time 
derivatives of the fluctuations) and torces are scalar quan
tities. De Groot and Mazur (1958) have proved that the reei
procity rela tions r e rnain valid if the proce sses a re not re
stricted to fluctuations in a ged syst erns , but include non
equilibrium situations as well. De Groot and Mazur (1962) 
have also proved the validity of Eq. (2.2.15) for several 
types of processes in which the fluxes and torces are vee
tors. Among these processes are heat conduction and ditfu
sion and their cross-effects (and hence therrnotransport) . 

Resuming our argument we consider an interstitial bi
nary alloy which is not s ubj e cte d to exte rna l f orc es. Ea ch 
of our the rrnotransport probe s was an alloy of this sort. The 
specimens were indeed heated by electric current, but an al
ternating electric field was applied. The electric torces on 
the met al ions and the - probably charged - inters ti tial atorns 
will then average zero over the time. 

Besides the heat flux, there is a flux of roetal ions, a 
vacancy flux and a flux of interstitial atorns in the a lloy. 
A flux of electrans is also prese nt (therrnoelec tric e ffect), 
but will b e l e ft out of c ons ide ration. The t he rrnoele c t r i c 
effe ct was also n e gle cted in the derivation of Eq. (2. 2 .1). 
We further assurne the vacancy flux to be negligible. The flux 
of roetal ions relative to the external frame of referenèe is 
then autornatically zero and the local roetal lattice is fixed 
in the laboratory throughout the systern. The only non-zero 
rnass flux is now the flux J of interstitial atorns, a nd Eq. 
(2.2. 12 ), whi ch is here entirely e quivale nt to Eq . (2.2.7), 
r e duce s to 

4>s 

whe r e 

J .\7(1 / Tl + J.X 
q 

(2.2.16) 

( 2. 2 .17) 

as i s seen frorn Eq. (2.2. 6 ). The quantity ~ i n Eq . (2.2.17) 
is the chemica! potential of the interstitial element. In
stead of defining it per unit of~rnass it rnay be defined per 
rnole of inte rstitia l. The flux J must then be exp ressed in 
rnole /(unit of length) 2 x (unit of time ). 
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Considering the fluxes to be linear homogeneaus func
tions of the farces, we write 

} (2.2.18) 

jq = -L (IJ ]J/T) - L (IJT/ T 2 ) q1 T qq 

There is only one Onsager relation: 

(2.2.19) 

We now introduce what is called the heat of transport of 
the interstitial in the alloy: 

(2.2.20) 

This quantity represents the heat transported per mole of in
terstitial element in the absence of a temperature gradient. 
The heat of transport .is a scalar quantity when J and J have 
the same direction. It is seen from Eqs. (2.2.18), (2.~.19), 
and (2.2.20) that Q* may b e expressed as 

(2.2.21) 

If this is substituted in Eq. (2.2.18) weobtain fortheflux 
of interstitial atoms the expression 

J = -Lll { ('VT ]l /T ) + (Q* / T2 )VT} 

Assuming the salution to be ideal we have 

1l = ll* + RTln N 

(2.2.22) 

where R and N have been defined in Sectien 2 .1. In accordance 
with the definition of ideality, the extrapolation quantity 
Jl* is only a function of temperature and pressure and not of 
the male fraction N. Eq. (2.2.22), therefore, reads 

(2.2.23) 

Since the isothermal diffusion coefficient is defined by 

+ 
(J)'i!T=O'= -D'i!N , 

Eq. (2.2.23) may also b e written as 

j = -DN{Illn N + (Q */RT 2)VT } 

which is formula (2.1.1). 
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It has been tacitly assurned that the thermotransport 
process in our binary alloy behaves isotropically. If this 
were not so, the coefficients Lik in Eq. (2.2.14) would have 
been tensors instead of scalars. 

The conditions for the validity of equation (2.1.1) are 
here sununarised. 
(i) The formula applies to a single-phase binary intersti

(ii) 
(iii) 
(iv) 
(v) 
(vi) 

tial alloy. 
No external forces are exerted on the alloy. 
The alloy is supposed to be in mechanical equilibrium. 
Vacancy diffusion is neglected. 
The thermoelectric effect is neglected. 
The alloy behaves isotropically with respect to ther
motransport. 

(vii) The alloy is supposed to be ideal. 

2.3 STEADY STATE IN THERMOTRANSPORT 

.... 
A system is said to be in steady state if J = 0 every-

where within the system. In an initially homogeneaus alloy 
thermotransport gradually builds up a concentratien gradient. 
The concentratien gradient engenders a mass flux opposite to 
the flux caused by the temperature gradient. The concentra
tien gradien~ increases until the fluxes cancel each ether. 
Then, since J = 0, we obtain from Eq. (2.1.1) 

(2. 3 .1) 

Ass uming 
(i) the temperature gradient to be one-dimensional, and 
(ii) the heat of transport to be independent of temperature, 

we may integrate Eq. (2.3.1) to 

ln N = Q*/RT + C . t ln egr. 
(2. 3. 2) 

A graph of ln N versus 1/T should form a straight line from 
the slope of which the heat of transport may be calculated. 

The heat of transport determines the magnitude of the 
quotient N1jN2 for any pair of temperatures T1 and T2 as is 
seen by rewriting Eq. (2.3.2) in the form 

(2. 3. 3) 

If the heat of transport is positive (negative) the inter
stitial element moves down (up) the temperature gradient. In 
practice , both positive a nd negative heats of transport have 
been observed. If Q* is zero no migration in a temperature 
gradient occurs. A quantitative determination of the heat of 
t ransport is imperative fora quantitative description of the 
thermotransport phenomenon. 
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2.4 CALCULATION OF THE ANNEALING DURATION REQUIRE D TO BRING 
THE SOLUTE DISTRIBUTION I N CLOSE PROXIMITY TO THE 
STEADY-STATE CONCENTRATION PROFILE 

2.4.1 INTR ODUCTION 

When the temperature profile in a specimen has been 
measured during the thermotransport process, and the concen
tratien profile has been measured after quenching the probe 
to room temperature, we cannot expect the pairs of eerre
sponding observations {1/Ti, ln Ni} to fit precisely the 
straight line predicted by Eq. (2.3.2). Experimental errors 
will cause random deviations from the straight-line rela
tionship, and if the system does not meet sufficiently con
ditions (i) to (vii) incl. enumerated in the last paragraph 
of Section 2.2 and conditions (i) and (ii) ment ioned in Sec
tien 2.3, there ma y also be an orderl y deviation from t he 
straight line. The scatter in our observations was so large 
that we could not even dream of finding out a possible or
derly deviation. Worse, when the annealing duration of an ex
periment was chosen too short, and, consequently, the solute 
distribution was still rather remote from the steady-state 
concentratien profile, t he consequent deviations from a 
straight-line arrangement were completely obscured by the 
large scatter. Since we determined the heatoftransport from 
the slope of the straigh t line obtained by applying linear 
.regression to the observations {1/T ., ln Ni}, too short an 
annealing duration usually gave rise~to the abtention of an 
incorrect value for Q*. It is, therefore, imperative to deter
mine the period of annealing required to approach the steady 
state to a sufficie nt degree. The manner in which this c a n be 
done will be described now. 

The equation of continuity for t he i nterstitial element 
reads 

+ 
é!N /é!t = -'V.J (2.4.1.1) 

Substitution of Eq. (2.1.1) in this relation and tak ing into 
account the Arrhenius express ion for the coeffic ient of iso
thermal diffusion, 

D = D0 exp (-Q/ RT ) (2 .4.1. 2 ) 

we obtain for the rate of change of the atomie percentage the 
differential equation 

é!N ja t = D0 'V .[ {exp(-Q/RT)}{'VN + (Q*N/RT2 ) 'V T}] 

(2 . 4.1. 3 ) 

Q is the activatien energy , and the constant D0 the pre-expo
nential factor of isothermal d iffusion. 

The problem now consists in solving Eq. ( 2 .4.1. 3) for a 
g iven sampl e geometry, a given temper ature distribution, and 
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given boundary conditions. Sawatsky and Vogt (1961, 1963) 
have solved the equation for two cases of which one is of 
importance to our investigation and will, therefore, be dis
cussed. 

2 • 4 • 2 RECTANGULAR SAMPLE OF CONSTANT THICKNESS WITH A LINEAR 
TEMPERATURE GRADIENT ALONG ITS LONGITUDINAL AXIS 

We consider a rectangular sample of constant thickness 
with a linear temperature gradient dT/dx = K in the x-direc
tion which is taken parallel to the longitudinal axis of the 
specimen. The temperature is assumed to be independent of 
time, and the mole fraction of the interstitial element to 
be constant (= N0 ) at the beginning of the experiment ( t = 0). 

Equation (2.4.1.3) assumes the ferm 

(2 .4. 2.1) 

Assuming Q and Q* to be independent of temperature and con
centration, and introducing the new variable 

u :: 1 /T (2.4.2.2) 

Equation (2.4.2.1) is converted into 

'dN / 'dt D* 2 Q J !L-(- - - ) N 
R u R 

(2. 4. 2. 3) 

The boundary conditions are 

N(u,t) = N0 t 0 (2.4.2.4) 

and 
.... + 
J (u 1 , t ) = J( u 2 ,t) = 0 , t ~ 0 (2. 4. 2 . 5 ) 

The second condition implies that no interstitial atom can 
move through the ends of the specimen: u 1 and u 2 stand for 
the reciprocal temperatures at the ends of the sample. 

In view of dT/dx :: Kandof the substitution (2.4. 2 . 2 ) 
Eq. (2.1.1) now reads 

J 
2 KD0 u ( 'dN / 3u - Q*N/R) ( 2 . 4 . 2 . 6 ) 

Therefore, boundary conditions (2. 4.2.5) can also be written 

'àN/du = Q* N/R , ( 2 . 4 . 2. 7) 
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Equation (2.4.2.3) is solved by the series 

(2.4.2.8) 

where the time-independent functions N~ are the eigenfunc
tions of the equation 

2 4 d N~ [ 
2 

K u D0 exp(-Qu/R) du2 + 

(2. 4. 2. 9) 

which is obtained by substitution of Eq. (2.4.2.8) in Eq. 
(2.4.2.3) and which has real, non-degenerate and non-nega-· 
ti ve eigenvalues E ~. They may be chosen in such a manne r that 
they form a complete orthonormal set of functions. We then 
have 

(2.4.2.10) 

where f(u) is an appropriate weight tunetion and o~~ is the 

Kronecker delta. The expansion coefficients a~ in equation 
(2.4.2.8) are found by multiplying both memhers of the equa
tion by N~ (u)f(u)du, putting t = 0, and integrating over u 
between u1 and u 2 • By virtue of Eq. (2.4.2.10) we obtain 

u2 
a = JN N (u )f( u )du 
~ 0 ~ 

(2.4.2.11) 
u 1 

The boundary conditions of 
substitution of Eq. (2.4.2.8) 
yields 

for u 

Writ ing 

Eq. (2.4.2.9) are found by 
into Eq. (2.4.2. 7) 1 which 

t ~ 0 ( 2 .4.2.12) 

(2.4.2.13) 

it is seen upon substitution of Eq. (2.4.2.13) in Eqs. 
(2.4.2 . 9) and (2.4.2.12) that the functions G~ ob e y the dif
ferential equation 

-2 -4 -l.L :l 
- K u D0 fxp ( Qu/R 1E~GÀ 

(2.4.2.14) 
with boundary conditions 
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{ (1/u) - (Q- Q*)/2R}GÀ , u= u 1 , u 2 (2.4.2.15) 
t .L 0 

The coefficients cÀ in Eq. (2.4.2.13) are normalising con
stants which may be determined from Eq. (2. 4. 2.1 0) af ter sub
stHution of Eq. (2.4.2.13). 

The weight function f(u) in equations (2.4.2.10) and 
(2.4.2.11) may be found as follows. From equation (2.4.2.14) 
we obtain 

(2.4.2.16) 

On partial integration the left-hand side of this equation 
yields the expression 

[GÀdG"/du - G dG /du]u 2 
,.. 11 À u1 

which is equal to zero in view of the boundary conditions 
(2.4.2.15). Since the eigenvalues are non-degenerate, we in
fer from Eq. (2.4.2.16), the lef t-hand side ofwhich has just 
been seen t o be equal to zero, 

u2 J -2 -4 -1 il 
K u D0 {exp(Qu/RlfG ÀG 11d u 

u1 
(2.4.2.17) 

where C is an arbitrary constant, which i s chosen equal to 

-1 
C = (cÀc 11 ) (2.4.2.18) 

Upon substitution of Eq. (2.4.2.13) in Eq. (2.4.2.17) we ob
tain 

(2.4.2.19) 

which is equivalent to Eq. (2.4.2.10) if the weight function 
is defined as 

-2 -2 -1 
f(u) = K u D exp(-Q*u/R) 

0 
(2.4.2.20) 

On the basis of Eqs. (2.4.2.8), (2.4.2.10), (2.4.2.11) 
(2.4.2.1 3 ), (2.4.2.14), (2.4.2.1.5) and (2.4.2.20) the con
centration N(u,t) for any instant t and any value of u may 
be computed for any given set of values of K, D0 , Q, Q*, u1, 
and u 2 • Gener ally, however, this computation has to be done 
numerically, since the eigenvalues EÀ and the functions GÀ, 
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other than for t = 0, cannot be expressed analytically. 
The first eigenvalue, E0 , is equal to zero~ The first 

term in the series (2.4.2.8) is, therefore, a0 N0 (u). N0 (u) 
is not to be confounded with the constant initial concentra
tien N0 which is independent of u. Since the eigenvalues E À 
are positive for À i 0, the higher terms in the sum decay as 
time proceeds. For t = "", a0 N0 (u) will be the only non-zero 
term in the sum. It represents, therefore, the steady-state 
distribution, N(u)oo. 

·After substitution of E0 = 0 it is found from .equa
tion ( 2. 4. 2. 9) or from Eqs. ( 2. 4. 2. 13) and ( 2. 4. 2 .14) that 
the first term in Eq. (2.4.2.8) is given by 

(2.4.2.21) 

If we choose NÀ(u) = N~(u) = N0 (u) in Eqs. (2.4.2.10) and 
(2.4.2.11), substitution of N0 (u) = c0 exp(Q*u/R) andintegra
tion yields 

and -2 -1 
N c K D (1/u1 - 1 / u 2 ) 

0 0 0 

(2.4.2.22) 

(2.4.2.23) 

x 
where Ei (x) is the exponential integral j exp (-z)dz/z. Equa-

tion (2.4.2.21) is, of course, identical with Eq. (2.3.2). 
The integration constant Cintegr. can be calculated from 
Eq s . ( 2 . 4 . 2 . 2 2 ) and ( 2 . 4 . 2 • 2 3 ) . 

Onder certain conditions, the eigenvalues E À and func
tions GÀ for À > 0 may be approximated by analy tica! expres
sions. These conditions are: 
(i) The quantity 

- 2 4 A = K u D0 exp(-Qu/R) (2.4.2.24 ) 

does not vary too much in the range of experimental temper
atures. 
(ii) The inequalities 

- \}I < < 
Q*) 

E 
À 

A (2.4.2.25) 

and 

(2.4.2.26) 
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hold for À > 0. 
The inequality (2.4.2.25) reduces Eq. (2.4.2.14) to 

2 2 
d GÀ/du = -EÀGÀ/A (2.4.2.27) 

a salution of which is given by 

GÀ = cos(u VE'A/A + cj>) (2.4.2.28) 

By substituting Eq. (2.4.2.28) in Eq. (2.4.2.15) it is 
seen that the boundary conditions (2.4.2.15) becorne 

tan (u V E À /A + q>) e: 0 , for u (2.4.2.29) 

t ~ 0 

when the inequality (2.4.2.26) is taken into account. These 
yield the linear equations 

u1 V E /A + cj> 

u2 VEÀ/A + cj> 

where n1 and n2 are integers. 
obtain 

and 

in which 'A 
(2.4.2.31) 

2 2 E = À TT A/(u 1 À 

cj> = {n1 - /,·u 1 I (u 1 

- n1 - n2 is an 
and ( 2. 4. 2. 3 2) in 

n 1 TT } n 2 TT 

(~.4.2.30) 

Solving for VEÀ/A and cj> we 

- u2) 
2 (2.4.2.31) 

- u 2 ) J TT (2.4.2.32) 

integer. Substitution of Eqs. 
Eq. (2.4.2.28) finally yields 

(2.4.2.33) 

It is seen frorn Eq. (2.4.2.31) that the eigenvalues 
are indeed real, non-degenerate, and positive for À # 0, as 
stated earlier in this section. They increase quadratically 
with the integer 'A. The higher terrns in the surn (2.4.2.8) 
will thus decay rapidly with time. Therefore, in calculat
ing the solute distribution after annealing of not too 
short a duration, only the first few terrns in Eq. (2.4.2.8) 
need to be considered. This rernains true if the inequalities 
(2.4.2.25) and (2.4.2.26) are no langer satisfied, and if the 
quantity A varies considerably in the range of experirnental 
ternperatures. 
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Fig. 2.4.3.1 Shapes of the specimens in the thermotransport 
experiments 
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(a) specimen of the 'singZe-waist' type 
(b) speèimen of the 'two-waist' type 
(a) parameters in thermotransport anneaZing 

Fig. 2.4.3.2 Approximation of a trapezoid by a ring seator 
in deriving Eq . (2 .4.3. 7) 
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2.4.3 TRAPEZOIDAL SAMPLE OF CONSTANT THICKNESS WITH A LINE
AR TEMPERATUBE GRADIENT ALONG ITS MEDIATOR. COMPUTER 
PROGRAMME NO. I 

Instead of being rectangular, our thermotransport sam
ples consisted of two or four isosceles trapezoids of cqn
stant thickness as represented in Figs. 2.4.3.la and b· The 
probes were given these particular shapes in order to create 
a temperature gradient by resistance heating. 

Assuming 
(i) the initial concentratien of the solute to be constant 

throughout the specimen, 
(ii) all trapezoids to be completely congruent, and 
(iii) an identical temperature gradient dT/dx = K to be 

present along the mediator in each trapezoid of the 
probe, 

we shall develop and solve the equation for the rate of 
thermotransport which is now in force. 

In virtue of the assumptions the following boundary 
condition holds for the flux of interstitial atoms: 

j(u,t) = 0 , u = 1/T1 , 1/T2 ; t ::_ 0 (2. 4. 3.1) 

T1 is the t emperature in the constrictions where the short 
parallel sides of two trapezoids meet, and T2 the temper
ature at the ends of the specimen and along the lines where 
the long parallel sides of two trapezoids coincide. The 
boundary condition implies that each trapezoid behaves as 
if i t were isoZated. Therefore, we need consider only one 
trapezoid. 

Taking the x-direction along the mediator of the iso
sceles trapezoid with x = 0 in the short parallel side, and 
choosing the z -direc tion parallel to thi s side (cf . Fig. 
2.4.3.1c), the nabla operator in Eq. (2.4.1.3) assumes the 
two-dimensional farm I(a/ax)+ k(a /az ). However, assuming 
the temperature to decrease linearly along the mediator, 
~T will simply be equal to I~= Ki. As the positive di
rection of the x-axis points ~owards the long parallel side 
z2 of the trapezoid, K is a ne gativ e quantity. Therefore, 
to remember this circumstance , we will d enote it here by 
-lxf · 

The aceurenee of three inde pendent variables i nstead 
of two is a complication which we wish to avoid. Theproblem 
may be closely approximated by one in which only two inde
pendent variables occur. To this end, we substitute ~ ring 
segme nt ALCDNB for the isosceles trapezoid AKCDMB (Fig. 
2.4.3.2). This is a very good approximation as may beseen 
by calculating the length of the bisector MN of the circle 
segment BMDN. The l e ngth o f the bisector is given by 

{ 2 2 2 2 }~ MN = Z z 2/(z 2 - z 1 ) + z 2/4 - Zz 2!<z 2 - z 1 J 

z 1, z2, and Z have been defined in Fig. 2.4.3.1c. For a typ
ical thermotransport specimen Z = 2 cm, z1 = 0.2 cm, and 
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22 = 0.5 cm, yielding MN = 0.0094 cm, i.e. less than 0.5% of 
the length l of the mediator. 

The assumption of constancy of the temperature in the 
z-direction may be replaced by the assumption of constancy 
along a circle of any radius r having its centre at the point 
of intersectien 0 of the non-parallel sides BA and DC of the 
trapezoid. In the case of a temperature gradient as large as 
-300 OK/cm the error in the temperature thus introduced is 
only 0.0094 x 300 = 3 OK for the above-mentioned speci
men. This is less than the differences in temperature actu
ally present along the z-direction during thermotransport. 

It is now clear from the geometry of the ring segment 
and from the constancy of the temperature along r = constant 
that there will be a non-zero flux of the solute only in ra
dial direction: only r and t now occur as independent vari
ables. Therefore, we write down the equation of continuity, 
Eq. (2.4.1.1), and the equation for the flux of interstitial 
atoms, Eq. (2.1.1), in polar coordinates (3 N/3~ = 0 and 
aT/a~ = O): 

aN(r,t)/at -(1/r) a{rJ (r,t)j /ar (2.4.3.2) 

J(r,t) -D0 {exp(-Q/RT)} N( r,tl{alnN(:r, t ) /ar + 

(2.4.3.3) 

We have written dT/dr instead of aT/ar in the last equation, 
since the temperature will be considered to be independent 
of time. Actually, the temperature profile along the probe 
changed somewhat over the first few hours of the experiment, 
approaching a final shape which remained virtually constant 
during the rest of the run. 

Assuming, as befare (Section 2.4.2), Q and Q* to be in
dependent of temperature and concentration, and introducing 
the variableu defined in Eq. (2.4.2.2), we obtain, by sub
stituting Eq. (2.4.3.3) in Eq. (2.4.~.2), the differential 
equation 

3N/dt 2 4 { }[a 2N {2 Q + Q"" 
K u D0 exp(-Qu/ R) au 2 + u R + 

+ 1 } aN Q* { 2 Q 1 -~)A N ] (r1[K[ + ~1 _ ~ ) u2 äU - R u - R -
( r 1 [KI + 1 

u 1 

(2. 4. 3. 4) 

where u1 is the r eciprocal absolute t e mpe rature along 
the inner circle with radius r1 of the ring segment, and 
use has been made of the relation 

(2. 4. 3. 5) 
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Denoting the angle between the mediator and either of 
the non-parallel sides of the trapezoid by B, and its tan
gent by o, we have, for small values of B, 

This relation allows us to write 
slightly different farm 

2 4 } [a 2N 3N/3t K u D0 {exp(-Qu/R) au 2 

(2.4.3.6) 

Eq. ( 2 • 4 • 3 • 4) in the 

Q + Q* 
R + 

(2. 4. 3. 7) 

This equation duly reduces to Eq. (2.4.2.3) for o 0. Its 
boundary conditions are the same as for differential equa
tion (2.4.2.3), i.e. Eqs. (2.4.2.4) and (2.4.2.7). 

The series (2.4.2.8) is also a salution of Eq.(2.4.3.7) 
The functions NÀ are now the eigenfunctions of the equation 

2 4 { } [ d 2 N x { 2 Q + Q * 2 ó } dN À 
K u Do exp(-Qu/R) du2 + u- R + W(u) du -

- !L { 2 - g_ + ~1N ] = -E N R u R W(u) À À À 
(2. 4. 3. 8) 

with real, non-negative and non-degenerate eigenvalues EÀ, 
and in which 

(2. 4. 3. 9) 

To determine the functions N À(u) in the present in
stance, we write, on the analogy of Eq. (2.4.2.13), 

(2.4.3.10) 

The function H (U) is chosen so as to eliminate the term 
containing dGÀ/du from the differential equation which a
rises from the substitution of Eq. (2.4.3.10) in equation 
(2.4.3.8). We obtain 

and 
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- Q* 
Ru 

(2.4.3.11) 

25 



(2.4.3.12) 

The boundary condition of Eq. (2.4.3.12) is seen from Eqs. 
( 2 • 4 • 2 • 1 2) 1 ( 2 • 4 • 3 . 1 0) and ( 2 • 4 • 3 • 11 ) to be g i ven by 

dG À {1 Q - Q* 6 } 
du = Ü - 2R + W(u) GÀ 1 u 

(2.4.3.13) 

The normalising constants c À and expansion coefficients 
aÀ may be determined from Eqs. (2.4.2.10) and (2.4.2.11) 1 

respectively. The weight function f(u) occurr i ng in these 
equatio ns is found by the method describe d i n the preceding 
section. We obtain here 

-2 -4 -1J } f(u) = K u D0 lexp(-Q*u/R) W(u) (2.4.3.14) 

The steady-state distribution is given again by equation 
(2.4.2.21). However 1 the constants a and c now have a dif
f erent numerical value . MathematicaÎly 1 th~s i s clear f r om 
the modified form of the normalising function f(u) 1physical
ly1 from the modified shape of the specimen. It may easily 
be verified that a 0 and c 0 are given here by 

and 

+ ~)~- oQ* 2j(E.( Q* u IR)-
u 1 R R2 ~ 2 

(2.4.3.16) 

Again 1 if the quantity A defined by Eq. (2.4.2.24) 
changes only moderately over the range of experimental tem
perature s1 and if the inequalities 
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IQ - Q* 
Ru 

- (Q - Q*)2 Q 
2R + 

- Q* 0 02 I 
R W (u) + ( ~/ (u >]2 « 

(2 . 4.3.17) 
and 

11/u- ( Q - Q* )/2R + 6/W (u )l « (E À/A)~ (2.4.3 . 18) 

which are the analogues of Eqs. (2.4.2.25) and (2.4.2.26), 
hold for A > 0 , the eigenvalues EA and eigenfunctions GA are 
given by the analytical expressions (2.4.2.3l)and (2.4.2.33). 

A programme was written* in Fortran for the IBM-1620 
computer, to be called Computer Programme No. I hereafter, 
and basedon the formulae just described . Besides D0 , Q, Q* , 
Z, z1, z 2, T1, and T2, the quantities a, m, n, and ~ were 
introduced as variable parameters. m is the number of terros 
in the series given by Eq. (2.4.2.8) which it is only nec
essary to consider in the calculations. Since the series 
converges rapidly for t-values of the order of the annealing 
duration, choosing m = 6 proved to be largely sufficient for 
our purpose. The meaning of a, n, and ~ will become clear 
from what fellows. 

The programme yielded t a %• the period of time nece ssary 
t o reach f or each va lue of u _ 1/T along the length o f the 
specimen an atomie percentage N(u,ta%) so that 

IN( u , ta%) - N(u) 00].$. 1g0 N(u) 00 (2.4.3.19) 

where N (u ) stands for the steady-state value of 
which is gÏven by Eq. (2.4.2.21). 

N(u,t) 

ta% was calculated as fellows. The r ecipr ocal-T interva l 
l / T2 - l/T1 was divide d into n-1 equal inte rvals. For e ach 
terminal point of the intervals, Ui (i= l , ... ,n), and for 
each of the non-zero eigenfunctions EA(A = l, ... ,m-1) a 
time tÀ (ui) was calculated from 

/aANA (ui) e xp(-EA t A (u i)j (2 .4.3.20) 

The large st among t he value s t (u . ), t max .• wa s . inse rted 
in Eq. (2.4.2.8) and it was tes~ed1whether Eq . (2.4.3.19) 
was satisfied. When not, tmax. (1 + ~ )r was inserted in Eq. 
(2.4.2.8) with r = 1, 2, .. . until Eq. (2.4.3.19) was satis
fie d. If this occurs for r = s, then t a% = t max . (1 + ~)S 
with an a ccuracy of 100 6 %. In our c alculations, ~ was taken 
equal t o 0.05, i . e . the time subs tituted in Eq. (2 .4.2.8) 
wa s augme nte d by 5 % in e ach step , and the value o f t % ob-
t a ine d may b e in e rror by 5 % a t most. a 

• We a r e indeb t e d to Dz-s. A . J. Ge urts and M1' . H. Wi l lem s e n of the Mathemat i ca Sectio n of 
our I ns tit ute f or wri tin g the aomputer pro grammes . 
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2.4.4 RECTANGULAR SAMPLE WITH CONSTANT 
ARBITRARY TEMPERATURE GRADIENT. 
NO. II. 

CROSS-SECTION AND 
COMPUTER PROGRAMME 

It will be seen in Sectien 5.5 that taking the trapezo
idal shape of our samples into account yields values of t s% 
which are hardly different from these obtained .when consider
ing the samples to be rectangular in shape. On the ether 
hand, condition (iii) mentioned in Sectien 2.4.3 was very 
aften not sufficiently met with so that the trapezoids con
stituting the probe could not be considered to behave as 
separate units. The true value of t5% may then be considera
bly larger than the one obtained from a computation based on 
a single trapezoid. Moreover, dT/dx was not always suffi
ciently constant. 

Therefore, a second programme was written (in 
the EL-X8 computer), to be called Programme No. II 
and based on the differential equation for the 
change of the atomie percentage, 

Algol for 
hereafter 
rate of 

oN/ot = D0 ~x[{exp(-Q/RT)}{~~ + (Q*N/RT2 )~~}] (2.4.4.1) 

for a rectangular probe with constant cross-sectien and ar
bitrary, though one-dimensional and time-independent,temper
ature gradient. 

The temperature profile was approximated by straight 
lines (af. Section 5.6 and Fig. 5.6.2) whose terminalpoints 
(xi, Ti) were inserted into the computer input. Since these 
lines interseet in discontinuous points in which the differ
ential quotients are not defined, another method of solving 
the differential equation has been devised for us by Drs. 
A.J. Geurtsof our Institute. 

Taking the coordinate x instead of u as a variable, the 
'reduced' concentratien profile at time t, F(x, t ) was intro
duced, and which is defined by 

N(x, t ) = N(x) 00F (x , t ) (2. 4. 4. 2 ) 

where N(x) 00 is the steady-state distribution given by 

N(x)oo = C exp { Q* /RT(x)} (2. 4. 4. 3) 

C is a constant appropriate to the present problem. 
Substitution of Eq. (2 .4.4.2) in Eq . (2.4.4.1) yields 

the expression 

{exp(Q* / RT)} ~; 
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The boundary conditions are easily seen to be 

F(x,O) (2. 4. 4. 5) 

and 
~~exp { (Q* - Q) /RT] 0 , 

t ~ 0 (2. 4. 4 .6) 

where x 1 and x2 are the coordinates of the terminal edges of 
the sample. 

Eq. (2.4.4.4) is solved by the series 

F (x ,t) 

which is the analogue of Eq. (2.4.2.8). 
The resulting differential equations 

3 [óUÀ (x) J 
D0 óx óx exp(Q* - Q) /RT = - EÀU Àexp(Q*/RT ) 

(2.4.4.7) 

(2. 4. 4. 8) 

À = 0, l, ... 

are solved by discretisation, rnaking sure that no interval 
Xi - ~xi/2 to Xi + ~Xi/2 contains a point of intersectien of 
two neighbouring straight lines. 

For an orthonorrnal set of eigenfunctions UÀ(x) the co
efficients aÀ in the series (2.4.4.7) are given by 

by 

2.4.4 

(2. 4. 4. 9) 
x2 

j N (x ) u2 (x ) dx x co À 
l 

Finally, t was chosen frorn the values t , (x ;) given 
rnax. " ... 

xi ~ n values frorn x 1 to x 2 , 

À = 1, ..• , rn-1 

} (2.4.4.101 
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CHAPTER III DESCRIPTION OF APPARATDS AND TECHNIQUES 

3. 1 THE VACUUM APPARATUS 

In order to keep the contamination of thermotransport 
samples by environmental gases within a reasonable limit, 
the experiments were run in high vacuum. The amount of con
tamination suffered during operation (in wt.% or at.%) 
depends on the value of the residual pressure in the vacuum 
chamber, on the sticking probabilities of the absorbed gas
es, on the ratio surface areajmass of the sample and on the 
duration of the experiments. It will be seen in Sectien 
(5.2.2) by both calculation and experimental verification 
that the pressure in our vacuum apparatus during therma
transport - 50 nTorr or better - has been sufficient under 
the conditions of the experiments to keep the contamination 
within acceptable limits. 

For convenience, the high-vacuum apparatus was built in 
two separate units, connected with the same backing stage. 
In the first unit samples were prepared for thermotransport 
and in the second unit thermotransport experiments were run. 

The backing stage consisted of a Leybold model u2 two
stage rotary pump connected with a flexible pipeline to an 
electrapneumatic isolation/ air-admittance valve, which was 
mounted on a 40-litre buffer reservoir. 'l'he valve was of the 
type that opens only after the pressure above the rotary 
pump has dropped to a value some 30 or 40 'l'orr above the 
pressure in the buffer reservoir. As a consequence of the 
relatively small volume above the rotary pump (about one 
litre), the pressure in the buffer reservoir did notaugment 
by more than 0. 5 'l'orr on opening the val ve. As the maximum 
backing pressure of the mercury vapour pumps of the high
vacuum units is at least 10 Torr, it fellows that the open
ing of the valve cannot cause a backstreaming of air through 
the vapour pumps when these are in operation. It was thus 
possible to switch the rotary pump automatically between a 
highe r and a lower pressure limit in order to keep it in
operative during most of the time. To this purpose the 
Heraeus model VM-0 bimetal vacuum switch was connected with 
the buffer reservoir with pressure limits fixed at 0.001 and 
0. 5 Torr. 'l'he rotary pump then remained inoperative for 
hours after a few minutes of pumping. 

The buffer tank was connected with a panel carrying 
manually operated isolation valves and a Balzers model NV2 
thermocouple gauge for measuring the backing pressure. One 
of the valves was for air admission and also served as an 
opening for glass blowing i f new roetal ribbons had to be 
mounted within the glass envelope of the high vacuum units. 
A second valve served to cut off the buffer reservoir if air 
had to be admitted to these units. The other valves were to 
isolate the units from the backing line if so desired. 
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Fig. 3 . 1 .1 

Outline of ar>rangement of the high-vacuum 
unit t o pr>epare metal r i bbons for ther>mo 
transp or>t 

7. Leybold typ e Hg72 vapour> str>eam pump 
2 . Uquid ni tr>ogen tr>ap 
3 . main isoZation vaZve 
4 . Uquid nit r>ogen trap 
5. Philips type 53EM hot - ca thode ioniaa

tion gau ge 
6. type I me taZ r>ibbon Zamps 
7 . heat - insuZa t ing p Za tfor>m made f r>om 

Si ndan yo 
8 . oven 
9 . Kovar - to - G 28 s e aZ with meta Z beZZows 

and flange 
70. Balzer>s typ e HV2 cold - cathode i onisa 

tion gauge 
77. caZibr>ated volume ( 8 . 97 ± 0 . 03 cm3 ) 
72 . stor>age - bottles wit h spectroscop i ca l 

Zy pur>e gas e s 
73. mer>cur>y manome t e r> 
74 - 20 . stop - cocks 



Both high-vacuum units were made of Philips G 28 glass. 
An outline of the first unit, which served to prepare roetal 
ribbons for thermotransport, is given in Fig. 3.1.1. The 
unit is also seen for a large part on Plate 3.l.I. The 
second unit, to be used for the proper thermotransport 
experiments, was essentially i dentical toit (P1ate 3.1.II.) 

Plate 3.1 .I Control p a nels of the vacuum apparatus and part 
of the vacuum unit fo r the preparat ion of t her 
motransport samples 

7. buffer reservoir of backin g s t age 
2 . bim e tal vacu um switch 
3. panel wit h isolati on valves and Balzers type NV2 thermo 

couple gauge 
4 . electr ical c ontrol panel with switche s , var iable trans 

farmers ( t o supply power to heating tapes , o vens and 
transfarme rs 2 1), thermocoupl e s e lector switch , temp e ra
tur e indicator (t o measure the temp e ratur e of the glas s 
wall s du r ing o utbaking) a nd ammeters ( to mea sur e the cur 
r e nt t hrough the metal r ibbon s ) 

5 . control unit o f hot - cathode ionisation gauge 
6 . control units of NV2 and HV2 vacuum gauges (one for each 

vacuum uni t) 
7 . high-vacuum eme r gency switc h-o f[ control (one for each 

vacuum uni t) 
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8. control unit of bimetal vacuum switch 
9. 70-litre Dewar vesseZs with suppZy tubes forliquid nitro

gen. The upper Dewar vessel is hidden behind the oven 10: 
only its supply tube is visibZe, which is nat in position 
for operation 

70. back half of oven for outbaking the vacuum chamber (front 
half removed) 

7 7. thermocoup Ze wires 
7 2. Ziquid-nitrogen trap (No. 4 in Fig. 3. 7. 7) with type I 

metaZ ribbon Zamps (No. 6 in Fig. 3.7.7) The PhiZips type 
53EM gauge head was removed when this photograph wastaken 

73. Syndanyo platform in Dexion frame 
74. main isoZation vaZve (No. 3 in Fig. 3.7.7) 
75. (hardZy visibZe) type HV2 cold-cathode ionisation gauge 
76. heating tape 
17. Zower Ziquid-nitrogen trap ( mounted on mercury vapour 

stream pump which is not visibZe in this photograph) 
78. mercury loek, wrapped in plastic, for automatic control 

of the liquid nitrogen level in the lower coZd trap 
79. mercury manometer (No. 73 in Fig. 3.7.7) 
20. variabZe resistance to cancel differences in resistance 

between bath metal ribbon circuits during outgassing of 
strips 

27. step-down transfarmers (220 to 70 volts) to supply current 
to the metal ribbons 

The main differences consisted in the absence of the gas 
dosing device (storage bottles, mercury manometer, and cali
brated volume), in the design of the 'metal ribbon lamps' 
(Plates 3.2.III, 3.2.IV, 3.3.VIII and 3.3.IX) and in the 
use of an Edwards model 2H4A mercury vapeur pump with model 
NTH2A vapeur trap to produce the vacuum. 

The conneetion with the vacuum pumps was made by means 
of Apiezon lubricated conical joints. Other roetal parts (the 
capper tubing of the backing stage and the flanges for 
mounting metallic pressure gauges) were connected with the 
glass tubing via roetal bellows and kovar-to-glass seals. As 
the roetal parts and certain components of the glass envelope 
are to be fixed tightly to the supporting frame of the vacuum 
unit, tensions will arise in the glass on cooling after 
assembly. The roetal bellows were inserted to annihilate the 
tensions. Stop-cocks were of the Horseling type (Horseling, 
1955) to permit a rapid outgassing of the vacuum grease after 
it had been applicatéd. 

Bath units were provided with two high vacuum gauges: a 
Balzers type HV2 cold-cathode ionisation gauge and a Philips 
type 53EH hot-cathode ionisation gauge. The Philips gauge 
was for measuring the lower pressures in the vacuum chamber, 
its range extending down to 10 nTorr. The Balzers gauge, 
which cannot be used for measuring pressures below 1 ~Torr, 
served the following purposes. 
(i) The current through the gauge head was applied to an 
electronic circuit. This circuit served to interrupt the 
rnains voltage to all electrical equipment upon rising of the 
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Plate 3.1.I I Vaeuum unit for thermot r ansport experiments 
during a ~unJ with 50 - Zitre Dewar vessels and 
pyromet e r in position . The mePeury vapour pump 
i s hidden behind the lower De war v essel . The 
lowe r vapouP tPap of s tain Zess steel is just 
visibl e behind the Dexion fram e . The Upper va 
pour trap of G 28 gl as s is e ne l osed by mode lled 
b Zoeks of expanded poZysterene to repre s s e x 
eessive evapoPat ion of liquid ni trogen . The 
control panels (visib Ze on Plate I ) ar e pur 
po s e ly hidden behind a eu~tain t o ob tain a sim
pZe r pietu~e . 
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gauge head current above a value corresponding to a pressure 
of about 0.1 mTorr. The apparatus could thus be run over
night without risk of vital damage upon cracking or rupture 
of the glass envelope. 
(ii) By applying the gauge head current to a Balzers type 
KL1 leak detector, small leaks in the vacuum container could 
be located rapidly. 

To obtain the desired vacuum it was necessary to out
bake the vacuum envelope. In both units the 'metal ribbon 
lamps', the Philips gauge head, and the upper liquid ni
trogen trap were outbaked in an electric oven, to be placed 
on a platform made of Sindanyo, a heat-insulating material. 
The parts of the vacuum mantle beneath the Sindanyo platform 
were degassed by means of heating tape. The softening point 
of G 28 glass being 465 °e (at a viscosity of 1014.6 Poise), 
outgassing could be carried out safely at 400 °e. Thermo
couple wires were fastened on to the walls of the e nvelope 
to control the temperature in order to prevent the glass from 
overheating. Stop-cocks were cooled by compressed air during 
outbaking to prevent the vacuum grease from flowing. 

A number of arrangements was made to ensure a safe and 
proper functioning of the entire apparatus, so that it could 
be left unguarded. As these arrangements were all conven
tional, they need not be described here. We only mention the 
use of a device (of conventional design) to control auto
matically the liquid nitrogen level in the cold traps. Using 
50-litre Dewar vessels, the traps remained filled for more 
than three days, permitting the experiments to be continued 
over the weekend. 

3.2 PREPARATION OF SAMPLES FOR THERMOTRANSPORT 

A description will be given here of the manner in which 
samples were prepared for thermotransport. 

The stock materials, as received from the supplier, 
consisted of long zirconiurn, titanium, niobium, and tantalurn 
ribbons, 0.5 cm in width and between 120 and 200 ~min 
thickne ss. All r ibbons of e ach particular roetal were of the 
s ame badge . A c hemical analysis of the mate rials will be 
given in Section 5 .1. 

Lengths of 10 cm were cut off, cleaned with acetone and 
etched chemically to remove possible surface contaminations. 
For zirconium a mixture of 5 cm3 conc. HN03 , 5 cm3 of40 % HF 
solution, and 40 cm3 glyce rol was use d as an etchant, and 
for niobium a salution of 2 wt. % HF and 2 wt. % HN03 in wate L 
Ti tanium and t a ntalum we r e no t e tched . 

Af ter c l eaning , the ribbons we r e spot we lde d in a vert i
cal position on to molybde num frames, which were connected 
t o leadthroughs, mounted on a basis made o f powder glass.The 
design of the 'metal ribbon lamp' is seen on Plate 3.2.IV. 
The upper end of a roetal ribbon to be prepare d was conne cte d 
v ia a s pe c ially bent (inverte d-boot sha pe ) molybdenum strip 
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Plate 3 .2.III Two 'm etal ribbon lamps ' of type I in position 
on t he vaauum un i t . A t hermoaouple is ti ed on 
to the liquid nit r ogen trap in order to meas
ure the temperature o f the glass waZZ duri n g 
outgassing . The Philips t ype 53 EM gauge head 
(attaahed to A) was removed from the un i t wh en 
t his photograph wa s taken . 

(0.5 cm in width and 200 ~m t hick) with a vertical molyb
denum rod 2 mm in diame t e r. This rad was s potwelded in turn 
on to one of four leadthroughs and connected near its lower 
end via an L-shaped, 1.5 mm diamete r molybdenum rad to a 
second leadthrough. The lowe r e nd of the roetal ribbon was 
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Plate 3.2.IV Frame of a 'metaZ ribbon lamp' of type I 

spotwelded directly on to an inverted-U shaped, 1.5 mm dia
meter molybdenum rod, connected in turn with a third and 
fourth leadthrough. The 'lower' parts of the leadthroughs, 
i.e. the halves protruding in the open atmosphere when the 
ribbon lamps are connected to the apparatus, were gilt to 
prevent as much as possible their oxidation during the heat
ing of the ribbons. Oxidation would lead to bad electric 
contacts between the leadthroughs and the contact wires, re
sulting in undesirable temperature fluctuations in the roetal 
ribbons. 

The function of the boot-shaped molybdenum strip was to 
serve as a spring. In spotwelding the upper end of the roetal 
ribbon on to the spring, the latter was given enough tension 
in a vertical direction to prevent the roetal sample from 
sagging as aresult of the expansion during heating. Too much 
tension was to be avoided to prevent the sample from necking 
and subsequent fracturing at high temperatures. 
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The frames of the ribbon lamps were surrounded by cy
lindrical glass envelopes, blown on to the bases of powder 
glass in an atmosphere of argon. Without the use of a rare 
gas the roetal ribbons unavoidably become contaminated with 
atmospheric gases. Just befare blowing the lamps by twos on 
to the high vacuum unit, the inner parts of the lamps and 
notably the roetal strips thumbed in the course of the assem
bly were given a thorough rinse with acetone to degrease 
them. 

The outgassing of the apparatus had to be done gradual
ly. If the temperature of the oven was raised immediately to 
400 °C the materials to be investigated already started to 
getter a significant amount of the evolving gases. Experi
ments have shown (cf. Section 5.2.3) that no detectable amount 
of gas was absorbed by the metals if the outgassing procedure 
was performed as described hereafter. 

The temperature of the oven was raised rapidly to 
100 °e. Then, while care was taken that the pressure within 
the vacuum chamber did.not exceed 50 ~Torr, it was slowly 
raised to 200 °e. Simultaneously, the current through the 
heating tapes was raised step by step. The temperature of 
the oven was kept at 200 °e overnight and gradually raised 
to 400 °e in the course of the following morning, now keep
ing the pressure below 20 ~Torr. When the oven and the tapes 
had been at the higher temperature for several hours, and 
the pressure had dropped well below 10 ~Torr, the apparatus 
was allowed to cool. On filling the upper cold trap with 
liquid nitrogen, the residual pressure could be kept at 
50 nTorr or lower. The leak rate then proved to be immeasur
ably small, i.e. no rise in pressure could be observed over 
a long period of time on closing the isolation valve above 
the vapour pump. The rate at which gas enters the vacuum 
chamber must then be equal to the rate at which it is con
sumed by the gauge head. 

The roetal ribbons were now degassed and recrystallised 
by heating them at a high temperature (cf. Sections 5.4, 
5.6, 5.7, and 5.8 for more details). Other interstitial ele
ments remaining in solution, hydragen is evolved at tempera
tures too low to be measured by means of an optica! pyro
meter. 

In order to prepare an interstitial salution of oxygen 
or nitrogen in the metals to be investigated, a calibrated 
amount of spectroscopically pure gas was admitted into the 
vacuum chamber and gettered into the roetal ribbon by resist-

Plate 3.2.V Micrographs of a cross-section of a 140-~m zir
conium ribbon whioh absorbed approximateZy 2 at.% 
oxygen in one step and was subsequentZy homoge
nised at 1360 °C over a period of 10 hours. 
Etchgnt: soZution of 2 wt. % HF and 2 wt. % HN03 
in water. 
a and b: without hardness traverses 
c: with hardness traverses made by means of a 
Vickers diamond with a 15-g Zoad 
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ance heating . The 'upper' cold trap was filled with a mix 
ture of alcohol and solid co2 during this stage of the ex
periment. The amount of gas was known from the calibrated 
volume (8.97 ± 0.03 cm3), shown in Fig. 3.1.1, from.the 
pressure of the gas to be read from the mercury manometer, 
and from the ambient temperature. 

In the early stages of the investigation a difficulty 
was encountered in preparing solid solutions of oxygen in 
zirconium. Initially, the whole amount of oxyge n, require d 
to obtain the desired concentratien in the metal, was intro
duced in one portion into the vacuum chamber and gettered 
into the ribben. A micrograph of the cross-sectien of the 
ribbon then showed invariably the presence of a thin layer 
which seemed to be different in structure from the core 
material. This layer extended along the whole periphery of 
the c ross-sectien (Plate 3.2.V a,b). 

As oxide formation is k nown to slow down the diffusion 
of oxygen into the core material, one could think of the 
layer as consisting of zirconium with a high oxygen content. 
To check this, some hardness traverses were made on the ma
terial (Plate 3.2.V c). A smaller identation in the surface 
layer with respect to those in the core material would prove 
the layer to be harder and thus to contain more oxygen. The 
experiment turned out to be non-conclusive, however, as the 
indentations in the surface layer proved to be unreliable, 
and this for two reas ons. 
(i) The edges of the ribbon are rounded off as a consequence 

of larger abrasion of the soft mounting resin during the 
grinding operation. This gives rise to kite-shaped 
impressions of the inden t er. 

(ii) Even the lewest load on the indenter (15 g), possible 
with our equipment, gave r i s e to i ndenta t i ons with a 
s ize of the orde r of the thicknes s of t he surfacelayeL 

No furthe r e ffort was spent on t he ide ntific a t ion of the 
surface layer, as no suspect layer was formed if the follow
ing method of oxygen absorption was used. The amount of oxy
gen was admitted in several portions, each corresponding to 
a pressure of 25 Torr or less on the mercury manometer (with 
the stop-cocks Nos . 15, 17, 18 and 20 in Fig. 3.1.1 closed 
and the stop-cocks Nos. 16 and 19 ope ned). Ea c h amount o f 
t h i s sort raise s t he pressure wi t hin the vacuum enve lope 
(after c u t ting off t he vapeur pump, closing s t op-cock No . 16 
and opening No. 15) to b ut a f ew tenths of a Torr befere a b 
sorption by the metal, and increases the atomie percentage 
of the oxygen in a 100 x 5 x 0.2 mm ribbon with 0.34 at. % 
at most. A subsequent portion was only admitted into the 
vac uum chambe r whe n t he prece ding one wa s a llowed to d iffuse 
well into the i nte rior o f the roetal a t a temper ature o f 
1340 °K and ove r a pe riod o f a n hour. 

I t h as not been investigat e d if the absorpti on of ni
troge n i n z irconium a nd of oxygen and nitrogen in niobium 
and t a ntalum could be done in one por t ion. The same proce
dure as described above was adopted everywhere a nd the ab
s e nce of a s urface l aye r wa s veri f i ed me t a llographi cally f or 
e ve ry bina ry syste m (cf . Plates 3. 2 .VI and 3. 2 . VII ). 
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Plate 3 .2. VI Micrograph o f a cross - section o f a 180 -~m z i r
conium ribbon which absorbed 1 at . % nitrogen in 
four steps and was subsequentZy homogeni sed at 
7380 oe over a period of 22 hours . 
Etchan t : soZution of 2 wt . % HF and 2 wt . % HN03 
in water . 

Plate 3 . 2 . VII Micrograph o f a cross-section of a 760-~m nio 
bium ribbon which absorbe d 0 . 28 at . % nitrogen 
in on e step and was subsequentZy homogenised 
at 728 0 oe over a period of 25 hours . 

3 . 2 

Etchant : soZution of 2 wt .% HF and 2 wt . % HN0 3 
in water . 
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After the last portion of gas was absorbed, a ribbon 
was hornogenised by annealing over a period of 20 to 24 hours 
at a high ternperature (cf. Tables 5.4.1, 5.6.1, 5.7.1 and 
5.8.1) and then radiation quenched to room ternperature. 
Hornogeneity was checked by low-load hardness testing. The 
check consisted in rnaking a regular pattern of indentations 
on one side of the hornogenised ribben. The indentations were 
arranged in equidistant rows, every row being perpendicular 
to the direction of the length of the ribben. As the temper
ature in the transverse direction (row direction) was con
stant during annealing, the arnount of gas absorbed should be 
so, too. The rnean value of the hardness along every particu
lar row, tagether with its standard deviation, was plotted 
versus the position of the row along the length of the rib-
bon. The result gives a sufficient picture of hornogeneity 
(cf. Fig. 5.4.1). 

The rnajority of the ribbons proved to have a suffi
ciently constant hardness over a length of several centi
metres of the central portions. Towards the ends of the rib
bons the concentratien of the solute invariably decreased 
(cf. Sectien 5.2.1). This is quite conceivable frorn the tern
perature profile of a glowing ribben: almast constant over 
an appreciable length, theternperature decreases considerably 
towards the ends. Thisisbecause the rnolybdenurn frame, on to 
which the ends are spotwelded, acts as a heat sink. 

Only the most homogeneaus portions of the ribbons were 
used for therrnotransport. These were given the shapes shown 
in Fig. 2.4.3.1a/b by first using sharp scissors and then 
finishing the cuts on a revolving grinding-stone. During 
finishing, the ribbons were caoled efficiently with water to 
avoid heating and consequent contarnination by atrnospheric 
gases. 

3.3 DESCRIPTION OF THE THERMOTRANSPORT EXPERIMENTS 

The samples, prepared as described, were rnounted in 
'rnetal ribbon larnps' of a type hereafter to be called type 
II. The frame of the larnps has been changed various tirnes 
during the initial stages of this investigation (when per
forrning experirnents Zr-0-1 up to and including Zr-0-9). All 
experirnents frorn Zr-0-10 onward, described in Sectiens 3.6, 
3.7, and 3.8, have been done with the frame of ultirnate de
sign shown on Plate 3.3.IX. In this frame, the samples were 
spotwelded between two 3-crn long rnolybdenurn strips which were 
spotwelded in turn on to rneandering rnolybdenurn 'springs'. 

Initially, a therrnotransport probe was spotwelded with 
its bottorn end directly on to the inverted-U shaped rnolyb
denurn rod and with its top end on to the boot-shaped rnolyb
denurn spring, just as was done with the 10-crn long ribbons 
to be prepared for therrnotransport. This way of rnounting 
suffered frorn two very serieus disadvantages. 
(i) In giving the boot-shaped spring sorne tension for pre-
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Plate 3 .3.VIII A 'metal ~ibbon lamp' o f type II in posi tion 
on the vacuum unit. The ho~izontaZ slit in 
th e inte~nal glass sc~een is clea~Zy visible. 
The sc~een, suspended from an i~on core , can 
be moved up and down by the annular magnet , 
which is shown in posi t ion . Th e c old trap is 
hidden by its polyste~ene isolat ion . Behind 
the hot - cathode ioniaation gaug e , the eZect~i
caZ leads of which are disconn ec t ed and on to 
which a thermocouple is tied , one percei ves 
the supply tube fo~ Ziquid nitrogen with its 
silve r ed vacuum mantle . 
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Plate 3.3.IX Frame of a 'm e tal r ibbon lamp' of type II 

venting sagging of the sample during gradient heating, many 
specimens were torn in two by high-tempe rature creep and 
consequent rise in temperature in the waists. 
(ii) The temperatures at the specimen ends remained toa low, 
since toa much heat was carried away by the molybdenum rods . 
As a result, (a) the steady state of thermotransport could 
not be reached within the duration of the experiments (c f. 
Sectien 5.4) and (b) ~-phase was formed near t he endsof the 
samples. 

The difficulties were d iscarde d by t he introduetion of 
the maandering springs and 3-cm long strips. The springs did 
nat need to be mounted under tension, since they gave way to 
a sufficient extent to the thermal expansion of the various 
metal parts so as to prevent the samples from becoming toa 
seriously deformed. The presence of molybdenum ribbons 
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(springs + strips) of sufficient length between specimen and 
molybdenum rods obstructed the heat loss of the probe ends 
by conduction. In giving the 3-cm long molybdenum strips a 
trapezoidal shape and spotwelding the shorter parallel sides 
on to the specimen, even higher temperatures at the probe 
ends were obtained. The choice of the length of a s horter 
parallel side enabled ustopredetermine roughly the tempera
ture at the corresponding probe end. 

It would seem that relatively low temperatures at the 
endsofthe specimens could also be avoided by increasing the 
electric current. However, the temperature in the 'waists' 
will then be so high as to cause serious creep with conse
quent complications. 

The frames of the type II lamps were surrounded by cy
lindrical glass envelopes, provided withaflat window paral
lel to the sample. Between a frame and its glass envelope a 
cylindrical glass screen was inserted, provided with a hori
zontal, 2 mm high slit. The screen could be moved up and 
down magnetically, being suspended by platinum wires from a 
soft iron core, held in position by an annular magnet. The 
complete type rr lamp with the magnet in position is seen on 
Plate 3.3.VIII. The screen prevented the glass envelope from 
being blackened by the deposition of roetal vapour in the 
course of the experiment. By rnaving the screen up and down, 
the temperature couldbemeasure d accurately through the flat 
window and slot by means of a pyrometer along the entire 
length of the specimen. 

After cleaning a type II lamp with acetone and sealing 
it on to the vacuum apparatus, a thorough outgassing and de
termination of the leak rate was undertaken in the manner 
describedin the previous section. During the thermotransport 
experiments the l eadthroughs were caoled by means ofastream 
of compressed air as a further preventive against their 
oxidation. 

The duration of most experiments was chosen long enough 
and the temperature high enough to guarantee a distribution 
of the solute in the neighbourhood of the steady-state dis
tribution. On the other hand, care was taken to keep the 
sample in a condition suitable for reliable measurements. 
Annealing a sample too long at too highatemperature may r e 
sult in serieus deformation in the r egion around the waist: 
sagging cannotbe avoided any longerand it becomes difficult 
to refer the observed temperatures to accurate values of the 
coordinate along the lengthof the ribbon (cf.Section 3.4). 
Moreover, heavy the rmal etchingofthemetalsurface generally 
rendered hardness testing unre liable as a means of estah
lishing the oxygen concentratien (c f. Sectien 3.5), and, if 
grain boundary grooving had become too heavy, difficulties 
were e ncounteredin sectioning the samples for nitrogen anal
ysis. 

Operational details of the thermotransport experiments 
are given in Sectiens 5.4, 5.6, 5.7 and 5.8. 
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3.4 TEMPERATUBE MEASUREMENTS 

Just befare ending an experiment, ternperatures along 
the length of the specimen were rneasured by rneans of a dis
appearing-filarnent optica! pyrometer at a wavelength 
À= 0.65 ~rn. A 'rnicropyrorneter' of Pyro-Werk G.rn.b.H., 
Hannover, was used which was calibrated against a standard 
tungsten ribbon lamp. The instrument was rnounted on a device 
to move it srnoothly in vertical direction over a range of 
10 cm. The vertical position of the pyrometer could be read 
with an accuracy of 0.1 rnrn. The pyrometer was always directed 
norrnally to the flat window of the glass envelope, and thus 
to the surface of the ribben, in order to avoid inaccuracies 
in the ternperature deterrnination as a consequence of the 
deviation frorn Larobert's eosine law. 

The vertical coordinates of a nurnber of 'markers' in 
the sample were rneasured concurrently, the incandescent fil
ament acting as a cross wire. The markers consisted initial
ly of easily recognisable grain-boundary junctions. These 
were, however, rather scarce as grain boundaries are aften 
barely visible in the red-hot ribben. In subsequent experi
rnents, therefore, holes were drilled in the samples, with a 
diameter under 100 \liD in order to avoid altering the geornetry 
of the ribbon to more than a negligible extent, and with a 
diameter of over 50 ~rn to leave the holes visible in the 
red-hot ribben. The coordinates of the observed ternperatures 
along the length of the specimen could be obtained easily 
frorn the corresponding vertical positions of the pyrometer, 
the vertical positions of the markers and the coordinates of 
the markers along the length of the ribben. This conversion 
becornes inaccurate in regions, where, as a re sult of sagging, 
the ribbon is far frorn being parallel to the vertical direc
tion. As stated in the preceding section, sagging could be 
avoided in choosing the ternperature of the experiment nat too 
high and the duration not too long. 

As a glowing rnetal does not behave like a blackbody, 
the optical pyrometer, if used at wavelength À, rneasures 
the brightness ternperature, S À, defined by 

( 3. 4. 1) 

NbÀ(SÀ) stands for the speetral radiance of a blackbody at 
wavelength À and ternperature SÀ, and NÀ(T) represents that 
particular part of the normal speetral radiance of the body 
at wavelength À and ternperature T which is transrni tted across 
the glass window of the vacuurn charnber. 
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Using Wien's radiation equation 

3.741 x 1o-12 
NbÀ (T) = 5 1 .4388/À T 

TIÀ e 
(3. 4. 2) 
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where NbÀ is in Watt/cm3 x steradian if À is in cm and T in 
oK, and using the relation 

(3.4.3) 

we obtain from Eq. (3.4.1) the well-known pyrometer formula 

(3.4.4) 

~ is the transmittance at wavelength À of the glass window 
and may be assumed to be constant in the course of an exper
iment as aresult of the presence of the inner shield; EÀ(T) 
is the normal speetral emittance of the metal under investi
gation at temperature T and wavelength À. The numerical val-
ues of sÀ(T) and Tà which have been used in the present ex
periments will be iscussed in Sectiens 4.4 and 5.4, respec
tively. 

3.5 LOW-LOAD HARDNESS TESTING* AND OXYGEN DETERMINATION 

The hardness of the group IV A, V A and VI A metals is 
considerably increased upon solving an interstitial element 
in the metal lattice. When the empirical relationship has 
been established between the hardness of an interstitial so
lution and the atomie percentage of the solute, hardness 
testing may be used as a method of concentratien determina
tion. 

The methad has several rather serious drawbacks as well 
as some definite advantages. One advantage arises from the 
circumstance that the observed hardness value corresponding 
to a particular indentation is representative of the materi
al in the immediate neighbourhood of the indentation. In 
using low-load or micro-indentation hardness testing the dia
meters of the indentations can be confined to a length of 
100 to 10 ~m ar even less. This enables steep concentratien 
gradients to be measured properly: a large number of concen
tratien (hardness) determinations can be performed over a 
part of the specimen which has to be taken as a single sam
ple for concentratien determination by ether means. Other 
advantages are that the position o f the impressions can be 
measured very accurately and that indentation testing is a 
non-destructive technique. 

The methad has the following drawbacks. 
(i) It is nat specific. The interstitial element under ex
amination is nat the only chemical entity to increase the 
hardness of the metal. Other interstitial as well as substi
tutional elements have the same effect. 

* Fo llowing BUckle (7959 a ) the te r ms Zow-load and micro - i nde ntation hardne es t es ting wilt 
be us s d here to i ndioate harodness t es ting a t loads bet:.>een 200 a nd 30 0 0 g and b e l o w 200 g, 
r e s peotive ly. 
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In the present experiments the ends of the ribbons for 
thermotransport picked up a significant amount of molybdenum 
and possibly also copper. The molybdenum orig inated from the 
connections on to which the samples were spotwelded, and the 
copper from the electredes of the spotwelding machine, which 
often contaminated the weld to some extent . Concentratien 
determinations by means of hardness testing were thus very 
unreliable within several millimetres from the spotwelds (cf . 
Sectien 5.2.4) . 

(ii) Hardness is affected if the impression is made near or 
across grain boundaries. Stresses in the sample will also 
influence the hardness. 

Since our zirconium ribbons consisted of rolled materi
al, grain growth occurred in the cours.e of t hermotransport 
annealing. The dimensions of the B-grains in the plane of a 
strip were generally of the order of the breadth of the rib
bon, and the grain boundaries were thermally etched, so that 
every grain was clearly visible, often even in the incandes
cent state. Microscopie examinatien revealed that every 
B-grain was transformed during quenching into a large number 
of small a-grains. It is thus clear that there was generally 
no difficulty in making the indentations at a sufficient 
distance from the B-grain boundaries, but that it was im
possible to avoid the a -grain boundaries. As a r u le the im
print of the diamond stre tched over an area occupied even by 
several a-grains. 

We have not investigated systematically how far the ave
rage diameter of the a-grains varied wi thin a particular rib
bon with oxygen concentration. Neither did we take the trou
ble to abserve whether any difference in grain size was pre
sent in the various ribbons in regions of fixed oxygen con
centration. Therefore , we do nat know whe ther the observe d 
hardne ss differences we re a conse quence of conce n t r atien dif
ference s alone . Variatien in hardness may have been in part 
a result of differences in grain siz.e which bear no relation 
to concentratien variations. 

On the ether hand, recrystallisation creates a-grains 
in twelve different crystallographic orientations with re
spect t o the original B-lattice, which are sprea d in a pat
tern with cubic symme try over the ste r e o graphic sphe r e 
(Burge rs, 1934). Since e ach indentation touches seve r a l 
a-grains, we f eel rat h e r confident that h a r d l y any hardne ss 
anisotropy effect will have influenced our data , although 
this effect is quite common in hexagonal single crystals. 

Since the ribbons were mounted with some tension in a 
specially designed clamp to keep them flat a nd immobile on 
the platform of the hardne ss tes t er, differences in stre sses 
rnay also have cause d variations in hardne ss. 

(iii)The proper shape of the impre ssions made by a Vicke rs 
inde nter is a square . The l ength of a d iagona l i s a meas u r e 
for the value of the hardness. In c a se of a l ess ide al im
pression, the mean of the two (unequal) diagenal s is taken. 
The procedure become s inaccura te if irregularitie s in the 
surface of the probe caus e a s erieus distortie n of the i n -
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dentation. This is especially true because in the expression 
for the hardness the length of the diagorral figures as a 
square. 

Mechanical polishing for the purpose of improving the 
smoothness of the specimen surface proved too difficult for 
the samples of the present investigation. Very thin ribbons, 
like the ones we used, must be perfectly flat in order to 
permit mechanical polishing. The desired degree of flatness 
could not be maintained in the course of the experiments as 
the ribbons always distorted somewhat in the direction 
perpendicular to their surface, especially in the regions of 
the 'waists'. Electrochemical polishing turned out to be no 
more successful. 
(iv) Random errors, mainly caused by irregularities in the 
surface of the probe, can only be eliminated by basing the 
concentratien determinations on a large number of hardness 
observations. This makes the method very time-consuming. In 
the present investigation an estimated 1500 hours were spent 
in hardness testing. 

Other methods to determine small quantities of inter
stitial atoms in metals do not suffer from these drawbacks. 
Reviews of these methods are given by Turovtseva and Kunin 
(1959), Mallett(1962), Rockenbauer (1963), James (1964), 
Montuelle (1964/65) and Karpov and Glavin (1965). The methods 
are of a destructive nature and so make it impossible to use 
the samples for further investigations. 

In order to check the homogeneity of our samples to be 
used for thermotransport experiments we invariably applied 
low-load hardness testing. Notwithstanding the many draw
backs, we used this technique also for the determination of 
oxygen in our samples after gradient heating, mainly because 
the apparatus required for the application of any of the 
other methods of analysis (vacuum fusion, inert-gas fusion, 
spectrometry, radioactivation) was not available. 

The Leitz 'Durimet' hardness tester was used with a 
load of 500 g on the Vickers diamond. The use of this load 
provided impressions having diagenals ranging from 45 to 
80 ~m, i.e. indentations with depths of penetratien between 
6~ and 11~ ~m. According to BÜckle (1959 b), only that par
ticular part of material contributes to the observed hard
ness which lies below the indenter within a range equal to 
ten times the penetratien depth of the diamond. The thick
ness of this part in our investigation thus ranged from 65 
to 115 ~m. Since the thickness of the ribbons ranged from 
130 to 200 ~m, the load of 500 g guaranteed, therefore, that 
a large portion of the material across the ribbon contri
buted to the observed hardness, while the base on to which· 
the probes were clamped could not contribute at all. The 
former circumstance is of importance where concentratien 
fluctuations across the ribbon are present. 

The diamond was run down in twenty seconds, correspond
ing to a loading rate of about 20 ~m/sec. In low-load hard
ness testing such a speed is low enough to prevent the im
pressions from being enlarged by kinetic energy (BÜckle, 
1959 a). A standard period of another 20 seconds was chosen 
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for the time of holding the indenter in i ts down pos i tion. As 
the tester was mounted on a vibrationless table in a quiet 
laboratory, the chance of unduly large indentations as a re
sult of vibrations was kept to a minimum. 

Ta convert hardness values into values of the oxygen 
concentration, a calibration curve had to be constructed. 
This point will be discussed in Sectien 5.3. 

3.6 NITROGEN ANALYSIS 

Low-load hardness testing was also adopted in order to 
check the homogeneity of the metal-nitrogen samples befare 
using them for thermotransport experiments. A chemical and 
hence destructive methad was followed, however, to determine 
the nitrogen concentratien along the ribbon after the trans
port experiment. 

Cutting in transverse direction, each ribbon was di vided 
into a large number of trapezoidal chips, their mediators 
being about 1 mm in length and each weighing under 7 mg. By 
measuring the distance of the four angular points of every 
trapezoid to the 'markers' (ef. Sectien 3.4) in the ribbon, 
the coordinate of the c entre of gravi t y of the trapezoid 
could be calculated. This was taken to be the coordinate of 
the whole sample. 

Each Zr-chip was dissolved in one ar two drops of a 38 
to 40% salution of HF in water (analytical grade). Niobium 
and tantalum probes were dissolved in this salution under 
slight heating and addition of a few drops of a 30 % H2o2 
salution in wat er. The nitrogen which is converted into ammo
nium fluoride was de termined by an absorptiometric meth a d 
base d on procedures described by Bolleter et aZ . (1961), 
Tetlow and Wilsen (1964), and Namiki et aZ . [964). As the 
methad was developed by the Analytical Chemistry Sectien of 
N.V. Philips' Research Laboratories we do nat wish to de
scribe i t here*. It is based upon a reaction between ammonia, 
chloramine and phenol yielding indophenol, 

HO®-N=O=O 
which gi ves an intense blue aqueous salution on addi ti on 
streng base, with an absarptien peak at 625 to 630 nm. 
accuracy which we could reach with this methad will be 
cussed at the e nd of Sec tien 5.7. 

of a 
The 

clis-

We t hank M~. J. Visse ~ and Mr . P.J. Romme~s o f the Analyticat Chemist r y Sect i on o f 
Philips' Reseat'flh Labora tor ies o f Ei nd hoven fo r su.pplying us all the in f o'l"mat ion and giv
ing us ua l uable ad vice duri ng our c opying t heir me th ad i n our Zaborator y . 
The me thad wit Z be pubZished almast s imuZtaneousZy with this thesis: P.J. Romme r s and 
J; Vissel" .. 'Spectrophotome tric determinati on o f micro-arno Lmts of nitrooge n as indop henol' 
i n : Ta lant a (1969). 
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3.7 SUMMARY OF STATISTICAL FORMULAE 

Many of the data obtained from our experiments show 
large scatter. Such data can only be handled reliably by 
statistical analysis. We give, therefore, a summary of those 
formulae of this discipline which we needed for our investi
gation. A few of them are quite familiar. Others, however, 
do not appear in the current textbooks on general statisti
cal analysis. Their derivation, given by Van IJzeren (1954) 
and Koster (1962), is outlined here once more in order to 
camment on a few points and to enable the interested metal
lurgist, for whom it may be difficult to secure a copy of 
Koster's thesis, to verify the results. 

Throughout this section we adopt the following notation. 
Physical or physicochemical quantities are represented by 
lower-case Roman letters. If a Roman letter carries an index 
it represents a numerical value of the corresponding quan
tity as obtained by measurement. The index represents either 
the order of the measurement in the sample drawn from the 
infinite population of measurements under specified circum
stances, or it specifies the value of a second quantity on 
which the measured quantity possibly depends. Constants 
and fixed values of physical (or physicochemical) quantities 
which are constants in a statistical sense are given by 
lower-case Greek letters which may carry an index to distin
guish them from each other. If matrices are to be associated 
wi th given constants or quanti ties, upper case is substi tuted 
for lower case. The grave accent is used for the transpose 
of a matrix. A bar over a symbol represents the mean value 
of a sample of measurements of the corresponding quantity. A 
bar under a symbol denotes that the corresponding quantity 
is to be considered as a statistical variate. Estimates are 
represented by a circumflex accent over the symbol and 
expectation values by E{ } with the quantity of interest 
between the braces. 

We consider a measurable quantity q. The mean of the 
values qj ( j = 1, ... ,n) obtained by me as urement of q under 
equivalent conditions is given by 

q = [. r q.] /n 
J=1 J 

(3. 7 .1) 

An unbiased estimate of the standard deviation a of q is 
given by 

Next we consider a measurable quantity u which 
on another measurable quantity x by the relation 

u 

3.7 

(3. 7.2) 

depends 

(3. 7. 3) 
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The k constants Àj are given by the nature of the physico-
chemical system under study. 

The prQblem is now to determine by regression best 
estimates Àj for these constants. For that purpose we per
ferm n1 measurements of u for a given value ~i of x. In ac
cordance with the Greek letter we assume that x may be 
determined accurately so that ~· is to be considered a con
stant from a statistical point of view. We repeat the proce
dure for different values ~t· (i= 1, ... ,r) and calculate 
with Eqs. (3.7.1) and (3.7.2 the mean Üi and estimate cri at 
every ~i· 

We assume that the measured values of u for every given 
value ~i are distributed according to N(ui,of), i.e. that 
they are no~mally distributed.with population mean ui and 

varianee o~. Then every ~i is distributed according to 
N(ui,of/nit, and the vector 

U = (~1 ' • • • '~r)' (3. 7. 4) 

is an r-variate normal with covariance matrix I given by 

I - E{ (!J: T) (!J: - T) '} (3. 7 .5) 

where 

(3. 7.6) 

If the variates Ü . are independent, I is the diagonal matrix 
-J of order r, 

I - (oij) 0. l.i -

Defining 

and 

2 
0 for oi/ni' 0. = l.j 

i 1, ... ,r 
j = 1, ... , r 

A - (À 1 , ... , Àk)' 

i 
j 

i 'I j (3.7.7) 

(3. 7. 8) 

1, ... ,r (3. 7. 9) 
1' ... ,k 

the equivalent of Eq. (3.7.3) is given by 

T ~A (3.7.10) 
A 

The best estimate A for A is, as Van IJzeren (1954) has 
shown, 

(3. 7 .11) 

where 

(3.7.12) 
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is constructed from the computed values ui and ::: from the 
known values ~i' We do not know, however, the matrix E as 
only the estimates 8? are obtained from the measurements 

~ 

and not the true variances a?. Therefore, in order 
A ~ 

A, we replace Eq. (3.7.11) by its approximate 
to compute 

A "' (:::'1:-1:::> -1= .. 1:-1u (3.7.13) 

Ê is obtained from Eq. (3.7.7) by replacing of/ni by 8f/ni. 

A confidence ellipsoid for A on the basis of any spec
ified confidence coeff icient 1-a. may be constructed as fellows 
(Koster, 1962). Using Eq. (3.7.11) and the relation 

( 3. 7 .14) 

which fellows from Eq. (3.7.11) it is easy to prove that the 
covariance matrix of l is given by 

r = E{(l- Al (K-A)'}= (:::'E-1 :::>-1 (3.7.15) 

and that the following relation holds 

(g- =K>' E-1(g- =K> 
= (g- T)'E-1 (g- T) - (K- A)'r-1 (K- A) 

(3. 7 .16) 

According to a theerem of multivariate statistica! analysis 
(cf. Anderson, 1958), ifan m-variate normal X is distributed 
according to N(Oi~) (~ is the nonsingular covariance matrix 
of X>, then X'~- X is distributed according to the x2 dis
tribution with m degrees of freedom: x 2(m). 

Thus: 

'K - A)'r-1(l - 11.) x2 (k) (3.7.17a) 

and 

(!;[ T)'E-1 (g T) 2 - = X (r) (3.7.17b) 

2 2 2 Since x (r) - x (k) x (r-k), we obtain from Eqs. (3.7.16), 

(3.7.17a) and (3.7.17b): 

2 x (r-k) ( 3. 7 .18) 

Now as a last supposition we assume 

E = a 2Ê (3. 7 .19) 

i.e. 
by a 
ances 

3. 7 

we suppose that every estimate of has to be multiplied 
constant factor a2 in order to obtain the true vari

a?. Then it is seen that Eq. (3.7.13) is an exact 
~ 
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equivalent of Eq. (3.7.11) as f occurs also inversely in the 
former formula. 
According to Van IJzeren (1954) an unbiased estimate of o 2 
is given by 

8 2 ={(u- ~A)~E- 1 (u- ~A)}o 2 /(r-k) (3.7.20a) 

or 

(3.7.20b) 

Thus, according to Eq. (3.7.18), 

r-k -2 2 
- 2 Q. = x (r-k) 

0 

( 3. 7.21) 

Finally, from Eqs. 
it is seen that 

( 3 . 7 . 15 ) , ( 3 . 7 . 1 7 a) , ( 3 . 7 . 19 ) and ( 3 . 7 . 21 ) 

x2 (k) 
~(k,r-k) = -

x2 <r-k) 

r-k 
]( 

(E._- A)~(~~f- 1 ~)(E_- A ) 
( 3. 7 .22) 

is distributed according to an F distribution with k degrees 
of freedom of the numerator and r-k of the denominator. 
Representing by Fa (k,r-k) the value of F to the left of which 
is (1-a)lOO % of the area under the cumulative F(k,r-k) dis
tribution, we write 

(i\- A)'r-1(/\- Al= ko2Fa(k,r-k) 

r-1 - (~~f-1~) 
} (3.7.23) 

This represents an ellipsoid in the k dimensional Euclidian 
A-space. The centre~ of the ellipsoid is at the terminal 
point of the vector A. The probability that the terminal 
point of the vector A will lie outside this ellipsoid is 
lOOa %. 

If the degree of the polynomial given by the right-hand 
side of Eq. (3.7.3) is unknown, it may be estimated visually 
from the scatter diagram of ui versus ~i· Then, A is calcu
lated from Eq. (3.7.13) and &2 from Eq. (3.7.20b).Thecor
rectness of the estimate of the degree of the polynomial can 
be tested as fellows. 

The maximum value of Àk on the basis of a confidence 
coefficient (l-a), which will be denoted by lim( Àk) is fou~d 
by shifting the origin of A-space to the terminal point of A. 
Eq. (3.7.23) then reads 

--1 ~2 
A~r A = k a F (k,r-k) 

a (3. 7.24) 

Differentiating this expression partially with respect to 
À1 , ... ,Àk_ 1 , solving the resulting linear equations for 

À1 , ... ,Àk-l by Crame rs' rule and substituting the solutions 

in Eq. ( 3. 7. 24) , we obtain 

(3. 7. 25) 
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where fkk is theelementin the kth row and kthcolumn of 

the matrix r. 

If now 

then Àk might equally well be zero on the specified confi
dence level. The polynomial may then be considered to be 
only of degree k-1 and the whole procedure is repeateduntil 
we obtain 

m < k 

The polynomial is then of degree m on the specified confi
dence level. It may be drawn on the scatter diagram tagether 
withits (l-a) 100 % confidence limits. These will pass through 
the points (û 0 (upper) ,~o) and (ûo(lower) .~o) ,where ~o is any 
value of x and 

Ûo (upper) 

Û0 (lower) 

h h 2 - k 
=.all.+ {maF (m,r-m)=.or-=. 0} 2 

a 

{ A2 ( l- r--,}~ ma F m,r-m ~o ~o a 
}(3.7.26) 

- l.: 
The term {mo2F (m,r-m)~or=.o} 2 is obtained by simple matrix 

a 
algebra from 0 0 (upper) - ~oÄ = ~o(A- Kl where (Ä- A) sat
isfies Eq .. (3.7.23) with m substituted for k. 
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CHAPTER IV DATA OF ZIRCONIUM, NIOBIUM, AND TANTALUM AND 
THEIR ALLOYS WITH OXYGEN AND NITROGEN RELEVANT 
TO THIS INVESTIGATION 

4.1. SOLUBILITY DATA 

It has been stated previously that the present investi
gation deals only with therrnotransport in singZe-phase in
tersti tial alloys. The reasen for this will now be explained. 

Figs. 4.1.1 and 4.1.2 represent the rnetal-rich parts of 
the zirconiurn-oxygen and zirconiurn-nitrogen phase diagrarns. 

Fig. 4 .1 .1 

L+ZrN~ 
L " 2258 

1~0~----~5~----~----~---" 

---Nitrogon in Zirrottium in ab>rric ptr otnt. 

Part of the zirconium-oxygen phase diagram> ac
aarding to DomagaZa and McPherson ( 1954) > as mod
ified by Gebhardt, Seghezzi and DürrschnabeZ 
(1961 a). AB, A'B'C and A''B' 'C'D represent the 
initiaZ> intermediate and finaZ oxygen distribu
tions in an initiaZZy homogeneaus soZid salution 
held in a temperature gradient between 1400 and 
1700 °K. If B is far enough from the B/a + B 
phase boundary, the finaZ distribution is given 
by A'B'> where B' wiZZ generally Zie within the 
single-phase B-region. 

Fig. 4.1.2 Part of the zirconium-nitrogen phase diagram> ac
aarding to Domagala, McPherson and Bansen (1956) 

Let us suppose that we start with a homogeneaus salution of 
oxygen in a zirconiurn ribbon the ends of which are at a tern
perature of 1400 and 1700 °C, respectively. Let this salution 
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be represented by the curve AB in Fig. 4.1.1, the alloy then 
being entirely of the cubic S-type. As time proceeds, oxygen 
will move from the hot end of the ribbon towards the cold, 
so that point A shifts to the left and point B to the right 
in the diagram. If curve AB is sufficiently near t he termi
nal solubility line of oxygen in S-zirconium, there will be 
a moment at which B coincides with this line. The hexagonal 
a-phase is then beginning to be formed (curve A' B 'C) . As more 
a-solution is created, the boundary between the two phases 
will gradually move towards higher temperatures and a redis
tribution of oxygen will occur in the hexagonal phase as well 
(curve A' 'B' 'C'D) until a steady state is reached. Similar 
processes would happen if AB were located initially in the 
a-region near the line of minimum oxygen content. 

Since the a-solution contains considerably more oxygen 
then the S-phase, the material may become rather brittle in 
the colder regions. Although, generally, this does not cause 
a fracture o f the probe in the course of annealing, the 
chance of fracture is great when loosening the specimen from 
the molybdenum frame after conclusion of the experiment and, 
particularly, when fastening t he probe in the clamp for 
indentation testing (or when cutting the specimen into pieces 
for nitrogen analysis). Originally, we also feared that more 
time would be required to approach the steady state if a -phase 
were formed, since more oxygen would have to be carried to
wards the cold e nds of the ribben: even taking an extended 
annealing duration into the bargain, there would have been 
the drawback of increased deterioration of the ribbon as a 
consequence of the increased duration of the experiment. 
However, we now believe that oxygen in a-zirconium moves to 
the hotter side, so that the anneal ing period can even be 
shortened when a-phase is formed (cf. Sectien 5.6). Be that 
as it may, fracture i s to be avoided. Although indentation 
testing and nitrogen analysis can be carried out on the frag
ments wit h some difficulty, the problem of relating the con
centrations found to the observed temperatures may become 
tricky. The experiments are too time-consuming to risk frac
tures. 

The appearance of a secend phase thus engenders a com
plication to the investigation which, in addition to being 
undesired, is superfluous. The only additional information 
to be obtained from a two-phase experiment would be the mag
nitude of the heat of transport of the interstitial element 
in the a-solution. In principle, however, this quantity can 
be obtained as well from a 'single-phase' experiment with the 
curve AB located in the a-region in such a way as to remain 
completely wi thin this phase on reaching the steady state. To 
permit the probe from fracturing such experiments should then 
be made with far thicker specimens than we have used in our 
investigation . 

It is now clear that the knowledge of the terminal 
solubility of an interstitial element in a roetal is of im
portance in deciding what initial concentratien can be allowed 
if the formation of a secend phase upon thermotransport is 
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to be avoided. Publications concerning 
ity in the relevant binary alloys are 
4.1.1 (incidental observations have nat 

the terminal solubil
collected in Table 

been included) 

metal gas investigation Van •t Hoff equatie 
<Nmax in at . %, 6l 

c 

6-Ti 0 E.S. Bumps, H.o. Kessler and M. Hansen, 1953 
T.H. Schofield and A.E. Bacon, 1955/56 

[4.59 ] 
(5. 51] 

S-Zr 

Nb 

Ta 

N A.E. Palty, H. Margolin and J.P. Nielsen, 1954 

0 R.F. Doma~ala and D.J. McPherson, 1954 
E. Gebhardt, H.-o. Seghezzi and w. OUrrschnabel, 1961 

E. Gebhardt, H.-o. Seghezzi and w. OUrrschnabel, 1961 

N M.W. Mallett, J. Belle and B.B. Cleland, 1954 
R.F. Domagala, D.J. MePhersen and M. Hansen, 1956 
Citation by R. P. Elliott, 1965 

0 A.U. Seybolt, 1954 

R.P. Elliott, 1960 
R.T. Bryant, 1962 

E. Gebhardtand R. Rothenbacher, 1963 a } 
E. Gebhardt, E. Fromrn and R. Rothenbacher , 1964 

A. Taylor and N.J. Ooyle, 1967 a 

N C.Y. Ang and C.A. Wert, 1953 

W.M. Albrecht and ~l.O. Goode, 1959 

R.P. Elliott and s. Romjathy, 1961 

J.R. Cost and C.A. Wert, 1963 

E. Gebhardt, E . Fromm and o. Jakob, 1964 a } 
E. Gebhardt, E . Fromm and R. Rothe nbac her, 1964 
E. Gebhardt, E. Fromm and D. Jakob, 1965 
B. Evans and R.A. Pas ternak, 19&6 
E. Gebhardt, w. Dilrrschnabel and G. Harz, 1966 a 

A. Taylor and N.J. Ooyle, 1967 b 

0 E .. Gebhardt and H. Preisendanz, 1955 

E. Gebhardt and H.-o. Seghezzi, 1959 a and b 

O.A. Vaughan, O.M. Stewart and C.M. Schwartz , 196 1 

N O.A. Vaughan, O.M. Stewart and C.M. Schwartz, 1 96 1 
E. Gebhardt, H. - o . Seghezzi and E. Fromm, 1961 
E. Gebhardt, E. Fromm and o. Jakob, 1965 
P. Bunn and C.A. Wert, 1964 

[5.43] 

(5.02] 

[5.47] 

5 . 13 
4.99 

[8.47 ] 

6 . 13 

1 .29 
4.09 

3.829 

[2.98 ] 

0.53 

5.19 
[4.33] 

6.58 

7.3 

4.25 
{ [0 .189] 

(5.26] 
7.13 

[2.66] 

3.26 

[1. 53 ] 

[ 1. 82] 

3.83 

3.56 

Table 4.1.1 Investigations conce rning the t e rminal solubili
ty of oxygen and nitrogen in B-z ircon ium, n iobi 
um and tantalum. 
Only series of measur eme nts hav e been i ncZud ed; 
incide nta Z observations hav e no t. VaZues of C 
and óH0 without brackets are given (directZy o r 
indirectly) in the corresponding papers . Thos e 
in bracke ts have been caZculat ed b y u s by line ar 
r e gre ssion fr om data appearing in the papers. 
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I The terminal solubilities, Nmax.' ofthe different gases 
may be supposed to obey the Van 't Hoff relationship 

ln N = C - ~H0jRT max. (4 .1.1) 

Nma~ = C - AH0 /RT 
kcal/mole, T in oK) method 

AH0 

_[9 .81 1 
[ 12. 2-8] 

[14 .52] 

[14. 2] 

[12. 2] 

2.9 ± 0 .5 
14.12 

[23. 76 J 

12.1 

2.46 
8.6 

7.7 

[4. 95] 

4.6 

3.7 .± 0.2 

[ 10. 46] 

22.4 

13 
I 4.08 
114 . 7 
1. 93 ± 2 

[ 4. 68 J 

5.65 

[0. 96] 

11. 91 I 
6.5 

5.4 

* 

Range of vali-
dity (OK) 

1173 - 1773 
1173 - 1990 

1173 - 1700 

1173 - 2115 

1530 - 2030 

1193 - 1913 
1173 - 2123 
1172 - 1672 

1048 - 1373 

773 - 2188 
973 - 1823 

1023 - 1823 

1273 - 1773 

573 - 1473 

1073 - 1873 

1473 - 2673 

1423 - 2503 
573 - 1073 

1873 - 2573 

147 3 
723 

1073 
1773 

- 1703 
- 1073 } 
- 1273 
- 2473 

rnetallographic examinatien of quenched alloys 
metallographic examinatien of quenched alloys 

metallographic examinatien of quenched iodide 
titanium-nitragen alloys 

metallographic examinatien of quenched alloys 

{ 

metallographic examinatien of quenched wires 
showing high temperature location of the 
6/o + B phase boundary 

resistance measurements at temperature 

determination from diffusion data 
metallographic examinatien of quenched a l loys 
determination from diffusion data 

a} deterrnination of cell parameters } of quenched 
b) metallographic examinatien alloys 
metallographic examinatien of quenched alloys 
chemical analysis of the saturated core of alloys 
with an oxide layer on the s urface 

{ 
a) microhardness indentation testing} of uench d 
b) determination of cell parameters 11 e 
c) resistance measurements a oys 
determination of cel l parameters of quenched alloys 

internal friction · (at 300 °C) of quenched alloys 

{ a) determination from diffusion data 
b) metallographic examinatien of quenched alloys 
chemica! analysis of the saturated core of alloys 
with a nitride surface layer 
a) Sieverts• method 
b) internal friction of q uenched wires 

Sieverts' methad 

resistance measurements at temperature 

deterrnination of cell parameters of quenched alloys 

mainly Sieverts' method 

1023 - 1773 face of the alloys {
a) observation of oxide film formation on the sur-

b) resistance measurements at temperature 

{
a) microhardness indentation testing} f h d 

773 - 1923 b) determination of cell parameters 0 qlulenc e 
c) r esi s t ance measurements a 0 Y5 

773 - 1773 deter mination of cell parameters of quenched alloys 

773 - 1773 determination of cell parameters of quenched alloys 

1873 - 2653 Sieverts' method 

623 - 2273 • internal friction 

Basedon Bunn and Wert's own measurements betwee n 623 
823 °K, on those of Gebhardt et al. and Vaughan et aZ ., 
on some inaide nta Z observations 

and 
and 

Although, from a theoretica! point of view, Eq. (4.1.1) i s 
only valid when the solid salution is in equilibrium with a 
second phase of temperature-independent composition, it is 
also commonly employed when the second phase does change in 
composition with temperature. ~H0 is the standard enthalpy 
change for the reaction second phase ~ solid solution. 
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Values of óHO and C, given by the authors or calculated from 
their data by linear regression, are given in the 5th an 
6th column of the table. 

The terminal solubility lines as given by Eq. (4.1.1) 
are represented in Figs. 4 .1. 3 (N in 6-Zr) , 4.1. 4 (0 in 6-Ti) , 
4.1.5 (0 in Nb), 4.1.6 (N in Nb), 4.1.7 (0 in Ta), and 4.1.8 
(N in Ta). The Van 't Hoff line for oxygen in 6-zirconium as 
determined from the data of Gebhardt et al. is seen in Fig. 
5. 6. 4. 

T(°K)4--
1300 1200 

T("!<)-
1600 1600 1400 1.300 7200 

1-5 

1.() 

(),5 

s.o 6.() 

XJ 
et: 
6:lt 

~ 
4-;;,; 

J t 

t.s 

10.0 

9-0 

Fig. 4.1 . 3 

Terminal solubility of ni
trogen in B-zirconium ac
cording to: 
7) M.W. Mallett, J. BeZZe 

and B.B. Cleland, 7954 
2) R.F. Domagala, D.J. Mc

Pherson and M. Hansen, 
7956 

3) R.P. Elliott, 7965 

Fig. 4 .1 . 4 

Terminal solubility of oxygen 
in B-titanium accordi n g to: 
7) E.S. Bumps, H.D. Kessler and 

M. Hansen, 7953 
2) T.H. Schafield and A.E. Ba

con, 7955/56 

In some instances, the terminal solubilities as determined 
by the various investigators are widely different. This is 
mainly due to the variety of methods used for the determina
tions. In principle, those results are to be preferred which 
have been determined 'at temperature'*. Solubilities which 
have been determined on quenched alloys are aften not very 
accurate. This is because precipitation of oxides or nitrides 
generally occurs, unless the quenching rate is very high. 

For this reason, the data of Gebhardt et al. on the 
solubillty of oxygen in 6-zirconium, are to be preferred to 
those of Domagala et al. So are the data of Mallett et al., 
and those cited by Elliott on the solubility of nitrogen in 
6-zirconium. 

The terminal solubility of oxygen and nitrogen in 6-ti
tanium is not known very precisely since all observations 

In order to simplify the sentence it~ thia and other instances" the Amerieanism 'at tempel'
ature' tUill be used to indicate that the measurement has been done at the ver.y temperature 
for whioh one wishes to know the value of the quantity to be measured. 
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have been done by metallographic examinatien of quenched al
loys. The straight line for oxygen in S-titanium obtained 
from the data of Bumps et al. is not too much different from 
the one obtained from the data of Schofield et aZ. Apart from 
the work of Palty et al. on the solubility of nitrogen in 
S-titanium, we could find no other investigations on this 
system in the open literature with the exception of two in
cidental observations by Wasilewski (0.95 at.% at 1273 °K 
and 4.7 at.% at 1833 °K) which are cited by Hansen (1958, p. 
989) and are slightly higher than those given by Pal ty et a Z., 
and of some rather qualitative work by Jaffee, Ogden and 
Maykuth (1950) between 900 and 950 °C. 

T("''J-
1000 !/00 /JO() 

14-0 

1500 

&.0 

>a~ 
..a'li. 
J.OJ 

:; i 
'-0 
0>1 

Fig. 4 .1 • 5 

Terminal solubility of oxy
gen in niobium aooording to: 
7) A.V. Seybolt, 7 954 
2) R.P. ElZiott, 7 960 
3) R.T. Bryant, 7962 
4) E. Gebhardt and R. Rothen

bacher, 7 963 a 
E. Gebhardt, E. Fr omm and 
R. Rothenbacher, 7964 

5) A. TayZor and N.J. Do yZ e , 
7967 a 

600 20.0 
75.0 

10.0 

s.o 

Fig. 4.1.6 Terminal soZubiZity o f nitrogen in niobium acoord
ing to : 
7) C.Y. Ang and C.A. Wert, 7953 
2 ) W.M. AZbr ech t and W. D. Goode , 7959 
3) R. P. EZZiott and S . Komja thy, 7 96 7 
4 ) J . R. Castand C. A. Wert, 7 963 
5 ) E. Gebhardt, E. Fromm and D. Jakob , 7964, 7965 
6) B. Evans and R.A. Pasternak, 7966 
7) E. Gebhardt, W. DUrrschnabeZ and G. H6rz, 796 6 
8) A. Taylor and N.J. DoyZe , 7 967 b 
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The slope of Elliott's curve of the solubility of oxy
gen in niobium (Fig. 4.1.5) seems to be too flat. The lower 
solubility at the higher temperatures, as compared with the 
data obtained by the other investigators, is ondoubtedly a 
consequence of precipitation of the oxide as a result of a 
low quenching ra te. Gebhardt et a Z. whose re sul ts on the nio
bium-oxygen system are in very good agreement with those of 
Bryant, effected a very high quenching rate at the higher 
temperatures by combining radiation quenching of their probes 
with introduetion of argon in the vacuum chamber. The re
sults obtained by Bryant may be considered to be representa
tive of the solubility 'at temperature'. In his alloys, the 
core was in equilibrium at temperature with an oxide layer 
on the surface. Upon subsequent quenching, oxide precipita
tion undoubtedly did occur within the core, but Bryant's 
chemical analysis measured all oxygen, in the oxide as well 
as in solution. Bryant's and Gebhardt's curves are, there
fore, considered to be correct and Seybolt's data to be too 
high. 

The agreement between the data of the various investi
gators on the solubility of nitrogen in niobium (Fig. 4.1.6) 
is satisfactory. The standard heatofsolution of the nitride 
in the metal changes in value at about 800 °e. No explana
tion of this phenomenon can be given to date as no therma
dynamie measurements have been made on the solid salution at 
low temperatures. 

The remarks given above in conneetion with Elliott's 
data on the solubility of oxygen in niobium apply equally 
well to the data of Vaughan et aZ. on the terminal salubility 
of oxygen and nitrogen in tantalum. As far as oxygen in tan
taZum is concerned, and apart from the work of Vaughan et aZ., 
only publications of Gebhardt and coworkers can be found in 
the open literature. Gebhardtand Seghezzi' s curve (Fig. 4.1. 7) 
is based on measurements at room temperature. The authors 
stated, however, that no oxide precipitation occurred on 
rapidly quenching the samples as they did. Gebhardt and 
Preisendanz's curve, which lies well below that of Gebhardt 
and Seghezzi, is partially based on observations 'at temper
ature'. It has notbeen determined very precisely and the 
authors' data allow of shifting it towards the higher posi
tien given by Gebhardt and Seghezzi. We, therefore, consider 
Gebhardt and Seghezzi's c urve to be the best to date. 

The curves for nitrogen in tantaZum as given by Gebhardt 
et aZ. and by Bunn and Wert (Fig. 4.1.8) are in very good 
agreement with each other. This is, to a certain extent, a 
consequence of the fact that the latter authors, whose meas
urements ranged only from 350 to 550 °e, used Gebhardt's re
sults to establish the solubility curve over a large temper
ature range. Nevertheless, Bunn and Wert's low-temperature 
data and Gebhardt's high-te mperature data, both obtaine d from 
accurately performed work, do indeed fit we ll into the same 
straight line. 

We are now able to estimate the initial concentratien 
of the interstitial element which can be tolerated in order 
to prevent, at least to a large extent, a crossing of the 
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Fig. 4.1.8 

Terminal solubility of 
nitrogen in tantalum 
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7) D.A. Vaughan, O.M. 

Stewart and C.M. 
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Seghezzi, E. Fromm, 
7967 
E. Gebhardt, E. Fromm 
and D. Jaaob, 7965 

3) P. Bunn, C.A. Wert, 
7964 

terminal solubility curve on thermotransport. An accurate 
ealaulation of the permissible concentratien must, of course, 
be based on a precise knowledge of the form of the therma
transport sample and on Eq. (2.3.2), i.e. on the magnitude 
of the heat of transport. As the heat of transport is the 
quantity to be determined from the experiments, such a cal
culation can only be done a posteriori. 

In case of a positive heat of transport, i.e. when the 
interstitial element moves to the colder region, the (con
stant) solute concentratien present throughout the specimen 
befare starting the experiment, hereafter called 'initia! 
concentration', must be well below the terminal solubility 
at the coldest point of the temperature profile during the 
experiment. This may be verified by inspeetion of Fig. 4 .1 .1. 
The initia! concentratien must be chosen all the lower, the 
largeris Q*. 

We will assume the experimental conditions to be such 
as to give rise to a solute concentratien at the lowest tem
perature which is about twice the initia! concentration. 
Choosing 1400 °K for the minimum temperature during thermo
transport, it is seen from the curve of Gebhardt et aL (Fig. 
5.6.4) that the minimum terminal solubility is 3 at.%. The 
initia! concentratien should then be taken under 1.5 at.%. 
For nitrogen in zirconium at a minimum temperature of 1550 °K 
we find 1 at.% as the maximum of the initia! concentratien 
on the basis of the curve of Hallett et al. or of that of 
Elliott (Fig. 4.1.3). 
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Still maintaining 2 as the value of the ratio s o Zute 
aonaentration at the minimum experimenta Z t e mperature / initiaZ 
aonaentration, and choosing a minimum temperatureof 1100 OK, 
we may infer from Fig. 4 .1. 4 (er Table 4.1 .1} that the initial 
solubili ty of oxygen in titanium should net surpass 0. 5 at.%. 
This figure is 0.15 at.% for nitrogen in titanium on the ba
sis of the data of Palty e t al. (Table 4.1.1). 

Since the heat of transport of oxygen in tantalum was 
found to be negative (ef . Sectien 5.8}, the initial concen
tratien in this alloy may be chosen higher than the terminal 
solubility at the minimum experimental temperature. 

4.2 EVA P ORATION DATA 

From formula ('2.4.2.3) the rate of approach towards the 
steady state in thermotransport is seen to be proportiona l 
to the square of the temperature gradient, K2 , and to the 
coefficient of isothermal ditfusion of the interstitial ele
ment in the metal, D. It further depends on the temperatures 
T 1 and T 2 of the hot and cold ends of the sample. The depend
ence on the heat of transport will be seen in Sectien 5 . 5 to 
be of minor importance. 

For any given s e t of tempe rature s (T1 , T 2 ), K will be the 
larger, the shorter t he length of the sample in the direc
tion of the gradient. A lower limit to this length is set by 
the circumstance that a sufficient number of concentratien 
determinations must be made on the specimen. The gradient K 
thus has a practical higher limit for every given set of 
temperatures (T1 ,T2 ). The only way to speed up the approach 
toward$ the steady s t a te fora sample of given minimum length 
is, therefore , to raise the temperatures T1 and T2 , since D 
incr eases with increa s i ng temperature. 

It is, however, net possible to raise the temperature 
to any desired value below the solidus of the alloy. It has 
already been pointed out in Sectien 3.3 that toe high a tem
perature may deteriorate the sample to an undesirable extent 
as a consequence of high~temperature creep a nd e vaparatien 
of the metal. A further limitation is c a used by evaparatien 
of t he interstitial element, which occurs in several binary 
sys tems of interest. 

We will estima t e in this s e ctien the maximum value o f 
the temperatures which may be allowed to prevail in our 
samples during thermotransport. 

We consider first the evaparatien of the me t aZ. Nes
meyanov (1963} has given a critical and ext ensive survey of 
the data on the vapeur pressures o.f chemica! elemen ts. The 
more reliable figures from t he literature have b e en used for 
calculating paramete rs in a general formula o f t he type 

log10 P = A - B / T + CT + D log10 T (4. 2 .1} 

P is the vapeur pressure of an element in Torr at T °K. 
Values of A, B, C a nd D for the elements are collected in 

64 4.1-2 



Table II on pp. 423 to 431 incl. of Nesmeyanov's work . Simi
lar formulae may be found in Kubaschewski and Evans (1958) 
or in Smithells (1967). For any of the metals we are inter
ested in, the vapour pressures calculated according to the 
v a rious formulae given by these authors do not differ among 
them significantly. 

The thickness of the metal layer (under a flat surface) 
which will evaparate in vacuo per unit of time, Devap.• is 
related to the vapeur pressure by t h e relation (cf . Dushman 
(1949)) 

(4 .2 .2) 

p is the specific mass and A the atomie weight of the metal, 
R is the gas constant and T t he absolute tempera ture. Ex
pressing Devap. in )lm/hour, P i n Torr , p in g/cm3 a nd T in °K, 
we obtain from Eq. (4. 2 . 2 ) 

D evap. (4. 2. 3) 

We have calculated by Eqs. (4.2.1) and (4.2.3) the tem
peratures at which Devap. will be equal to 0.01 and 0.1, 
r espectively, for IV A a nd V A meta ls. The result s are give n 
i n Table 4. 2 .1. After a 100-hour run and starting with rib
bons with a thickness of 200 )lm, one and ten per cent., re
spectively,of the metal will be evaporated at the calculated 
temperatures. A quantitative determination of the heat of 
transport from a 100-hour run will only be possible if the 
maximum temperature is not much higher than the temperature 
corresponding to Devap . = 0.01. A qualitative de termination 

~ 1~2~~~~ constan t s in formula ( 4. 2 .1 ) T (OJ<) for T (OK) 
s olld 

acco r d ing to 0 e v a p . • 0. 0 1 0 evap. =0. 1 
me tal ac cording to 

Sm.ithells (1967) ~ c llrnfhour um/hour 

Ti 4. 5 32 . 511 29 2 7 0 17.08 0 . 000611 2 8 -6. 7 684 2 Nesmayanov 11963 ) 14 2 4 1 5 15 

2r 6.5 -13 . 68806 28865 . 7 5 - 0 . 000 99 183 7 . 36 127 1875 1 996 

Hf 13 . 1 - 30. 30302 28633. 0 3 - 0 . 00 142178 12 . 27986 2030 2163 

6 .1 - 1.64 209 256 13 .21 -0 . 00074 338 3 . 993 71 1530 1625 

Nb 8. 6 8. 94 3 7650 - 0 . 000 166 0 . 71 5 Smithe lls ( 196 7 } 2 13 0 2260 

Ta 16. 6 - 38. 429 11 32854. 92 -0 . 00 117 508 14 . 254 5 2 Nesmeyanov (196 3) 2431 2586 

Table 4.2.1 Cal c u lation o f t he ab s o l u t e t e mperatu re s a t 
which the IV A an d V A me tal s wi ll evapar a t e i n 
vacuo at a r a t e o f 0 . 0 1 and 0.1 ~m/hour, r e spec
tively (c onsidering only one fl a t surface o f the 
sp e cimen ) 

migh t , per haps, admit a maximum temperature corresponding to 
Devap. = 0.1 or even higher. 

We now consider the evaporation of the i nterstitia l. It 
is known that oxygen and nitrogen are not desorbed from IV A 
metals, even if the l a tte r are heated to the me lting point. 
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V A metals, however, behave quite differently. Bath inter
stitial elements start to be evolved from the glowing metal 
at temperatures well below the melting point. Nitrogen is 
evolved as N2 , oxygen in the farm of oxides. The degassing 
of niobium and tantalum has been studied quantitatively by 
Gebhardt and his coworkers (Koeberle (1961), Gebhardt, Fromm 
and Jakob (1964 b), Fromm and Jehn (1965), Gebhardt, DÜrr
schnabel and HÖrz (1966 b), Fromm (1966 a,b), HÖrz (1966), 
HÖrz and Gebhardt (1966 a,b), Fromm and Jehn (1967)). 

According to Gebhardt, DÜrrschnabel and HÖrz (1966) the 
degassing of a salution of nitrogen in niobium is given by 
the relation 

13 Scot 4 
5.5 x 10 ---- exp(-6.25 x 10 /T) + 1 m 

(4. 2. 4) 

c and co are the concentrations of nitrogen in the sample in 
g (per gramme of solution) at time t and t = o, respectively, 

s is the area of the probe in cm2, 
m is the ma ss of the probe in g, 
T is the absolute temperature in oK, 
t is the time in minutes. 

The degassing of a salution of nitrogen in tantaZum 
Obe!YS the analogous expression (HÖrz and Gebhardt, 1966) 

time 
(i) 

(ii) 

co 14 Sc t 4 
= 3.58 x 10 ---0 - exp(-6.76 x 10 /T) + 1 

c m 
(4. 2. 5) 

With these relations we have calculated the periods of 
which are necessary to reduce 
a 0.36 at.% ;o a 0.35 at.% salution of nitrogen in a 
niobium ribben with a cross-sectien of 5 mm x 160 ].Jm 
(Table 4.2.2A), and 
a 1 at.% to a 0.99 at.% salution of nitrogen in a tan
talum ribbon with a cross-sectien of 5 mm x 220 ].Jm 
(Table 4.2.2B). 

T (°K) 

1450 

1500 

1550 

1600 

A 

t (hours) 

5536 

1317 

343.5 

97.4 

T (OK) 

1500 

1600 

1700 

1800 

B 

t (hours) 

3932 

235 

1 9. 6 

2 .1 5 

Table 4.2.2 Periods of time (in hours), necessary to reduce 
(A) a 0.36 at.% soZution toa 0.35 at.% soZution 

of nitrogen in a niobium ribbon with a cross
Beetion of 5 mm x 760 ]lm, and 

66 

(B) a 7 at.% soZution toa 0.99 at.% soZution of 
nitrogen in a tantaZum ribbon with a cross
Beetion of 5 mm x 220 ]lm 
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It is seen that a quantitative determination of the heats of 
transport of nitrogen in niobium and tantalum from 100-hour 
runs should be made at maximum temperatures in t he neigh
bourhood of 1550 a nd 1600 °K, respectively. In a qualitative 
determination these temperatures might, perhaps, be raised 
by 100 °K. 

If it is assumed that oxy gen is desorbed from n i ob i um 
in the ferm of the oxides NbO and Nbo2 and from tan taZum in 
the ferm of TaO and Tao2 , t he experimental data obtai ned by 
Gebhardt a nd his coworkers may be understood without diffi
culty. Fromm (1966 b) has given the following relations for 
the rate of evaparatien of the oxides: 

and 

11 4 
VNbO = 9.55 x 10 c exp(-6.53 x 10 /T) x 

x 
-2 3 

x [1 + 10 c exp(9.26 x 10 / T)] 
(4 .2 .6) 

VTaO = 7.80 x 10 11 c exp(-6.65 x 104/T) x 
x 

2 4 (4.2.7) 
x [1 + 2 .80 x 10- x c exp(lO / T)] 

vNbO (vTaO ) repre sents the q uantity of NbO plus Nb02 (TaO 
x x 

plus Tao2 ) in rog, which evaporates from the roetal per minute 
and per square centimetre of the surface; c is the oxywen 
concentratien in at. % and T the absolute temperature in K. 

A B 

(OK) 
evaporated 

(OK) 
e vaporate d 

T quantity of T quantity of 
oxygen (\lg) oxygen ( \l g) 

1400 0 .1 5 1400 0.062 

1450 0. 60 1450 0.25 

1 500 2 .19 1500 0.9 2 

1550 7.43 1550 3. 1 

1600 23 .4 1600 9.8 

Table 4.2.3 Quantity of oxygen in 11g pe r runn i n g centimetre, 
which wi ZZ be evapor ated after a p eriod of 700 
hour s from 
(A) a 5 mm x 760 11m diameter niobium ribbon con 

taining originaZZy 7 . 5 at . % oxygen (i . e . 780 
11 g ox ygen per running cen t i me tre , and 

(B) a 5 mm x 220 11m diameter tanta Zum ribb on con
taining originaZZy 7 at . % ox ygen (i . e . 760 
11 g oxygen per ru nning centimetre ) 
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The first term on the right-hand side of equations (4.2.6) 
and (4.2.7), which is proportional to c, represents the 
quantity of evaporated monoxide, the secend term, which is 
proportional to c2, the quantity of evaporated dioxide. 

On the basis of these equations one rnay calculate, for 
various ternperatures, the quantities of monoxide and dioxide 
and frorn these the quantity of oxygen, which will be evapo
rated after a period of 100 hours frorn a running centirnetre 
of a 5 rnrn x 160 ~rn diameter niobium ribbon containing origi
nally 1. 5 at.% oxygen (Table 4. 2. 3A) , or a 5 rnrn x 220 ~rn tan
talum ribbon (Table 4.2.3B) containing initially 1 at.% oxy
gen. It is seen that only 1.2 % of the oxygen is lost in the 
course of a 100-hour run frorn the specified niobium sample 
at a ternperature of 1500 °K, whereas this figure is already 
as rnuch as 13 % at 1600 °K. For the specified tantalum probe 
these ternperatures are only rnoderately higher. 

Cernparing Tables 4.2.2 and 4.2.3 with Table 4.2.1, it 
is clear that the evaparatien of the interstitial element 
offers a far more serieus lirnitation to the raising of the 
ternperature than does the evaparatien of the rnetal. 

4.3 DIPFUSION DATA 

In order to be able to calculate the required minimum 
annealing duration for therrnotransport experirnents by rneans 
of the procedure described in Sectien 2.4, one must know, 
for the systerns under consideration in the ternperature ranges 
of interest, the coefficients of isotherrnal diffusion, D, as 
a function of ternperature. Papers dealing with the deterrni
nation of the Arrhenius expression for the diffusion coeffi
cient, D = D0 exp(-Q/RT), are collected in Table 4.3.1. 

It is apparent frorn this table that there is little 
agreement between the data found by the various investigators 
as far as diffusion in 8-Ti and 8-Zr is concerned. Consider
ing oxygen in 8-Ti, it is seen that the activatien energy, Q, 
differs by as rnuch as a factor two, while the pre-exponen
tial factor D0 ranges over six orders of magnitude. Such a 
discrepancy is often encountered when the Arrhenius expres
sion for a diffusion coefficient has been deterrnined, as in 
the present case, by concentratien gradient techniques. This 
is true even if the individual values of the observed diffu
sion coefficient do not differ considerably frorn author to 
author in the ternperature range which is apt for rneasurernent. 
The obvious reasen is that, usually, D can only be rneasured 
conveniently over a srnall range of ternperature. In platting 
values of ln D0 b - which have not been deterrnined too pre
cisely - versus Î/T, and in fitting a straight line through 
these points e.g. by linear regression, such a srnall temper
ature range easily gives rise toa serieus error in the slope 
of the line and , consequently, in the value of the activatien 
energy which is obtained frorn this slope. As ln D0 is obtained 
by long extrapolation of the straight line towards 1/T = 0, 

68 4.2-3 



w 

me tal 

8-Ti 

a-Zircaloy-2 

a-zr 

Nb 

Ta 

gas investiqation 

0 R . J. Wasilewsk.l and G.L. Kehl, 1954/55 

F. Claisse and 11. P. Kocnig, 1956 

W.P. Roe, H.R. Palmer and W.R. Opie, 1960 

R .J. Wasilewski and G.L. Kehl, 1954/55 

0 M.IL Mallett, W.M. Albrecht and P.R. Wilson, 1959 

0 J. Debuigne, 1966 

0 

0 

M.W. Mallett, J. Belle and B.B. Cleland, 1954 

J.T. Stanley and C.A. Wert, 1955 

R.W. Powers and M.V . Doyle, 1959 a 

J.T. Stanley and C.A. Wert, 1955 

R.W. Power& and H . V. Doyle, 1959 a 

E.A. Gulbransen and K.F, Andrew, 1950 

c. y. Anq, 1953 

R.W. Power a and M. V. Ooyle , 1959 . 
w. o . Klopp, C.T . . ..... and R. I. Jaffee, 1959 

R. Gibah end c.A. Wert, 1966 a 

C, Y. Anq, 1953 

W . l>l, Albrecht end w.o. Goede, 1959 

R.W. Powers and H..V. Doyle, 1959 a 

E.A. Gulbrensen and K.F. Andrew, 1950 

C.Y. Anq, 1953 

E. Gebhardt, H.-o . Seqheu:i and A. Stegherr, 1957 

R.W. Powers and M.V. Ooyle, 1959 a 

C.Y. Ang, 1953 

R.W. Powers and M. V. Doyle, 1959 a 

DHfuslon coefficient, D :: D0exp(-Q/RT) 

D0 (crn2/sec) Q (kcal/mole) range of valid-
ity (°K) 

1.6 48.2 ± 3.2 

0.083 31.2 ± 2.0 

31.400Jt1oS 68.7 

0.035 33.8 ± 1.4 

0. 013 

0. 0453 

0. 977 

0. 015 

o. 003 

j;. 0.0032 

0.018 

0.0092 :t. 0 . 0021 

0 . 00002 

0 . 0147 

0.0212 ± 0.0073 

0. 00407 

o.o1 a 

0.099 

0.061 

0.0086.: 0 . 0007 

0. 00009 

0.019 

0.015 

o.oo44 i o.oooa 

0.0123 

0.0056.:!: 0.0010 

28.2 ± 2.4 

41.0 

30.7 

28.2 

29.01 :t. 0.19 

35 . 1 

34 .06 ± 0.22 

22.8 

27.6 

26.9, ± 0.25 

24.9 

26.8 

38.6 

38.8 ± 0. 7 

34.92 ± 0.09 

27.4 

27.3 

26.7 

25 . 45 :k 0.13 

39.8 

37.84 ± 0,20 

1223 - 1687 

1400 - 1620 

1203 - 1423 

1173 - 1843 

1273 - 1773 

1323 - 1473 

1248 - 1913 ' 

473 - 648 

873 - 1473 

1073 - 1873 

523 - 723 

973 - 1673 

Table 4.3.1 Investigations concerning the isothermaZ diffu
sion of oxygen and nitrogen in group IV A and 
V A metaZs. Papers giving incidentaZ vaZues for 
the diffusion coefficient and papers giving data 
which have been revised in subsequent papers by 
the same authors, have not been incZuded, 

m'ethod 

conc. qradient technique 

1ntcrnal fr letion 

and ela.stlc after-effect 

lnternal friction 

and elastic after-effect 

conc. gradient technique 

internal frietion 

and elastic after-effect 

conc. 9re.dient technique 

internal friction and elastic after-effect 

internol friction 

conc . qradient technique 

internal friction and elaatic after-effect 

conc . qradient technique 

1nternal friction 

conc. qradient technlque 

intern al frietion and elaatlc after-effect 

internal frietion 

and elaatic after-effect 



it may contain an error of several units: D0 may then differ 
by several orders of magnitude from its true value. 

The data for the V A metals are more consistent, espe
cially these which have been determined by anelastic method& 
This is because the diffusion coefficient may be rather 
accurately determined by anelastic methods, especially if 
internal friction is combined with the elastic after-effect. 
The discrepancy between the data determined by means of 
anelastic methods may be ascribed in part to the fact that 
the measurements of the various authors have been carried 
out at different concentrations of the interstitial element: 
tne diffusion coefficient is, at least at the lower tempera
tures where these measurements are usually done, concentra
tien dependent (vide infra). 

Since D has to be known very aften at temperatures far 
outside the temperature range of convenient measurement, it 
is important to have available reliable values of Q and D0 • 

It is, therefore, of paramount interest to have criteria at 
hand in order to decide which one of the publisbed formulae 
is the nearer to truth. 

(1) A very valuable criterion is: D0 should lie within 
rather narrow limits near 0.01 cm2sec-1. 
This statement has been proved as fellows. 

Wert and Zener (1949) and Wert (1950) have developed 
the following expression for the coefficient of isothermal 
diffusion of an interstitial element in a cubic metal: 

D = naa~v exp(AS/R) exp(-AH/RT) (4. 3 .1) 

a0 is the lattice constant of the metal, a is a numerical 
coefficient whose value is determined by the location of the 
interstitial positions (a = 1/24 for a b.c.c. metal), n is 
the number of nearest neighbour interstitial positions 
(n = 4 for b.c.c. metals), v is the vibration frequency of 
the interstitial atom, and AG = AH - TAS is the change in 
free enthalpy per mole when a solute atom is moved isother
mally and isobarically from its interstitial position to the 
top of the energy harrier in the lattice constriction on its 
way to a neighbouring interstitial position. AH may be iden
tified with the activation energy of the diffusion process, 
Q, so that the following relation holds for the pre-expo
nential factor in the Arrhenius expression (2.4.1.2): 

2 D0 = naa0 v exp(AS/R) (4. 3. 2) 

which, for b.c.c. metals, reduces to 

(4. 3. 3) 

On the other hand, v~ert and Mar x ( 19 5 3) have shown tha t 
a virtually straight-line relationship exists between the 
activation energy of any relaxation process and the temper
ature at which the maximum relaxation occurs. For internal 
friction in metals, which is a particular relaxation process, 
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the form of this relationship has been shown by the authors 
to be 

Q = [R ln(v/f) + ~S] T ( 4. 3. 4) 

where R ln(v/f) + ~s is virtually a constant. f is the fre
quency of the stress applied in determining the temperature 
of the relaxation maxima. Stephensen (1965) has verified Eq. 
(4.3.4) for quite a nurnber of interstitial binary b.c.c. 
alloys and has found for the 'constant' a value of 62.1 
cal/mole x degree at f = 1 cps with a standard deviation of 
0.9 cal/mole x degree. 

The 'constancy' of the factor R ln ( v/f) + ~S may be inter
preted as fellows. As pointed out by Wert and Zener (1949), 
the vibration frequency of an interstitial in a b.c.c. metal 
may be approximised by the expression 

(4. 3 .5) 

The atomie weight of the interstitial atom, M, may vary from 
1 to 16 and the lattice constant of the b.c.c. metal, a0 , 

from 0. 3 to 0. 6 nm. Taking Q. = 20 kcal/mole and f = 1 cps, one 
obtains 60 - 2 < R ln(v/f) < 60 + 2 (cal/mole.degree). Vari
ation of Q by a factor 2n corresponds toa variatien in R lnv 
by only 0. 7 x n cal/mole. degree. The tot al deviation of R lnv 
from 60 will remain smaller than 2 + 0.7 x n, however, since 
the limiting values of the parameters in Eq. (4.3.5) cannot 
be cornbined at will (e.g. hydragen has always a far smaller 
activatien energy than have oxygen and nitrogen) . 

As Stephenson's 'constant' 62.1 is contained in the 
interval for R ln(v/f), the activatien entropy is seen to be 
a quantity of the order of only a few cal/mole x degree and 
its variations are, therefore, unable to alter the value of 
the 'constant' significantly. 

To conclude the proof, we substitute R lnv + ~S = 62.1 
in relation (4.3.3) which yields 

2 12 -1 
D ja ~ 6 x 10 sec 

0 0 
(4. 3 .6") 

The pre-exponential factor for the diffusion of interstitial 
elements in b.c.c. metals should thus range from 0.005 to 
0.022 cm2/sec. These figures will differ by at most an order 
of magnitude if a deviation from 62.1 of a few cal/mole x de
gree is taken into account. 

{2) Attempts have been made by various authors to cal
culate the activatien energy of interstitials in metals by 
assurning it to be of purely elastic crigin and treating the 
host metal as an isotropie elastic continuurn (Ferro, 1957; 
Yang, 1965). The ratio of the calculated to the experimental 
activatien energy has indeed been found in some cases to be 
in the neighbourhood of unity but as low as ~ or less in 
ether instances. The purely elastic model must, therefore, be 
considered to be insufficient, and calculations which are 
based on this model do not permit of choosing the most reli
able value for the activatien energy from a nurnber of exper-
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imental data. 
An empirical methad to estimate an unknown activatien 

energy has been offered, however, by Stringer and Rosenfield 
(1963). One may expect a relationship between the activatien 
energy of a diffusion process in a matrix metal and the melt
ing temperature of that metal on the ground that the atoms 
of the matrix element must be displaced against their bind
ing farces in the vicinity of the diffusion jump. Indeed, 
Hagel (1962) has revealed the existence of a straight-line 
relationship between the activatien energy for self-diffu
sion and the melting temperature, Tm, of b.c.c. metals. 
Inspired by this finding, Stringer and Rosenfield have plot
ted the activatien energies of oxygen, nitrogen and carbon 
versus the melting points of the host b.c.c. metals. For 
every interstitial, two straight lines became evident: a 
relation Q = aTm for binary b.c.c. alloys with 'low'solubil
ity of the interstitial, and a relation Q = bTm + c for 
binary b.c.c. alloys with 'high' solubility. The linearity of 
these relationships has, as yet, nat been explained theoret
ically. 

The relation Q = bT + c holds for oxygen as well as 
for ni tragen in cubic IV mA and V A metals, since in bath in
stances the solubility is high. Each of the coefficients b 
and c is different for oxygen and nitrogen. The straight
line relationships are apparent from Fig. 4.3.1. With the 
exception of the activatien energy of oxygen in tantalum as 
determined by accurate work of Gebhardt et al., only the ac-

Fig. 4.3.1 Plot of aetivation energies (mainly determined by 
anelastie methods) forisothermal dijfusion of ox
ygen (eireles)and nitrogen (triangles)in V A met
als versus melting point of the metals. Solid air
ales and triangles refer to the observations of 
Powers and Doyle. They have been used in the cal
eulation of the straight lines, shown in the fig
ure, whieh represent the empirieal dependeneies 
of the aetivation energies of oxygen and nitrogen 
diJfusion in b. e. c IV A and V A metals on the melt
ing point of the metals. 

72 4.3 



tivation energies determined by anelastic methods have been 
plotted, because they are generally far more precise than 
those obtained by a concentratien gradient technique. The 
straight lines in the diagram have been determined by us by 
means of linear regression on the basis of the data of Powers 
and Doyle only, which are to be considered as the more reli
able data for high-temperature applications (See below) • The 
straight curves predict activatien energies of oxygen in 
s-titanium and s-zirconium in the neighbourhood of 30 and . 29 
kcal/mole, respectively,and of nitrogen in the neighbourhood 
of 33 and 34 kcal/mole, respectively. 

The criteria just given allow of estimating the relia
bility of diffusion data which have been determined by con
centration gradient techniques. They are very helpful when 
no anelastic data are available as in the case of IV A met
als, which have only a b. c. c. structure at high temperatures. 

It is clear from the criteria that Wasilewski and Kehl' s 
data for oxygen in S-Ti and those of Roe et al. are to be 
discarded, leaving us with the quite acceptable values of 
Claisse and Koenig. Debuigne's data for oxygen in S-zirco
nium also appear to be very questionable. We preferred to 
use the data of Mallett et al. in our calculations concerning 
the thermotransport of oxygen in S-zirconium (although their 
werk was done on S-Zircaloy-2) because both D0 and Q are in 
keeping with the given criteria. 

Wasilewski and Kehl's data on N in S-Ti and the data of 
Mallett et al. on N in S-Zr are quite acceptable on the 
basis of the criteria, but Gulbransen and Andrew's values of 
the pre-exponential factor for oxygen diffusion in Nb and Ta 
are undoubtedly too low. 

In order to make a choice between the different anelas
tic data concerning the diffusion in V A metals, we believe 
the following criterion to be valid. 

(3) For high-temperature application of the Arrhenius 
expression those anelastic data are to be preferred which 
have been determined on interstitial solutions of low con
centration. 

The dependenee of the diffusion coefficient on concen
tratien at the lower temperatures where anelastic methods 
are employed is a well-established fact. Powers and Doyle 
(1959 a) have shown the activatien energy of oxygen diffu
sion in niobium te increase from 26.6 kcal/male (at 0.15 at.%) 
to 32.2 kcal/male (at 1.72 at.%). 

The concentratien dependenee is a result of the clus
tering of the interstitial atoms into groups of two, three 
and more atoms (Powers and Doyle, 1959 b; Keefer and Wert, 
1963; Gibala and Wert, 1966 a and b). The clusters have a 
higher activatien energy for dif.fusion than the 'single' 
atoms, the more so in proportion as the number of atoms in 
the cluster is higher. The 'overall' activatien energy of 
the diffusion process will, therefore, increase with the 
concentratien of the clusters. 

The concentratien Cn of clusters of n atoms, expressed 
as the ratio of their number to the number of roetal atoms in 
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the crystal, may be expressed by the equation 

n o C = Z (C1/3) exp(~G /RT) 
n n n 

(4. 3. 7) 

~G~ is the change in free enthalpy when n 'single' intersti
tials are bound tagether into a cluster of n atoms. It is 
positive when energy is required for the dissociation of the 
cluster. Zn is the number of ways that a cluster of n atoms 
can be arranged in the b.c.c. unit cell and the factor (l/3)n 
accounts for the fact that the number of actabedral inter
stitial sites in such a cell equals three times the number 
of atom sites. 

It is seen from this expression that the concentratien 
of the clusters, and hence the activatien energy of the dif
fusion process, increases with the concentratien of the 
interstitial element in the metal, which is given by 
C = c1 + 2c2 + 3C 3 + .•.. , and decreases with temperature 
(~G0 is positive) . If the free enthalpy changes ~G~ have 
suf~iciently high values, the cluster concentrations will 
become vanishingly small at high temperatures. The diffusion 
process will then consist nearly entirely of the migration 
of single interstitials, just as when the concentratien of 
the interstitial is small ~· The correctness of the above-men
tioned criterion isthenapparent if the Arrhenius expression 
is assumed to hold strictly for the 'single' -interstitial 
process over the entire temperature range. 

The following values of ~Gg have been found: 2. 6 kcal/male 
for oxygen pairs in tantalum (Powers and Doyle, 1959 b), 
1.5 and 5.0 kcal/male, respectively, for nitrogen pairs and 
triplets in iron (Keefer and Wert, 1963), and 2.8, 6.2 and 
10.6 kcal/male, respectively, for oxygen pairs, triplets and 
quadruplets in niobium (Gibala and Wert, 1966 b). Although 
these values may be far from precise, their order of magni
tude will probably be correct. Taking ~Gg equal to 3, 6 and 
12 kcal/male for n = 2, 3 and 4, respectively, we obtain for 
a 1 at.% interstitial sol~tion at 1500 °K: c1 "' 0.01 (Z 1 = 3), 

e -4 e -6 e 4 -8 . 
c 2 = z2 9 10 , c 3 = z3 27 10 and c 4 = z4 BI 10 (Zn ~s 

equal to 24 or a dividend of it, according to the particular 
arrangement of the atoms in the cluster at hand). This means 
that the percentage of the clusters is very small under the 
specified conditions which are these of our experiments. We 
can, therefore, apply the above-mentioned criterion. 

As the data of Powers and Doyle for diffusion of oxygen 
and nitrogen in V A metals (Table 4.3.1) have been determined 
on alloys with a very low solute concentration, they have 
been used in our calculations. They may be considered to be 
the more accurate., as they have been determined by a combina
tion of the methad of internal friction and that of elastic 
after-effect. 
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' EMITTANCES 

In order to convert observed temperatures into true 
t~mperatures, it is necessary to have the disposal of relia
h 'le values of the normal speetral emittance for every metal 
·investigated. This is irnrnediately clear from the pyrometer 
formula ( 3. 4. 4) . 

For the purpose of this investigation only speetral 
emittances at or quite near 650 nm are, of course, of inter
est. Many values for ~650 have been collected by Touloukian 
(1967) and additional data are given in Table 4.4.1. Gener
ally, the publisbed data for a given metal differ considera
bly more than Table 4.4.1 might suggest. Apart from experi
mental errors and differences in the degree of purity of the 
samples used by the various investigators, such discrepancies 
may be explained for a large part from differences in the 
surface condition of the various specimens. The rougher the 
surface, the higher will be the speetral absorptance and 
thus the higher will be the speetral emittance. Edwards 
(1965) has observed increases of the normal speetral emit
tance of up to 0.2 after producing surface finishes on Al, 
Ti and 303 stainless steel by various ordinary finishing 
processes like lapping, ho'ning, grinding, sanding and metal 
cutting. The presence of surface films produced by oxidation 
or other reactions with the environment will generally also 
raise the speetral emittance. 

From the point of view of data collecting and comparing, 
the emittances should be determined on perfectly smooth and 
film-free materials, because otherwise the surface condition 
cannot be sufficiently defined. In practice, however, one 
may often use values for the emittances which have been de
termined on samples with a less well-defined surface condi
tion. This is the case when the object to be studied has it
self an ill-defined surface finish. Our ribbons, e.g., were 
thermally etched in the course of annealing. A recent inves
tigation on the influence of thermal etching on the emittance 
has been publisbed by Quinn (1965). As we believe that ther
mal etching in our experiments will have given rise to but a 
moderate increase of emittance, we have collected in 'l'able 
4.4.1 only those data which do not differ very much from the 
'ideal' values for perfectly smooth and clean surfaces. 

Higher values which have appeared here and there in the 
literature have been omitted from the table. It is no use 
making a choice between the data in the table, just because 
we do not know the surface condition of our samples after 
thermotransport. Therefore, for the conversion of observed 
temperatures we have, rather arbitrarily, used the data of 
SeemÜller and Stark for titanium, the values of Bradshaw and 
Cost for zirconium and niobium, respectively, and the data 
of Fiske for tantalum. The presence of oxygen and nitrogen 
in solid solution has been assumed to have no significant 
influence on the emittance. This has been observed to be true 
within the limitsof experimental error by Cubicciotti (1951) 
for solutions of up to 28 at.% oxygen in zirconium, by 
Gebhardt, Seghezzi and Frornm (1961) for solutions of up to 
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metal investigation
in nm

CA
nature of samples and surroundings remarks

J.W. Edwards, H.L. Johnston and
W.E. Ditmars, 1953

H. Seemfiller and D. Stark, 1967

1223 — 1623 99.5 8 powder metallurgical Ti (analysis given),
sintered in vacuo, metallographically polished
with magnesia. Measurements in vacuo (10 pTorr).

0.43 ± 0.02 1587 — 1764 99.88 8 iodide titanium. Analysis given. Surface
condition not specified. Measurements in vacuo.

—0.000120 T + 0.689 1200 — 1800 99.5 8 Ti. Measurements in ultrahigh vacuum aft
er ‘sufficiently’ long heating of the probe at
- 1 nTorr and near the melting point to remove
surface contaminations.

652 0.43 >transition
temperature

Iodide Zr. Ho further specifications given.

F.J. Bradshaw, 1950 652 0.426
(stand. dcv. 0.013)

1293 — 1813 powder metallurgical zirconium, sintered in vac—
uo, containing 3 8 hafnium and a total of 0.8 8
of other impurities ( analysis given ). Samples
metallographically polished withmagnesia. Meas
urements in vacuo (10 uTorr).

Ho variation of C A with temperature could
be detected.

V.A. Petrov, V.ya. Chekhovskoi and
A.E. Sheindlin, 1963

S. Gebhardt, S. From and 0. Jakob, 650
1964 a

650 0.345 1083 — 2405
(stand. dcv. 0.0075)

No analysis of the metal. Surface condition of
the probes not specified. I~asurements in vacuo.

99.3 8 Hb (analysis given). Measurements in vac—
uo (after prolonged heating of the samples) at
about 10 pTorr.

Little, if any variation of CAwith tem
perature. Variation with nitrogen con
tent in alloys up to 8 at.% nitrogen
less than 0.005.

Formula obtained by linear regression
from authors’ data.

M.o. Fiske, 1942

R.D. Allen, L.F. Glasier and
P.L. Jordan, 1960

Both (i) and (ii) polished with Hos. 1, 0, 00,
000, and 0000 abrasive papers. Measurements in
argon with a pressure slightly above 1 atm.

No analysis of the metal. Single crystals with
polished surfaces, rinsed with acetone. Micro
scopical selection of areas relatively free of
surface defects for emittance measurements in
vacuo.

Graph of CA vs. T slightly convex to
wards T—axis.

Linear decrease of CA with temperature
acceptable on the basis of the data.

Table 4.4.1 Normal spectral emittances of IV A and VAmetals
at or near x = 650 nm. Additional data have been
collected by Touloukian, 1967.

8 at.% nitrogen in tantalum, by Cost (1962) for solutions of
up to 8 at.% nitrogen in niobium and by Hörz, Gebhardt and
DUrrschnabel (1965) for solutions of up to 2.8 at.% nitrogen
in vanadium.

4.5 STICKING PROBABILITIES

Before performing experiments with gettering metals one
should determine what demands are to be imposed on the vacuum
in order to keep contamination of the specimens within rea
sonable limits. We have ascertained by experiment as well as
by calculation (of. Section 5.2.2) that the vacuum in our
apparatus, 50 nTorr or better, has been sufficient for our
purpose. Since a calculation involves the knowledge of stick—

8—Ti F.J. Bradshaw, 1950 652 0.484 — 0.471
(stand. dcv. 0.01)

temperature
(05)

650

650

—Zr J.H. Dc Boer, 1927

Nb L.V. Whitney, 1935

J.R. Cost, 1962

Linear decrease of CA with temperature
assumed on the basis of the data.

Linear decrease of CA with temperature
acceptable on the basis of the data.

667 0.374

660 —0.0000286 T + 0.389 1242 — 2494
(± 5 8)

1300 — 2200 Ho analysis of the metal. Specimen heat—treated No temperature dependence of CA within
for over 500 hours. Measurements at pressures of accuracy of the experiments.
1 pTorr or better.

Ta A.G. Worthing, 1926

L. Malter and D.B. Langmuir, 1939 665

0.35 ± 0.01 1273 — 2273 No analysis of the metal. Surface condition not No dependence of CA on temperature with—
clearly specified. in accuracy of the measurements.
Measurements in vacuo (2 pTorr).

665 0.493 — 0.375 300 — 3300 No analysis of the metal. Surface condition not
clearly specified. Measurements in vacuo.

0.481 — 0.383 1000 — 3269 No analysis of the metal. After a preliminary
heat—treatment the probes were heated for five
hours at 1750 0C with seven 30—second flashings
at 2400 OC. Measurements in vacuo.

669 0.437 — 0.385 1250 — 2368 99.9 8 Ta. Probes degassed at 2000 OK for 1000
hours with occasional 30—second f lashings to
2350 °K. Measurements in vacuo (40 nTorr) at
temperatures below 1800 ~

650 0.361 — 0.350 2400 — 3269 (i) 99.92 8 pressed and sintered metal powder,
hot and cold rolled (analysis given).

(ii) 99.93 8 vacuum—cast, cold rolled, swaged and
cold drawn tantalum (analysis given).

R.L. Dreshfield and R.D. House, 1966 680 0.426

0.412

0.407

1366

1922

2477

Linear decrease of CA with temperature.

Data refer to emittance of (211) planes
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ing probabilities, we have searched the literature for data 
on these quantities. 

A sticking probability, S, is defined as the ratio of 
the rate, Vabs.' at which a gas is sarbed per unit area of 
the rnetal, to the rate, v, at which the gas strikes this 
area: 

(4. 5 .1) 

v is given by the relation (cf. Dushrnan, 1955, Chapter I): 

-~ -2 -1 v = 0.05833 x P(MT) male cm sec (4. 5. 2) 

P is the (partial) pressure of the gas in Torr, M its molec
ular weight in gram, and T its ternperature in °K.. 
The smaller is S, the less rigarous are the requirernents re
garding the vacuurn. 

Much work has be.en done on sticking probabilities of 
diatornic gases on refractory rnetals. Nearly all investiga
tions, however, have been lirnited to the deterrnination of 
sticking probabilities at room ternperature and below, where 
the absorption sites of the surface are rapidly saturated 
with physisorbed molecules or chernisorbed atorns, unless the 
pressure is extrernely low. In experirnents of our type, how
ever, the surface coverage cannot becorne important, ascherni
sorbed atorns will very rapidly move into the bulk of the 
roetal by diffusion. 

On the other hand, the considerable nurnber of investi
gations on oxidation and nitridation of refractory metals 
perforrned at higher ternperatures is also irrelevant to our 
problern. The gas pressures in oxidation and nitridation 
studies are usually high (of the order of decirnetres, centi
metres or rnillirnetres mercury) , giving rise to the formation 
of surface layers of oxides or nitrides which slow down the 
reaction between bulk roetal and gases. 

Studies of gas absorption, representative of the condi
tions of our experirnents, are quite recent and lirnited in 
nurnber. All publications of irnportance to our work and known 
to us to date are surnrnarised in Table 4.5.1. 

A general scherne of sorption of diatornic molecules at 
low pressures by incandescent V A metals has been given by 
Kofstad (1'964, and 1966, pp. 236 - 244; see also HÖrz, 1968a), 
who extended the ideas advanced by Ehrlich (1955). The proc
ess is assurned to consist of several stages. 
(l) Physisorption of diamotie molecules on the surface of 

thè rnetal. Every molecule impinging on the surface is 
supposed to be physisorbed (condensation coefficient = 
= 1). This process, however, is reversible. 

(2) Dissociation of physisorbed molecules and chernisorption 
of the atorns on active surface sites. 

(3) Diffusion of chernisorbed atorns into the bulk of the 
rnetal. This process is also reversible. 

Unless the ternperature is very high, other stages such .as 
desarptien of chernisorbed atorns into the gas phase or evapo-
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me tal gas investigation temperature 
range (OK) pressure range (Torr) 

Ti 02 L.G. Carpenter and W.N. Màir 
"1o-4 (1959/60) 1050 - 1525 

P. Kofstad (1967) 1273 1773 x 10-4- 2 x 10-3 

N2 L.G. Carpenter and W.N. Mair 
"-10-3 (1959/60) 1040 - 1220 

Zr 02 E. Gebhardt, H.-o. Seghezzi and 
• 1 o-3 w. D(lrrschnabel (1961 a) 1853 - 2203 1 .5 

Hf 02 P. Kofstad and S. Espevik (1967) 1273 - 1973 x 10-4 - 5 • 10-·3 

V 02 G. Hllrz (1968 b) 1373 - 1793 . 10-5- 3 x 10-3 

Nb 02 H. Koeberle (1960) 1473 - 1873 x 10-3 

H. Inouye (1961) 1123 - 1473 3 x 10-5- 5 x 10-3 

E. Gebhardt and R. Rothenbacher 
10-4 - x 1 o-3 (1963 b) 1333 - 1923 x 2 

R. A. Pasternak (1964) 300 - 2200 4 . 10-8 - 2 • 10-6 

P . Kofstad and s. Espevik (1965) 1473 - 1973 2 • 10-4 - 0.5 

R.A. Pasternak and B. Evans 
• 10-8 - • 1 o-6 (1967) 300 - 2100 

E. Fromm and H. Jehn (1967) 2143 - 2473 5 x 10-5- 2 • 1 o-3 

G. Hllrz (1968 c) 1373 - 2073 5 x 1 o-5- 1 • 1 o-4 

N2 R. Gibson, B. Bergsnov-Hansen, 
N. Endow and R.A. Pasternak 

10-9 - 10-5 (1963) 300 - 1823 7.6 . 2.5 x 

R.A. Pasternak (1964) 300 - 2000 5 x 10-9 - 2.4 . 10-6 

R.A. Pasternak and R. Gibson 
x 10-9- • 1 o-5 (1965) 298 - 2000 6. 6 

R. A. Pasternak, B. Evans and 
x 10-7- • 1 o-6 B. Bergsnov-Hansen (1966) 1650 - 2000 ~ 6 

B. Evans and R.A. Pasternak 
10-6- 10-5 (1966) 1475 - 1705 2 • 2 • 

Ta 02 H. Koeberle (1960) 1273 - 1873 1 . 1 o-4 - 6 • 10-3 

P. Kofstad (1964) 1573 - 2073 10-4 -

E. Fromm and H. Jehn (1967) 2213 - 2773 5 x 10-5- 2 x 1 o-3 

G. Hllrz (1968 c ) 1373 - 2273 5 x 10-4 

Table 4.5.1 Investigations concerning sticking probabilities 
of oxygen and nitrogen on IV A and V A metals at 
low pressures and high temperatures. 
Publications giving data from which sticking 
probabilities may be ca l culated have also been 
inc Zude d . 

ration of chemisorbed oxyge n atoms in the farm of roetal ox
ides need nat be considered. 

If Stage 3 is very fast compared to Stages 1 and 2, one 
obtains the following expression for the sticking coeffi
cient. 

s (4. 5. 3) 

E- l is the activation energy for desorption, E2 the activa
tien energy for chemisorption of a physisorbed molecule. a-1 
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and ~2 are constants, and 8 is the surface coverage of the 
metal. It is seen that S is pressure independent and that it 
increases with temperature. For 6 << 1, Eq. (4 .5.3) reduces 
to 

(4. 5. 4) 

where C = a_ 1;a2 is a constant. The quotient S/( 1 - S) de
creases linearly with 1/T as may be verified by rearrange
ment of Eq. (4.5.4). The linear dependenee of S/ (1- S) on 
1/T has indeed been found by several investigators (Kofstad, 
1?.64 (Ta and o2), Kofstad and Espevik, 1965 (Nb and o2 ), 
Horz, 1968 band c (V, Nb, and Ta with o2 )). 

However, as the bulk concentratien of the interstitial 
element increases, S gradually remains below the value pre
dicted by Eq. (4.5.4). This is easily explained if one as
sumes an equilibrium to exist between the atoms in interstitial 
salution and those chemisorbed on the surface: an increasing 
bulk concentratien will increase 8 and yield a lower value 
forS, according toEq. (4.5.3). HÖrz (1968 c) has found that 
Eq. ( 4. 5. 4) holds for the following gas concentrations in the 
bulk metal: vanadium and oxygen up to 6.5 at.%, niobium and 
oxygen up to 1.5 at.%, and tantalum and oxygen up to 1 at.%. 
From his observations he obtained for the constant C in Eq. 
(4.5.4): 0.00185, 0.0131, and 0.111 for V, Nb, and Ta in this 
order. For E2 - E_ 1 was found 17.6, 14.2, and 11.3 kcal / male 
in the given order. 

HÖrz' values for the sticking probabilities of oxygen on 
niobium are higher than these obtained by the other authors 
referred to in Table 4.5.1. He discusses some possible 
reasans for the discrepancies between the various data. Fromm 
and Jehn's data, e . g ., are not representative of the stick
ing probabilities at the temperatures where Eq . (4.5.3) is 
valid, since the evaparatien rate of oxides played an impor
tant role in their study (cf. Section 4.2). 

The temperatures during our thermotransport experiments 
of oxygen in niobium and tantalum are comparable to these of 
HÖrz, but the pressure in our apparatus was very much lower. 
Since there is na reasen to assume that HÖrz' results should 
nat be applicable at very low pressures, wewill use them for 
our calculation, since our concentrations were just within 
the range to which application of Eq. (4.5 .4 ) is to be con
fined. Since the bulk concentratien in our niobium-oxygen 
experiments was N = 1.5 at.%, and the maximum and minimum 
temperatures were Tm x. = 1500 °K and Tmin. = 1330 °K, re
spectively, the stic~ing probability must have ranged from 
S = 0.39 to 0.26 according to HÖrz' formula. For oxyge n in 
tantalum (N "' 1.0 at.%, Tmax . = 1560 °K , and Tmin. = 1350 °K) 
S must h ave ranged from 0.18 to 0.11. 

The dependenee of S on the atomie percentage of oxygen 
in niobium is given more explicitly by a formula proposed by 
Pasternak and Evans (1967): 

(4. 5. 5) 
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S 0 is the sticking probability on a perfectly clean surface, 
St the one for large concentrations of the interstitial in 
the metal. s0 and St were found to be equal to 0.7 and 0.2, 
respectively, independent of temperature and pressure. S is 
the sticking probability at an atomie percentage N. K0 is a 
constant and the meaning of ~H will be explained below. 

The formula was derived by postulating a scheme of 
stages different from the one described above. Physisorption 
is ignored.Amolecule colliding with the surface will either 
rebound into the gas, or be dissociated and chemisorbed to 
active surface sites without activation energy. The chemi
sorption is irreversible and postulated to occur in two inde
pendent atomie states differing in binding energy. Ditfusion 
into the bulk is rapid and an equilibrium exists between 
atoms in interstitial salution and those chemisorbed on the 
surface. The quantity ~H in Eq. (4.5.5) is the heat neces
sary for the transfer of adsorbed oxygen in State 2 into the 
bulk. The absence of any activation energy engenders the tem
perature independenee of S 0 • 

The observations of Pasternak and Evans, made at pres
sures of the order of 1 to 0.1 ~Torr and at temperatures be
tween 1300 and 1700 °K, fitted well the given equation. With
out trying to account for the discrepancies between Pasternak's 
and Kofstad and HÖrz' theories, we have calculated S by means 
of Eq. (4.5.5) for the circurnstances of our niobiurn-oxygen 
experiments. Estimating ~H and K0 from a graph given by the 
authors to be 27 kcal/mole and 3.1 x 10-4, respectively, we 
obtained S = 0.22 at Tmax. = 1500 °K, and S = 0.2 at Tmin. 
= 1330 °K, which is lower thanS = 0.39 and S = 0.26 as de
rived from HÖrz' formula. 

A graph given by HÖrz (1968 c) shows his values for the 
sticking probability to be the highest of all those found by 
the various authors, with the exception of the values of 
Pasternak and Evans. As his graph refers only to sticking 
probabilities at very low concentrations, he only included 
Pasternak's S0 in his figure. It is seen that, taking the 
concentration dependenee into account, the results of 
Pasternak and Evans are a lso lower than those of HÖrz. There
fore, 0.39 seems a safe maximurn to be used for our calcula
tions in Section 5.2.2. 

From Kofstad's work (1964) on the low-pressure oxidation 
of tantalurn the constants C and (E2 - E-1) in Eq. (4.5.4) may 
be calculated to be equal to 1/34 and to 18.25 kcal/mole, 
reppectively, yielding S = 0.09 at Tmax. = 1560 °K and S = 
= 0.04 at Tmin = 1350 "K. The afore-mentioned value of 0.18, 
obtained fo~ T·= 1560 °K from HÖrz' formula, will be used in 
our calculations in Section 5.2.2. 

As far as we know, Pasternak and co-workers have been 
the only investigators to date who studied sticking proba
hilities of nitrogen on niobium under the relevant conditions. 
They proposed the formula (Pasternak, Evans, and Bergsnov -
- Hansen, 1966): 

S/So (4. 5. 6) 
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Ne is the equilibrium atomie percentage of the interstitial 
in the metal, given by 

where P is in Torr and RT in cal/male. 
Eq. (4.5.6) was stated to be no langervalid at temper

atures well below 1650 °K when N approaches or exceeds Ne, 
i.e. under the conditions of our experiments: Tmax. = 1603 °K, 
N = 0.36, and Ne ~ 0.02. (The value of Ne is obtained from 
Eq. (4.5.7) inconsidering that Pis of the order of 10 nTorr 
(cf. Section 5.2.2)). Since N exceeded Ne in our experiments 
we believe S to have been negative. 

The low-pressure sticking probabilities of nitrogen on 
tantaZum determined·by Gasser, Lawrence, and Newman (1966), 
were obtained at temperatures up to only 530 °K, which is 
too low to permit them to be used for our purpose. No other 
data could be found for the tantalum-nitrogen system. 

Relevant data on the sticking probabilities of oxygen 
and nitrogen on titanium and zirconium are also very scarce 
or lacking. Kofstad (1967) determined the initial sticking 
probability, S 0 , of oxygen on S-titanium between 1273 and 
1773 °K and at pr'essures from 0.2 to 2 mTorr. S 0 was found 
to depend on pressure and to increase with temperature from 
a value under 0.1 to 0.6 - 0.7 at temperatures between 1550 
and 1650 °K (0.6 to 0.7 depending on the pressure). The ini
tial sticking probability decreases again at higher tempera
tures, which is explained by Kofstad on the assumption that 
the evaporating titanium at the higher temperatures carries 
along with it adsorbed oxygen. He also conjectures that S 
will be equal to the maximum value of 0. 6 to 0. 7 at the lower 
temperatures at very low pressures, which would mean that the 
sorption processes were non-activated. His data agree fairly 
well with those obtained by Carpenter and Mair (1959/60) at 
a pressure of about 0.1 mTorr between 1175 and 1525 °K. The 
latter authors also established a maximum of 0.7 for the 
sticking probability. This value will be taken as an upper 
limit to S under the circumstances of our experiments. 

Carpenter and Mair also determined the sticking proba
bility of nitrogen on S-titanium at a pressure of the order 
of 1 mTorr and between the transition temperature (1155 °K, 
where S was found to be equal to 3.2 x 10-4) and 1220 °K 
(where S is 8 x 10-4). Assuming log1o S to increase linearly 
with decreasing 1/T, the authors plotted a graph which, at 
rather long extrapolation, yields S ~ 0.01 at the maximum 
temperature of our titanium-nitragen experiments (1432 °K). 
For lack of further data this value will be used in Section 
5.2.2. 

Levitan, Draley, and Van Drunen (1967) measured the 
weight gain of zirconium samples in oxygen at 823, 973, and 
1073 °K, and at pressures as low as 0. 25 mTorr. In principle, 
sticking probabilities may be derived from their data, al
though the temperature of the oxygen cannot very well be es
timated from the authors' paper for lack of details. The re-
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sults, however, would apply to a-zirconiurn only, and it is 
questionable whether such data can be used as sticking prob
abilities for S-zirconiurn. 

Sticking probabilities of oxygen on B-ziraonium can be 
estimated, however, from the workof Gebhardt, Seghezzi, and 
DÜrrschnabel ( 19 61) . The oxygen uptake by 1-mm diameter wires 
at a pressure of 1.5 mTorr and at temperatures between 1580 
and 1930 °K was 6.6 ± 0.4 mg/cm2 in 500 sec. The atomie per
centage was approximately equal to 19 at this stage and no 
oxide layer was reported to have formed. Assurning a gas tem
perature of 100 °C, a 'mean' sticking probability of approx
imately 0.5 is obtained by means of formulae (4.5.1) and 
(4.5.2). The initial rate of oxygen uptake may be est~mated 
fromagraph givenbythe authorstohave been 24.4 ~g/cm .sec, 
yielding S 0 = 0.85 for. oxygen at room temperature (room tem
perature is probably a reasonable estimate for the gas tem
perature just after starting the experimentt. The decrease 
in sticking probability will have been mainly the result of 
an enlarged surface coverage with increased concentration. 
The value 0.8 for S will be assurned to have been the maximurn 
in our experiments. 

No data on the zirconium-nitrogen system could be found. 
We suppose the sticking probability to be low (S ~ 0.05), on 
the analogy of what has been observed for the titaniurn-ni
trogen system. 
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CHAPTER V RESULTS OF THE EXPERIMENTS AND COMPUTATIONS AND 
THEIR DISCUSSION 

5.1 ANALYSI S OF THE METALS 

The metals used in this investigation were all obtained 
from w.c. Heraeus G.m.b.H., Germany. Their analysis is given 

Zr Ti Nb Ta Mo 

H 20 5 1 . 3 3 

B <0.2 

c 95 130 190 <100 50 

N 22 30 1 07 1 3 2 

0 1620 700 640 162 30 

Mg 300 165 + 
Al 43 2 

Si 59 120 85 + 
Cl 700 

Ca 3 

Ti <20 >99.5 % 3 0 

V 20 1 0 

Cr 60 27 

Mn 24 30 

Fe 404 300 218 <200 100 

Co <5 

Ni <1 0 23 

Cu <20 1 + 
Zr >99.5 % 30 

Nb >9 9 .8 % <4 0 0 

Mo 10 3 0 >99 . 9 6 % 

Hf 69 

Ta 36 4 >99 . 8 % 

w 30 <500 

Pb 5 

Table 5. 1 .t Ana Zysis of the metals used in thi s investiga 
tion . 
UnZess othePwise stated aZZ quantities aPe given 
in ppm. T he + sign means t ha t a n elemen t is pPe 
s en t, but has not been determined quantitative 
Zy . Open spaces mean that n o dat a ap e a vaiZabZ e . 
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sample No. nitrogen content 
in at. % 

1 0.008 

2 0.012 

3 0.010 

4 0.019 

5 0.017 

6 0.017 

mean 0.014 

(22 ppm) 

Table 5.1.2 Nitrogen content in samples taken from the zir
conium ribbons as received from the supplier. 
Sample weights ranging from 77.1 to 18.8 mg. 

in Table 5.1.1. With the exception of those of oxygen and 
nitrogeninzirconium all data were provided by the supplier. 
It is seen from Table 5.3.1 (samples Nos. 1 to 4 incl.) that 
the mean concentratien of oxygen in zirconium has been 0.92 
at.% (1620 ppm). The concentratien of nitrogen in zirconium 
has been determined by the methad referred toinSection 3.6. 
The result of the analysis is given in Table 5.1.2. 

5.2 SOME MINOR EXPERIMENTS AND CALCULATIONS IN BELATION TO 
THIS INVESTIGATION 

Befare dealing with the therrnotransport experirnents, 
sorne minor experirnents and calculations will be discussed 
which are relatedtoour main subject. We will do so to avoid 
interruptionofthe argument in the following sections. 

5.2.1 DETERMINATION OF THE 'EFFECTIVE LENGTH' OF A RIBBON 
FOR GAS LOADING 

Frorn the dirnensions of a given roetal ribbon, and frorn 
the arnount of gas adrnittedto the vacuum charnber and gettered 
subsequently into the strip, it is possible to calculate the 
initial gas concentratien of the sample to be cut out of the 
ribbon and to be used for therrnotransport. For this purpose 
one must know the 'effective length' of the ribbon for gas 
loading. 

Since the ribbon was spotwelded on to rnolybdenum sup
ports which act as heat sinks, the ternperature during gas 
gettering, and thus the concentratien ensuing frorn the ab
sorption, was nat homogeneaus over the full length of the 
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strip. Only a length of several centimetres of the central 
portion could be considered to have assumed homogeneaus con
centration (af. Section 3.2). As a thermotransport sample 
was cut from the central portion, we were only interested in 
the concentratien in this part of the ribbon. 

We now define the 'effective length' of a ribbon for 
gas loading. For this purpose we visualise a second ribbon 
having the cross-section of the first strip and absorbing 
the same amount of gas. During absorption the second ribbon 
is kept at constant temperature over its entire length in 
order that it assumes constant concentratien throughout. The 
'effective length' for gas loading of the first strip is now 
defined as the length which should be given to the second 
ribbon in order to obtain a concentratien equal to the one 
present in the central part of the first strip after homo
genisation. 

The 'effective length' has been determined experimen
tally for nitrogen absorption in a 10-cm long zirconium 
ribbon which was degassed, recrystallised, loaded with gas, 
and horoogenised at the temperatures chosen for the prepara
tien of ribbons Zr-N-1 up to and including Zr-N-9 for therma
transport (af. Table 5.7.1). 

The 'effective length' is independent of the thickness 
of the ribbon in question, but it depends strongly on its 
length. It will, probably slightly, also depend on the nature 
of the metal and of the absorbed gas and on slight differences 
between the temperature profiles during absorption. Neglecting 
the latter dependencies, the 'effective length' may be taken 
equal for all strips prepared for thermotransport, since they 
were each 10 cm in length and were loaded with gas at compa
rable temperatures. 

The experiment will now be decribed. A 1Q.03 x 0.5 x 
x 0.0196 cm zirconium ribbon was degassed and recrystallised 
at 1363 °K over a period of 2 hours. Then, a total amount of 
923 ~g (± 5 %) of nitrogen was gettered into the metal in 
three consecutive portions at 1353 °K. Subsequently, the rib
bon was homogenised at 1648 °K for 25 hours and then radiation 
quenched. The error of 5 % in the total amount of nitrogen 
sterns from the incertainty (± 0.03 cm3) in the calibrated 
volume (No. 11 in Fig. 3.1.1), from the combined errors in 
the three consecutive pressure readings (3 x 1 Torr on a to
tal of 67.5 Torr) on the mercury manometer (No. 13 in Fig. 
3.1.1), and from the deviations (± 1 °C) from the mean room 
temperature at the instants at which the gas portions were 
separated from the nitrogen stock by closing the stop-cock 
labelled 16 in Fig. 3.1.1. The rather large inaccuracy of 
1 Torr per pressure reading was the consequence of an irre
producible sticking of the mercury to the glass wall of the 
manometer. 

The ribbon was cut in transverse direction into rectan
gular chips, 0.5 cm in breadth, 0.0196 cm in thickness, and 
approximately 0.12 to 0.16 cm in height. Some of the larger 
pieces were cut in two halves ('twins') along a line origi
nally parallel to the longitudinal axis of the strip. 
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The chips were analysed for nitrogen by the methad men
tioned in Section 3. 6. The re sul ts are gi ven in Fig. 5. 2 .1 .1. 
Each circle represents a chip, its abscissa being given by 

0~--~--~~--~--~----~--~----~--~--~~--~0 0 2 6 7 8 9 10 
- distance from top end of fhe Zfrconium ribbon (cm) 

Fig. 5.2.1.1 Nitrogen distribution in a 70. 03 x 0.5 x 0 .0796 
cm zirconium ribbon. The preparati on of the 
ribbon is described in the text. Eac h circZe 
represents one of the chips into which the rib
bon was cut after homogenisation. The abscissa 
of a circZe gives the pos i tion of the centre of 
gravity of the chip pr ior to its being cut off 
the strip , and the ordinate the atomie per cent
age of nitrogen in the strip. The 'twins' (see 
tex t ) are represented by two crosses with a cir
cZe giving the mean concentration (for one set 
of twins circZes and crosses coincide).The con
centration is seen to be approximateZy constant 
between 3 and 7 cm fr om the top of th e ribbon . 

the position of the centre of gravity of the chip along the 
ribbon prior to i ts being cut off the strip, and the ordinate 
representing the atomie percentage of nitrogen in the chip. 
The 'twins' are represented by two crosses with a circle 
giving the mean concentratien {for one set of twins crosses 
and circle coincide) . 
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The concentratien is seen to be approximately constant 
between 3 and 7 cm from the top of the ribbon. Drawing a 
smooth line through the scattered data, the mean atomie per
centage in this central part is seen to be equal to 1.03. 
The area under the curve was determined by weighing and found 
to be about 8.824 at.% x cm, yielding for the 'effective 
length' Zeff. = 8.57 cm. 

5.2.2 SUFFICIENCY OF THE APPLIED VACUUM 

The pressure in the vacuum chamber during homogenisation 
after gas loading and in the course of the thermotransport 
experiments was 50 nTorr ar better. This pressure was just 
sufficient for our purpose as will now be demonstrated. 

The total amount of nitrogen found by analysis in the 
78 chips of the experiment described in Sectien 5.2.1 was 
891 ~g. Since each individual determination suffered from an 
inaccuracy of an estimated 0.25 ~g, the weight may be in 
error by 20 ~g, ar 2 %, at most. Within experimental error, 
it is equal to 923 ~g ± 5 % mentioned in the preceding sec
tien, which was gettered into the ribbon: na serieus nitro
gen uptake has occurred over the homogenisation period of 25 
hours. 

As a further check, we compared the total amounts of 
nitrogen in each of the samples Zr-N-5 up to and including 
Zr-N-9 befare thermotransport with those after thermotrans
port. The observations are summarised in Table 5.2.2.1. For 

nitrogen content in at. % 
ribbon befare thermo- af ter thermo-

transport transport 

Zr-N-5 1 . 03 0.99 

Zr-N-6 0.76 0.81 

Zr-N-7 0.90 0.91 

Zr-N-8 1. 02 0.97 

Zr-N-9 0.95 0.94 

Table 5.2.2.1 Comparison of the totaZ nitrogen content of 
ribbons Zr-N-5 up to and incZuding Zr-N-9 be
fore and after thermotransport 

a given sample, the atomie percentage befare thermotransport 
was calculated from the amount of nitrogen gettered by the 
strip in the preparatien procedure and from its 'effective 
volume', defined by Veff. : leff x 0.5 x d, where d stands 
for the thickness of the ribbon. The atomie percentage after 
thermotransport annealing is readily obtained from the total 
amount of nitrogen found by chemical analysis and the weights 
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of ·the samples. Since the farmer atomie percentages themselves 
already suffer from an error which may be somewhat larger 
than 5 %, it is seen from the Table that they agree within 
experimental error with the latter. Hence, it is clear that 
also in the course of gradient heating during periods of 
over 100 hours no serious nitrogen uptake has occurred. 

The absence of a serious oxygen uptake in the course of 
homogenisation annealing over periods to be read from Tables 
5.4.1 and 5.6.1 may be inferred from Tables 5.4.2 and 5.6.2. 
The last column in each of the latter tables represents the 
atomie percentages calculated from the amounts of oxygen 
gettered by the ribbons in the loading procedure, and the 
last column but one the amounts determined by low-load hard
ness testing after homogenisation annealing. 

We did nat check whether the uptake of oxygen remained 
insignificant in the course of gradient heating lasting over 
100 hours. The determination by low-load hardness testing of 
the overall atomie percentage of oxygen after thermotrans
port is somewhat laborious in conneetion with the shape of 
the thermotransport samples and the fact that the concentra
tion after gradient heating is no langer homogeneous. 

Worse, in a number of our zirconium-oxygen experiments, 
a-phase was formed in regions of lower temperatures, and no 
calibration curve is available for two-phase a + B material. 
Such a calibration curve would indeed be unreliable. J'.1ore
over, the concentration near the molybdenum supports on to 
which the zirconium strips were spotwelded could nat be de
termined accurately, since an increase in hardness was very 
likely to exist here as a re sult of molybdenum diffusion into 
the probe (cf. Sectien 5.2.4). 

Finally, we have calculated for every metal-gas system 
that has our interest the minimum (vide infra) pressure of 
the gas in question that would have increased the atomie 
percentage in the ribbons under the experimental conditions 
by an amount of n x 0.1 at.% (where n is an integer) in the 
course of 100-hour gradient heating. Using Eqs. (4.5.1) and 
(4.5.2) this pressure is easily seen to be given by the 
equation 

1.1905 x n 
P (in Torr) = .,...1-=-o-=-o------=o=-.-1,----x--n 

k k 
bJpM 2 T 2 

x x 10-6 
S(b + d)A 

(5. 2. 2.1) 

band d (in cm) are the breadthandthickness, respectively, 
of the ribbon. A is the atomie percentage of the metal in g 
and p its density in g/cm3. M is the molecular weight of the 
gas in g. 

For the dimensionless sticking probabilities S we took 
the values estimated in Sectien 4.5, which are to be consid
ered to be maxima under the given conditions. For the gas 
temperature T the temperature was chosen which the glass 
wall of a type II lamp assumes on heating the thermotransport 
sample to 1200 °C. This temperature was approximately 430 °K. 
The true temperature of the gas could hardly have been lower. 
This is because virtually every molecule arriving from the 
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colder parts of the apparatus had to collide at least once 
with the hotter glass wall befare striking the metal strip. 
Since the mean free path of a molecule at the low pressure 
of the experiment i .s considerably larger than the dimensions 
of the type II lamps, na molecule can lose its kinetic energy 
on its way to the strip. On the ether hand, T may have been 
somewhat larger than 430 °K in these instances where the rib
bon temperature during thermotransport heating exceeded 
1200 °C. 

A maximum value of S and a minimum value of T bath 
define a minimum value of P, as is seen by inspeetion of Eq. 
(5.2.2.1). Under 'minimum value of P' is to be understood 
that no smaller pressure would have given rise to the spec
ified increase in concentration. Possibly, a larger value 
of the pressure would have been required for the increase, 
e.g. if the value of S should have beenchosen too high. 

The results of the calculation are given in Table 
5.2.2.2. In order to see the implications of these results, 
the partial pressures of oxygen and nitrogen in our vacuum 
chamber must be known. Since we had no residual-gas analyser 
at our disposal, the partial pressures could only be esti
mated rather crudely. 

maximum pressure in 
breadth of thickness sticking nTorr 

me tal gas the ribbon of the rib- probab. n = 1 n = 5 (cm) bon (cm) (af. Sect. 
4.5) 

Zr 02 0.5 0.0200 0.8 2.4 12 

0.5 0.0120 0.8 1 . 5 7 

Zr N2 0.5 0.0184 "-0.05 '\,34 

Ti 02 0.5 0.0200 0.7 3.6 18 

Ti N2 0.5 0.0200 0. 01 240 

Nb 02 0.5 0.0162 0.39 5.2 

Nb N2 0.5 0.0162 negative * * 
Ta 02 0.5 0.0212 0.18 14 

* No nitrogen uptake at the pressure of the experiment 

Table 5.2.2.2 Pressure (in nTorr) whiah would inarea s e the 
aonaentration of the gas in the thermotrans
port probes by no larger an amount than n x 

0.7 at. % duringa 700-hour experiment 

Leybold's Nachfolger in Cologne, Germany, have analysed 
the gas composition in a container with a total pressure of 
32 nTorr obtained by a Leybold type Quick 500 mercury diffu-
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sion pump*. When using a vapour trap caoled with liquid air, 
the following gas composition was found: 29 % mercury, 41 % 
nitrogen, 13% oxygen, and 17% water (by volume). Assurning 
an identical gas composi tion and a total pressure of 50 nTorr 
in our experiments, the partial pressures will have been (in 
nTorr): 20 for nitrogen, 6.5 for oxygen, and 8.6 for water. 
The contaminating effect of oxygen and water combined 
will be assurned to have been equal to that of oxygen with a 
pressure of 6.5 + ~ x 8.6 = 11 nTorr. 

Further, considering that no annealing duration was over 
204 hours, it may now be seen from the table that hardly any 
contamination with nitrogen occurred in the experiments. For 
the titanium-oxygen, niobiurn-oxygen, and tantalurn-oxygen ex
periments with maximurn durations of 75, 67, and 90 hours, 
respectively, the maximurn amounts of oxygen contamination 
may be calculated from the table to have been 0.23, 0.14, 
and 0.07 at.% or 14, 10, and 7 % (in the order given) of the 
concentrations present at the beginning. 

The amount of oxygen absorbed in the course of the 
quantitative zirconiurn-oxygen experiment of maximurn duration 
(Exp. Zr-0-13; ännealing duration = 147.5 hours; d = 0.0186 
cm) may have been 0. 7 3 at.%, which is 2.6 % of the ini ti al 
concentration. The most unfavourable case is the qualitative 
experiment Zr-0-9, where an increase by as much as 1.5 at.%, 
or 50 % of the initia! concentration, may have occurred on 
the basis of our calculations. However, the hardness data 
after thermotransport in this experiment did not reveal such 
a large increase in oxygen content. Hence, either the value 
of 0.8 for S has been chosen too high, or the partial pres
sure was lower than 11 nTorr (the total pressure in our appa
ratus was 50 nTorr or lower) , or again, both circurnstances 
are responsible for the discrepancy. 

It may be concluded that the pressure has been suffi
cie_nt for our purpose, al though, perhaps, soroewhat marginal 
in the zirconium-oxygen experiments. An oxygen increase in 
the course of an experiment will, of course, not influence 
very seriously the value of the heat of transport obtained 
from the final observations, since a large part of the ab
sorbed gas will have had time to redistribute itself accord
ing to the thermal gradient. However, the more oxygen is ab
sorbed during the experiment, the more a-solution will con
tingently be formed in the colder parts of the ribbon. This 
is to be avoided as much as possible (cf. Section 5.4). 

5.2.3 ABSENCE OF NITROGEN CONTAMINATION AFTER ETCHING 
AND BAKING OF THE RIBBONS 

Befare loading the zirconium ribbons with gas, they 
were etched with a mixture of nitric acid, hydragen fluo
ride, glycerol, and water (cf. Section 3.2) to remave possi-

* E. Leybold's Naahfolger, 'PaPtialdruckanalysen desEnddruokes von HoahvakuumpUmpen', Com
meroial Publication, Cologne, May 1958. 
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ble surface impurities. Contamination by nitrogen through 
etching might thus be expected. 

The nitrogen increase proved to be s mall, as may be 
verified by camparing Tables 5. 2. 3. l and 5 .1. 2. The latter 
table lists the nitrogen contents in a number of samples 
taken frorn the metal as received from the supplier. A mean 
of 0.014 at.% was found. The former table shows in Column A 
the concentratien in a number of samples after etching. The 
rnean was here 0.032 at. %. In taking samples from etched zir
conium ribbons which were baked in vacuum, first overnight 
at 200 oe, and then for 7 hours at 400 °c, the rnean concen
tratien was found to be only 0. 005 at.% (Column B). This sug
gests that aZZ nitrogen was present in a physisorbed state 
and was stripped off the ribbon in the baking procedure. How
ever, taking into account an estimated error of 0.01 at.% in 
the analysis of eacp individual sample, it may very well be 
that desorption occurred only for the nitrogen sorbed during 
etching and that the gas in the as-received material was -
and rernained - in solution. 

A B 

sample No. nitrogen sample No. nitrogen 
in at. % in at. % 

0.055 5 0.000 

2 0.031 6 0.005 

3 0.027 7 0.002 

4 0.014 8 0. 01 3 

mean 0.032 mean 0.005 

Table 5.2.3.1 Nit r ogen conten t in sampZes ta k en fr om zirco
nium rib bons 

5.2.4 

(A ) after etching, and 
(B) afte r etching , and subsequent baking in a 

vacuum of 5 x Jo-B Torr or bet ter, at 
f i r st overnight at 200 °e, and then f o r 7 
hour s at 400 °e. 

SampZe weights ranging fr om 75 to 78 mg . 

eONSEQUENeE OF THE DIFFUSION OF MOLYBDENUM INTO 
ZIReONIUM FOR THE OXYGEN DETERMI NATION AFTER 
THERMOTRANSPORT BY LOW-LOAD HARDNESS TESTING 

The concentratien profile of oxygen after therrnotrans
port was rneasured by low-load hardness testing. By a circum
stance to be discussed now this technique was unsuitable for 
concentratien determination near the ends of the ribbons. 

Molybdenum, on to which the ends of each ribbon were 
spotwelded, diffused into zirconium at the experirnental tem-
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peratures. The concentratien profile of molybdenum near one 
end of the zirconium ribbon used in Exp. Zr-0-11 has been 
determined by scanning electron probe microanalysis*. Al
though the curve (Fig. 5.2.4.1) is somewhat qualitative in 
character, since no calibration with zirconium samples con
taining known molybdenum concentrations was undertaken, it 
is beyend doubt that the molybdenum concentratien was sever
al tenths of a weight per cent. at a distance of 1 mm from 
the edge of the 3-cm molybdenum strip, i . e . at 2 or 3 mm from 
the end of the zirconium ribbon. Such an arnount is known to 
increase the hardness of zirconium considerably (cf . Lustman 
and Kerze, 1955, p. 538). The hardness is then no langer a 
reliable measure for the oxygen concentration. 

~~5------~------~~~5--~~~~ 
- distJJnce (mm) from ed~ of the 3- cm 

mdylx1Mum CDnnPCtfng strip(vncertainty 
::!:o.tmm) 

Fig. 5.2.4.1 Concent rati on prefile of molybdenum nearone end 
of the zirconium r ibbon used in Exp . Zr-0-77. 
The pro f ile has been determined in a semi -quan 
t i tat ive mann e r by electron probe microanalysi s. 

Considering a distance of 2 to 3 rnm from the edge of 
each 3-cm molybdenum strip to be a safe margin for avoiding 
hardness increases by molybdenum, no indentations have been 
made on the thermotransport probe s within this distance, ex
cept in the qualita tive e xperime nts with titanium, niobium, 
and tantalum whe r e the experimental tempera t ures at t h e probe 
e nds were lower. 

Since spotwelding was carried out with capper elec
trodes, a small quantity of this roetal was deposited on to 
the ribbon ends in several instances. This capper evaporated 
upon starting the gradient heating and was deposited on the 
g lass screen surrounding the ribbon. Therefore , we b e lieve 
that no significant amount o f capper will have diffused into 
the strip a long with rnolybde num. Moreover, t he cappe r e l ec 
trades were replaced by molybdenum ones in later experirne nts. 

'* We wia h to thank Ir . M. KZ.erk o f Phil ipa ' Research La bor atories of Ei ndhoven fo r c arry 
ing out this analysis . 

5 .2.4 93 



5.3 CALIBRATION CURVE OF VICKERS HARDNESS VERSUS 
ATOMIC PERCENTAGE OF OXYGEN IN ZIRCONIUM 

In ordertoconvert observed values of the Vickers pyra
mid number at a laad of 500 g, (VPN) 500 , to atomie percent
ages of oxygen in zirconium, a calinration curve has been 
developed. 

A number of zirconium ribbons was loaded with different 
amounts of oxygen (between 0.9 at.%, being the percentage 
of oxygen in the material as received from the supplier, and 
6.4 at.%) in the manner described in Sectien 3.2. Oxygen 
absarptien occurred in portions with pressures under 10 to 
15 Torr befare admission to the vacuum chamber. The ribbons 
were recrystallised during 2 to 3 hours at a temperature 
between 1260 and 1280 °K, loaded with oxygen at a tempera
ture between 1340 and 1360 °K, homogeni s e d at a temperature 

· between 1635 and 1655 °K, and finally radiation-quenched to 
room temperature. 

After homogenisation, small areas of the ribbons were 
each covered with a large number of indentations. These 
areas were cut out of the ribbons yielding samples of an 

approximate weight of 10 mg. The samples were a nalysed for 
oxygen by an argon carrier-gas t echnique, described by 
J.J. Engelsman, A. Meyer and J. Visser (1966)*. The results 
are collected in Table 5.3.1. 

The probable error in the oxygen analyses was stated 
to be 0.5 ~g. This corresponds toa probable error of 2.5 % 
at the 0.9 at.% level and of 0.4% at the 6.5 at. % level. The 
error in (VPN ) 500 is much larger, as may be s een from the 
standa rd deviat~ons in the table. Therefore, the a tomie per
centage may be t a ken as a constant in the statist ica! sense , 
the hardness being a statistica! variate. 

The hardnessis assumed to dependonthe atomie percent
age by the relation 

(VPN) = 
500 (5.3.1) 

which is the equivalent of Eq. (3.7.3). 
Inspeetion of the scatter diagram of (VPN) 500 versus N (Fig. 
5.3.1) suggests that the polynominal in N ~s of the second 
degree (k = 3). Using formula (3.7.13) and the data of Table 
5.3.1 the relationship (5.3.1) turned out to be 

2 (VPN) 500 = 85.84 + 92.94 N- 7.684 N (5.3.2) 

• We wish to thank Phi l ips 1 Research Labor ato r ies , a nd e s pecia lly Dr . J.J. Engels man and 
Mr. J . Visser, f o r pro posing and arra nging the exec utio n o f the analyses in t he Analytic 
Sectie n of their laborat o ry. 
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0.818 1 4 170.6 9.17 14 3.877 60 361.4 15.6 

2 0.905 67 181.5 15.0 15 3.949 60 370.1 10.5 

3 0.922 19 166.6 9.56 16 4.263 83 329.8 19.2 

4 1. 048 60 183.7 11.7 17 4.408 75 314. 1 31 . 6 

5 1. 600 54 202.9 13 .1 18 4.549 60 365.4 19.4 

6 1. 797 53 214.9 12.4 19 4.939 82 309.5 17.0 

7 1. 804 69 209.5 10.0 20 5.015 98 356.0 27.5 

8 2.077 70 242.6 14.7 21 5.046 72 349.1 58.7 

9 2.116 59 234.6 18.7 22 5.064 57 357.6 21 • 1 

10 2.415 77 275.4 12.3 23 5.252 71 362.1 43.7 

11 3.469 72 301.7 20.9 24 5.505 62 374.4 34.6 

12 3.534 56 296.6 26.2 25 5.808 64 375.0 31.4 

13 3.813 86 325.2 20.6 26 6.453 93 399.7 59.5 

Table 5.3.1 Data for the construction of the caZibration 
curve of (VPNJ5oo versus at. % oxygen in zirao-
nium. Samples No s . 7 to 4 inaZ. we r e taken from 
ribbons whiah were not Zoaded with oxygen. 

Assuming thatAthe true varianee of any (VPN) 0 is o2 times 
its estimate o2, itis found from Eqs. (3.7.20~? and (3.7.25) 
that the coefficient À may range from -0.33 to -15.03 on 
the basis of a confi~ence coefficient of 0.95 (a = 0.05). 
The value zero is not contained in this interval. Hence the 
quadratic term in Eq. (5.3.2) is tobe considered significant 
on a 95 % confidence level. The curve (5.3.2) has been drawn 
on the scatter diagram tagether with its 95 % confidence 
li.mits, which have been constructed according to Equation 
(3. 7. 26). 

The decrease of the slope of the curve with increasing 
N is in accordance with the findings of Dubertret, Debuigne 
and Lehr (1967). Using a Reichert hardness tester with a laad 
of 50 g the authors determined the microhardness of high-pu
rity a-zirconium samples annealed below the transition tem
perature and containing 5, 10, 15, 20 and higher atomie per
centages of oxygen. After a steep rise in hardness up to 
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--- N= alomie percentage rJf Oxygffi in Zirconlum 

Fig. 5.3.1 Scatter diagram of (VPNJ 500 versus N (hardness 
versus atomie percentage of oxygen in zirconium) 
of the 26 samples listed in Table 5.3.7. The cal
ibration curve 

(VPNJ 500 = 85.84 + 92.94 N- 7.684 N2 
and its 95 % confidence limits have been computed 
for the 26 samples from the data of Table 5.3.7 
by using Eqs. (3.7.73) and (3.7.26). 

about N = 5 their curve becomes concave towards the atomie 
percentage axis, running approximately parallel to this axis 
between 10 and 15 at.%. There is a slight minimum near N = 15, 
then the curve rises again. Dubertret et al. assigned the 
minimum to the occurrence of an ordered superstructure zr6o. 
The existence of the superstructure has indeed been proved by 
Kornilov, Glazova and Kenina (1967). 

The large scatter and corresponding high standard devia
tions of our hardness data beyond N ~ 3.8 must be imputed to 
the relative slowness of the quenching rate of our ribbons. 
Although all samples up toN= 5.7 were within the single
phase 6-region at the homogenisation temperature of 1645 °K 
(compare with the terminal solubility curve of oxygen in 6-Zr 
in Fig. 5. 6. 4) , two phases of different oxygen concentrations 
will have been formed on crossing the two-phase a + 6 region 
in the course of quenching. 
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It is true that indentations were made in a regular pat
tern on the samples at room temperature. Nevertheless, in the 
case of the 'two-phase' samples, it is doubtful whether the 
number of indentations made on a sampl e (57 to 98) will have 
been large enough to prevent the mean (VPN) 500 from being 
biased towards concentrations which were either too h igh or 
too low. This is because only a small fraction of the total 
surface of the specimen can be covered by the indentations, 
as they are to be made at relatively large distance from each 
other in order to prevent the obtainment of too small an im
pression through workhardening of the material around inden
tations which have been made before. 

Relation (5.3 .2 ) has been used in order to convert the 
hardnessed obtained in the 'qualitative' experiments Zr-0-1 to 
Zr-0-9 incl. ( cf . Section 5.4). However, in order to convert 
the hardne s s es obtained in the 'quantitative' experiments 
Zr-0-10 to Zr-0 -13 incl. ( c f. Section 5.6), we h a ve prefe rred 
to use a calibration curve based on samples 1 to 13 inclusive 
with up to 3.8 at. % oxygen. This is because the concentra
tions observed in these experiments never exceeded N = 3.8, 
the highest value observe d being N = 3.73. The omiss i on of 
the data with higher N values, which are certainly less accu
rate (see the preceding paragraph), will yie ld a more correct 
curve in the range of lowe r c oneen trations. On the o t her hand, 
t h e lowest value found f or N i n the quant itative experiments 
has b een 0. 88 . Sample s 1 to 1 3 incl. thus enc ompas s t he whole 
range of observed atomie percentages and form a sound basis 
for a calibration curve in this range. 

Taking k = 3 in relation (5.3 . 1), samples 1 to 13 incl. 
yield a À3 value between -15.24 a nd +12.28 on a 9 5 % confi
d ence leve l. Thu s, t he quadrat i c t erm is not s ignific ant and 
the calibrati on c u r ve may be t a k en to be linear overthecon
sider e d con cen t rat ien range . 

Taking k = 2, we obtain 

( VPN ) 500 = 125.04 + 53.21 N (5. 3. 3) 

which i s t he c urve use d for t he co nversio n in the e xperime nts 
Zr-Ö- 1 0 t o Zr-0-1 3 inc l. The c urve h as been drawn i n Fig. 
5 .3.2 t ogeth e r withits 95 ~ con fidence limit s. 

5.4 QUALITA TI VE EXPERIMENTS CONCERNIN G THERMOTRANSPORT 
OF OXYGEN IN B- ZIR CONIUM 

We have seen t hat the ste ady-state d istribut ion of an 
inte r s t i tia l e l e me n t i n a sing le-pha s e bina r y a l loy is give n 
b y Bq • ( 2 . 3 . 2 ) : 

ln N = Q*/RT + C . 1.ntegr. 
(5 . 4 .1) 

The e quation i s v a lid under the cond i t i o ns and assumptions 
e n ume r ated a t t he end o f Sectio n 2 .2 and if (a) t he tempe r a -
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Fig. 5. 3. 2 

Scatter diagram of (VPNJsoo 
versus N (hardness versu.s atom
ie percentage of oxygen in zir
conium) of samples 7 to 73 incl. 
listedinTable 5.3.7. The cal
ibration curve 
(VPN)SOO = 725.04 + 53.27 N 
and its 95 % confide nce limits 
have been computed for the 73 
samples from the data of Table 
5.3.7 by using Eqs. (3.7.73 ) 
and (3.7.26). 

ture gradient is one-dimensional, and (b) the heat of trans
port, Q*, is assurned to be independent of temperature. The 
heat of transport is obtained from the slope of the straight 
line ln N versus 1/T. 

Starting with a homogeneously distributed interstitial 
with a positive heat of transport, the atomie percentage N 
will decrease in regions of higher and increase in regions 
of lower temperatures. If the duration of the experiment is 
too short, N will remain well above its steady-state value 
in regions of higher temperatures and well below its steady
state value in regions of lower temperatures. Then, in meas
uring the concentratien prÓfile when the experiment has been 
brought to an end, and in plotting the observed values for 
ln N versus 1/T, we obtain a line having a slope which is too 
flat. Correspondingly, the value for the heat of transport 
will generally be found to be too low (For possible exceptions 
see hereafter and Exp. Zr-0-12 in Sectien 5.6). 

This has occurred in experiments Zr-0-1 up to and in
cluding Zr-0-9. Since the heats of transport obtained set 
only a lower limit to the true value of Q*, Qtrue• we have 
qualified the experiments by the adjective 'qualitative'. 

It could occur because our earlier experiments were 
carried out with an incorrect feeling for the dimensions and 
(minimum) temperatures to be given to the probes in order to 
bring the solute distribution in close proximity to the 
steady-state distribution within a few days' annealing. When 
Computer Programme No. Ibecarne available we obtained clearer 
views as to choosing the circurnstances for our experiments 
(af. Sectien 5.5). We then carried out experiments Zr-0-10 
to Zr-0-13 incl. to repair our shortcomings. 

The probes of the qualitative experiments were give n 
the shape represented in Fig. 2.4.3.1a. They were spotwelded 
either directly on to the boot-shaped molybdenurn 'spring' 
and the inverted-U shaped molybdenurn rod which are visible 
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on Plate 3.2.IV or (in the last few experiments) on to the 
meandering ribbons which are visible on Plate 3.3.IX. The 
mediator length Z of the trapezoids (cf. Fig. 2.4.3.1a) was 
chosen 3 to 3.5 cm and the temperature near the sample ends 
was quite low (of the order 1250 to 1400 °K). It will be seen 
in the following sectien that under such circumstances no 
close approach to the steady-state distribution is guaranteed 
after a 100-hour annealing time. 

There is yet another circumstance which was inaccurately 
chosen in the qualitative experiments. We have pointed out in 
Sectien 4. 1 that the ini ti al concentratien of an inter st i ti al 
with a positive heat of transport must be chosen well under 
the value of the terminal solubility of the solute at the 
minimum temperature of the experiment in order to prevent the 
formation of a-phase in regions of lower temperatures. The 
lower the minimum temperature, the lower must be the initial 
solute concentratien in order to keep the alloy entirely in 
the single-phase region. From this pointofview, the concen
tratien of all quali tative experiments has been toa high. The 
Computer Programmes Nos. I and II which have only sense in 
the case of single-phase alloys were of na value for these 
experiments. 

Since the a-phase contains considerably more oxygen 
than the 8-phase at any temperature of their coexistence, 
there is the following danger of obtaining toa high a value 
for Q*, even f or experimentsof toa short a duration. When 
overlooking that one has gone beyend the terminal solubility 
line, concentrations are measured in the two-phase a + B 
region. The corresponding points on the scatter diagram of 
ln N versus 1/T may then lie well above the true straight 
line ln N = Qtrue!RT + Cintegr.· Linear regression in which 
the 1 false 1 two-phase points are taken into account may yield 
a line lnlN = Qialse/RT + Cinteq~.' w~ere Qialse > Qfrue· 
Fortuna te y, the two-phase reg~on ~s eas~ly seen Eo be present 
from the sudden concentratien increase, and the danger out
lined is quickly recognised. 

recrystalli- oxygen absorption homogenisation 

thick- sa tien and number total pressure of absorp-
ribbon ness d degassing of ad- o2 at room temp. ti on 

(cm) temp. dur a- mitted in a volume of temp. temp. dur a-
(OK) tien gortions 8. 97 cm3 (Torr) (OK ) (OK) ti on 

(hours) of o 2 (hours) 

Zr-0-1 0.0140 1192 1.0 211.0 1580 1556 5 

Zr-o-2 0.0140 1267 1.5 195.9 1223 1580 8 

Zr-0-3 0.0140 1258 1.0 155.5 1342 1580 7 . 5 

Zr-0-4 0.0140 1245 1.5 135.4 1342 1568 20 

Zr-0-5 0.0150 1288 2.5 3 60.3 1436 1580 51.7 

Zr-0-6 0.0120 1279 2.0 2 54.8 1348 1459 18.5 

Zr-0-7 0.0140 1283 1. 5 60.9 1342 1448 16.5 

Zr-o-8 0.0130 1289 3 . 0 84. ~ 1342 1 ~20 20 

zr-o-9 0.0120 1283 2.25 66.2 1342 1580 24.5 

Table 5. 4 .1 De tai Zs of the preparation of zirconium ribbons 
(10 x 0.5 x d cm3) for thermotransport experi-
ments Zr-0- 1 up to and incZuding Zr -0-9 
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The data of the nine qualitative experiments have been 
collected in Tables 5.4.1, 5.4.2, and 5.4.3. 

The general procedure for preparing ribbons for therma
transport has already been described in Sectien 3.2. ~able 
5.4.1 gives the details of the preparatien for the nine ex
periments. As was stated in Sectien 3.2, thermotransport 
samples were cut from the central parts of the ribbons, where 
the concentratien used to be rather constant. An example of 
the concentratien (hardness) profile in the central partafter 
homogenisation is given in Fig. 5.4.1. 

150 

'zero' hord!Wi!SS 

0 5 10 
- dlsto~(ln cm) Iran lrJp md uf the V cm ribben 

Fig. 5.4.1 Hardness profi~e in the centra~ part of ribbon 
Zr-0-6 after homogenisation. Each circ~e repre
sents the mean hardness as determined from 5 to 
7 indentations. The vertica~ ~ine through each 
circ~e encompasses the interva~ between (VPNJ500 
+ standard deviation and ( VPN) 500- standard devi
ation. The 'zero' hardness is obtained from cali
bration curve (5.3.3) by substituting N = 0. 

The concentratien in the central part, and thus the ini
tial concentratien of a thermotransport sample has been cal
culated from the mean hardness, ( VPN) 500, of the 60 or so in
dentations of the homogeneity test, · using the calibration 
curves given by Eqs. (5.3.2) and (5.3.3) for the conversion 
of hardness into atomie percentage. The results are given in 
the penultimate column of Table 5.4.2. 

The errors in the atomie percentages may be estimated 
from the standard deviations a of (VPN) 500 , which are listed 
in the antepenultimate column of Table 5.4.2. If every in
dentation of the homogeneity test had been converted di
rectly into the corresponding atomie percentage, we would, 
tor the standard deviation of the atomie percentage, a(N), 
have obtained 

a(N) = a/53.21 (5. 4. 2) 

where 53.21 is the coefficient of N in Eq. (5.3.3). Ca1cu-
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ribbon 

Zr-0-1 

Zr-0-2 

Zr-0-3 

Zr-0-4 

Zr-0-5 

Zr-0-6 

Zr-0-7 

Zr-0-B 

Zr-0-9 

n.c. 
* 

** 

number 
of in
denta
ti ons 

42 

42 

42 

42 

42 

68 

65 

75 

75 

(VPNl5oo 

(kg/rnm2 ) 

351.6 

.. 
345.3 

233.9 

279.7 

236.3 

285.4 

278.6 

standard 
deviation 

n.c. .. 
n.c. 

19.3 

19.9 

22.5 

15.3 

1 5. 1 

atomie percentage of oxygen cal
culated from 

(VPNJ 500 using 

calibration 
curve (5.3.3) 

4.6* 

4.4* 

2.1 

2.9 

2. 1 

3.0 

2.9 

Table 5.4.1 and 
veff. = 8.57 x 

x 0.5 x d cm3 
(+0.92 at. %) 

5.5 

5.2 

4.4 

3.9 

2.2 

2.4 

2.3 

3.0 

2.7 

The standard deviation has nat been computed. 
(VPN) 500 has been calculated from calibration curve 
(5. 3. 2). 
Ribbons Zr-0-2 and Zr-0-3 have been indented at a laad 
of 200 g for which na calibration curve of hardness 
versus atomie percentage is available. 

Table 5.4.2 Data of the samples used for thermotr ansport. 
Number o f indentations in the homogeneity test, 
mean hardness (VPN) 5 oo withits standard devia
tion, a nd at. pe~centage o f oxygen. 

lation shows that a(N)/N varie s from 9.5 % for sample Zr-0-8 
to 20 % for sample Zr-0-7. Since the variatien in the indi
vidual hardnesses for any sample is partly owing to a devia
tion from a strictly homogeneaus distribution of the solute 
in the central partof the 10-cm long ribbon (cf. Fig. 5.4.1~ 
the errors in the atomie percentages as determined in the 
preceding paragraph will be somewhat less than 10 to 20 %. 
An estimate of 5 to 10 % is probably nat unreasonable . 

For purposes of comparison, theconcentrations have also 
been calculated from the sarbed amounts of oxygen and the 
'effective' volumes of the ribbons, Veff. = Zeff. x 0.5 x d 
(cf . Sectien 5.2.1). The results obtained have, of course, 
to be augmented by the amount of oxygen already present in 
the material befare absorption. The final results are given 
in the last column of table 5.4.2. Assuming Zeff. to be in 
error by 2 % at most, we estimate them to be in error by na 
more than 3 to 8 % (cf. Sectien 5.2.1). Bath series of con
centrations agree well within the experimental errors (see 
also the 4th paragraph of Sectien 5.2.2). 

The general procedure for the thermotransport experi
ments has already been described in Sectien 3.3. The temper
ature profile along a ribbon, which changed somewhat over the 
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Table 5. 4. 3 Data of the qualitative thermotransport experi-
me nts of oxygen ·in s-zirconium. 
First column: se rial numbers of the observations 
Second column: observations 70'4 /T i in ox-7 
Third column: observations ln N· 
At the top of the c o lumn the J. z· duration annea 1.-ng 
in hours is mentioned. 

Zr-0-1 Zr-0-3 19 5. 676 0. 733 9 6 . 033 0.005 41 5. 625 0.355 24 5. 324 0 . 309 
20' 5. 662 0 . 756 10 s. 982 0.058 42 5 . 626 0.429 25 ö. 301 0. 232 

125.5 h. 101 h. 21 s. 646 0. 731 11 5. 943 -o. 091 43 s. 626 0.429 26 5. 269 0.152 
22 s. 624 0.745 12 5. 898 0.012 44 5. 627 0.435 27 5. 279 0.292 

6, 207 l. 533 I. 341 23 5. 584 0 . 780 13 s. 892 -0.161 41> 5. 641 0.398 28 5. 307 0 . 248 
6. 707 

0.092 46 s. 651) 0.428 29 5. 331 0.426 6. 166 I. 566 6 . 596 1.419 24 5. 559 0 . 860 14 5. 908 

6. 132 1.458 6. 538 I. 315 25 5. 540 0. 793 IS s. 987 -0.105 47 ö . 679 0.392 30 5. 349 0. 396 

4 6, 091 1. 372 4 6 . 456 1.325 26 5. 466 0. 743 16 6. 047 0.063 48 5. 687 0.441 31 6. 368 0.435 

5 6.049 1. 355 5 6 . 381 I. 259 27 5. 474 0.681 17 6. 098 0.064 49 6 . 700 0.419 32 6. 388 0.364 

6 6. 027 1. 372 6 6. 319 1-.211 28 5.473 0. 687 18 6. 154 o. 136 50 6 . 7 12 0.432 33 6. 417 0.451 

7 5. 984 l. 315 7 6. 233 1.193 29 5. 480 0 . 738 19 6. 219 0.129 51 6. 738 0 . 463 34 5. 460 0.356 

8 5. 960 1. 262 8 6. 164 1.193 30 5 . 480 0.901 20 6. 282 0.190 52 5 . 757 0 . 439 35 5. 491 0. 357 

9 ö. 912 1. 330 9 8. 094 1.136 31 5 . 466 0. 821 21 6. 336 0 . 231 53 5. 765 0 . 472 36 5. 577 0 . 427 

10 5. 864 1.346 10 6. 078 1.107 32 6. 516 0.944 22 6. 396 0. 227 54 5 . 776 0.492 37 5. 623 0. 335 

11 ö. 815 1. 240 11 6.031 I. 080 33 6. 584 0.638 23 6. 484 0. 313 55 5 . 794 0.500 38 5. 734 0.498 

12 6. 774 i. 224 12 6. 002 1.037 34 5. 590 0. 704 24 6. 489 0. 337 56 S. BIS 0.524 39 5. 781) o. 648 

13 6. 741 I. 207 13 s. 943 1. 050 35 5. 606 0. 692 25 6. 589 0.320 57 5 . 830 0.568 40 5.829 0.589 

14 5. 714 1.243 14 5 . 897 0.884 36 6. 654 0 . 711 26 6. 609 o. 309 58 5. 847 0. 593 41 5. 870 0.612 

15 5. 703 1.125 15 5 . 849 0.848 37 5. 666 0 . 639 27 6. 700 0. 387 59 5.863 0 . 599 42 5. 909 0.644 

16 5. 703 1.118 16 5. ~27 0. 819 3~ 5. 711 0 . 714 28 6. 773 0 . 364 60 5.873 0. 565 43 5. 940 o. 674 

17 5. 694 1.147 17 5. 794 0. 801 39 6. 755 0 . 846 29 6. 853 0 . 397 61 5. 883 0 . 568 44 5. 972 0 . 626 

18 6. 708 1.126 18 5 . 754 0. 809 40 5. 780 0. 909 30 6. 916 0. 531 62 5 . 892 0. 644 45 6. 004 0. 626 

19 5. 728 l. 248 0. 825 41 5. 784 0. 714 31 6. 984 0. 525 63 5 . 906 0. 649 46 6. 038 o. 750 19 5 . 753 
0, 597 64 5 . 922 0. 675 47 6. 089 0.676 20 ö. 738 I. 218 42 5 . 816 0. 826 32 7. 048 20 ö. 742 0. 836 

65 5. 938 0. 702 6. 146 0.680 21 5 . 771 I. 194 43 5. 833 0 . 660 33 7 . 119 0. 661 48 21 5 . 738 0 . 777 
66 5 . .955 o. 700 6. 211 0. 704 22 S. 803 1.294 22 5 . 719 0 . 604 44 5. 845 I. 006 34 7. 204 0. 708 49 

23 5. 829 I. 299 23 5 . 679 0. 689 45 5 . 865 0 . 960 35 7. 280 0. 781 67 5. 973 0 . 699 50 6. 277 0 . 773 
24 5. 888 1.316 5. 637 0.639 46 5. 883 I. lOl 68 ö. 997 0.623 51 6. 314 0. 775 24 69 6 . 008 0. 660 6. 391 25 5. 940 l. :i03 25 5. 616 0.566 47 5. 901 1.076 52 0. 858 
26 5. 976 I. 286 26 5. 602 0.488 48 5. 918 1.076 70 6. 031) 0. 609 53 6. 468 0. 856 

27 6. 013 1.375 27 5. 632 0.530 49 5. 929 0 . 996 Zr-0-6 71 6 . 062 0 . 638 

28 6. 056 1.391 28 6. 642 0.537 50 5. 941 1.064 72 6. 091 0.695 

29 6. 078 1.520 29 5. 697 0. 750 51 5. 950 I. 072 97.5 h. 73 6.115 0. 742 

30 ·6 . 124 1.554 30 6. 759 0. 746 52 5. 959 I. 126 74 6. 140 0. 728 Zr-0-8 
31 6. 147 I. 531 31 5 . 796 0 . 804 53 5 . 967 I. 083 6 . 249 0. 839 75 6 . 171 0. 757 

32 5 . 691 0 . 835 54 5. 987 I. lll 6 . 223 0. 797 76 6 . 202 0. 799 152 h . 
33 5. 961 0. 968 55 5. 992 1.084 6. 199 0 . 807 77 6 . 230 0. 842 

34 6. 026 56 6. 002 1.086 6 . 179 o. 819 78 6 . 258 0 . 860 
6. 939 o. 499 

Zr-0-2 
1.074 79 6. 286 0 . 852 

35 6 . 080 57 6. OIO I. 128 6. 163 0 . 764 6.870 0.449 1.117 1. 215 80 6. 304 0 .843 
36 6.124 1.11~ 

58 6. 016 6. 147 0 . 676 6. 800 0.404 48.5 h. 37 6 . 182 I. 135 59 6. 021 I. 083 7 6. 121 0. 662 81 6 . 326 0. 811 
4 6, 722 0.364 

38 6. 241 I. 184 
60 6. 027 1.049 8 6. 108 0. 684 82 6. 354 0.817 

5 6. 646 0. 308 
I 5. 875 I. 238 39 6. 318 I. 227 61 6. 033 1.114 9 6. 095 0. 767 83 6 . 378 0.881 

6 6. 566 0. 263 
2 6. 767 0.688 40 6. 383 1. 256 62 6. 036 1.135 10 6. 076 o. 731 84 6. 400 0.898 

7 6. 487 0. 233 
3 6. 647 0. 806 41 6. 451 I. 267 63 6. 042 1.033 11 6. 058 0. 700 8 6.411 0.179 
4 5. 570 0. 802 42 6. 537 1.390 84 6. 050 l. ll3 12 6. 038 0. 723 9 6. 330 o. 130 
6 5. 522 1.015 43 6. 595 1.379 

61) 6. 057 1.138 13 6 . 021 0, 753 10 6. 239 0.145 
6 5 . 449 0. 727 ... 6. 659 1.447 66 6. 064 I. 112 14 6. 002 0. 593 Zr-0-7 11 6. 147 0 . 060 
7 5 . 382 0.815 •45 6. 727 1.446 

67 6. 076 1.144 15 5. 977 o. 605 12 6. 073 0. 017 
8 5 . 359 0. 753 68 6. 087 1.109 16 s. 945 0. 661 182 h. 

13 5. 998 0 . 026 
9 5. 356 0 . 658 69 6. 099 1.143 17 5 . 923 0. 603 14 5. 923 0 . 006 

10 5. 372 0 . 930 70 6. 113 I. 164 18 5.895 0 . 618 6 . 397 0 . 876 11) 5.861 -o. 098 
11 5 . 422 0 . 821 Zr-0-4 71 6. 122 1.147 19 ö. 863 0. 667 6 , 356 0. 922 16 5. 795 -o.l22 
12 5 . 443 1.103 72 6. 163 1.016 20 5.825 0.600 6. 319 0. 967 17 5. 740 -o. 077 
13 5. 472 1.074 100 h. 73 6. 191 l. 128 21 5. 798 o. 588 6. 279 0. 898 18 5. 683 -o.194 
14 5. 500 0. 750 74 6. 218 I. 143 22 5. 786 0.614 6. 241 0.941 19 5. 626 -o. 068 
16 5 . 529 0. 796 I 6 . 268 I. 179 75 6. 286 I. 170 23 5. 760 0. 530 6 6 . 205 0.862 20 5. 574 -0. 211 
16 5. 5~1 1.017 2 6 . 186 1.187 76 6. 395 I. 241 24 5. 731 D.435 7 6. 167 0 . 853 .21 5.470 -0.838 
17 6. 624 0 . 869 3 6 . 119 1. 159 77 6. 458 I. 379 25 5 . 722 0 . 430 8 6 . 130 0.820 22 5. 466 -o. 386 
18 6. 669 0. 998 4 5. 975 1. 095 26 5. 703 0 . 422 9 6, 090 0.829 23 5. 461 -o. 290 
18 s. 712 0 . 984 5 5 . 941 1.060 27 5. 690 0. 392 10 6 . 050 0 . 711 24 5. 462 -6.173 
20 5. 755 1.047 6 5 . 924 1.014 

Zr-0-5 28 5 . 679 0.380 ll 6. 011 0. 666 25 5. 463 -D.467 
21 s. 788 0 . 894 7 5 . 911 1.057 29 5. 672 0 . 395 12 5. !.170 0. 776 26 5. 479 -o. 393 
22 6 . 830 0. 936 8 5 . 901 1.109 95 h. 30 5. 665 0 . 296 13 5. 922 0.688 27 5. 496 -o.l55 
23 5 . 866 I. 190 9 5. 881 0.949 31 5 . 658 0.394 14 5 . 867 0.665 28 5. 519 -0.516 
24 5 . 910 I. 325 10 5. 859 0 . 860 32 5. 651 0.417 15 5 . 813 0.606 29 5. 643 - 0. 296 
26 5. 967 I. 203 11 5 . 838 0.887 6 . 488 0. 299 33 5 . 644 0.364 16 5. 760 0. 540 30 5. 581 -o. 320 
26 6 , 005 1.273 12 5 . 827 0. 882 f\.443 0 . 313 34 5. 638 0.421 17 5. 702 0.561 31 5. 621 -o. 229 

.27 6 . 035 1.800 13 5 . 804 0 . 772 6. 371 0.181 31) 5. 635 0.412 18 5. 643 0.507 32 5. 673 -o. 269 
28 8. 072 I. 376 14 6 . 784 0.837 6 . 308 0 . 188 36 5. 632 0.456 19 5 . 594 0 . 490 33 5. 724 -0.290 
29 6. 084 1.481 15 5 . 768 0. 817 6. 250 o. 204 37 5 . 628 0.437 20 5 . 533 0.465 34 5. 774 -0.021 
30 6 . 122 1.430 16 5 . 750 0.874 6 . 209 0.120 38 5. 627 0 . 390 21 5 . 460 0.455 35 5. 825 -0 . 070 
31 6. 146 1.671 17 6 . 730 0. 715 6 . 142 0. 079 39 5.626 0.415 22 5. 421 0.394 36 5. 902 0 . 004 
32 6,171 1.466 18 5 . 695 0. 729 6 . 086 0. 028 40 5. 625 0.373 23 5 . 370 0. 368 37 5. 987 -o. 000 
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38 6. 067 0. 05G 50 7. 080 0. 635 3 . 6 .650 0.179 15 5. 780 -0.350 27 5. 685 -ö. 308 39 6 . 546 0.131 
39 6. 148 0. 092 51 7. 15 1 0 . 777 6. 576 0.131 16 5 . 714 -0.357 28 5 . 743 -0. 229 40 6. 616 0. 136 
40 6. 235 0. 085 52 7. 220 0. 783 6. 502 0.117 17 5 . 661 -o. 364 29 5. 806 -0. 138 4 J . 6 . 669 0.168 
41 6. 322 0. 201 53 7. 256 0. 770 6. 417 0 . 094 18 5. 609 -0.502 30 5. 868 -ö. 214 
42 6. 421 0.148 6. 332 -0. 005 19 5. 581 -0. 380 31 5. 935 -0.073 
43 6. 521 0.149 

Zr-0-9 
6 .. 269 -0.001 20 5. 561 -0.387 32 6. 006 -0. 042 

44 6. 610 0.181 6. 203 0 .012 21 5 . 545 -0.338 33 6 . 081 -ö. 041 
45 6. 691 0.308 204 h. JO 6. 135 --û.109 22 5. 531 -0. 407 34 6 . 162 0 . 020 
46 6. 774 0.380 ll 6. 035 -0.245 23 5. 560 -0.465 35 6 . 240 0 . 009 
47 6 . 8:;3 0. 333 12 5. 959 -0. 211 24 5 . 57ó -0.496 36 6. 318 0. 115 
48 6. 930 0. 446 I 6. 772 0 . 267 13 5.884 -0. 296 25 5 . 611 - 0 .414 37 6 . 393 -0.010 
49 7 . 008 0. 54.6 2 6 . 7 12 0. 190 14 5 . 832 ·0. 311 26 5. 633 - 0.248 38 6. 471 0 . 106 

first few hoursl approached a shape which remained virtually 
constant throughout the subsequent course of the experiment. 
Just befare concluding the thermotransport run the temperature 
profile was measured at intervals of 1 nun. Pyrometer readings 
were converted into true temperatures by using the pyrometer 
formula (3.4.4). The transmittance of the flat windows of the 
type II lamps 1 T À 1 which occurs in the formula 1 was determined 
by means of a Zeiss type PMQ II spectrophotometer for five 
windows at the wavelength À = 650 nm used. The mean 0.852 
(stand. d e v. = 0.021) wastaken throughout this investigation 
for the temperature conversion since the variation in thick
nessofthe windows in the various experiments was not l arge. 
The value used for EÀ has been quoted in Section 4.4. 

Concentratiens were measured through low-load indenta
tion testing. Generally 1 eight to ten indentations were made 
for every chosen x -coordinate along the length of the sample 
in regions which consistedof pure B-phase at the temperatures 
of the transport process. Calibration curve Eq. (5.3.2) was 
used for the conversion of the mean hardnessl (VPN) 5001 al
though application of Eq. (5.3.3) would have been more cor
rect for experiments Zr-0-4 to Zr-0-9 incl. This fact 1 how
everl was only recognised in a later stage of the investiga
tion when the calculations pertaining to these experiments 
were already done . Since the experiments under discussion 
yield only qualitative information 1 we thought it superfluous 
to repeat the caculations using Eq. (5.3.3). 

The pairs of observations {104/Ti(°K-1) 1 ln Ni } for each 
of the thermotrans port samples are listed in Table 5. 4. 3. The 
order given is the one of their x-coordinates {running from 
top to bottorn of the ribben). To save space, we have nat . given 
these coordinates 1 nor have we given the temperature profiles 
of the experime nts (which could have been constructed from 
the table over the range of observation if the coordinates 
had been given}. This is b e cause weneed them only f or the 
computer programmes which have no sense here as expl ained 
above. 

Inspeetion of Table 5. 4. 3 and of the terminal solubility 
line of oxygen in B-zirconium based on the data of Gebhardt 
et aZ . (Fig. 5.6.4) shows that nearly all observations have 
indeed been made in regions which consisted entirely of B-zir
conium at the e xperimental t emperatures. The only exceptions 
are the last t wo pairs of observations of experiment Zr-0-3 
and the last but five pair of experiment Zr-0-2. These have 
been provided with an asterisk in Table 5.4.3. The latter 
pair is most probably nat an a + B point since the subsequent 
pairs were in the single-phase B-region 1 but it must be re-
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garded as an outlier whose apparent high concentratien is a 
consequence of very bad indentations. 

Discarding the three pairs of observations and the 21st 
pair of Zr-0-8, which has also been considered to be an out
lier, the heat of transport has been calculated for each of 
the nine experiments on the basis of the formula ln N = 
= Q*/RT + Cintegr. by linear regression on 1/T . 

If ris the number of pairs {104/To, ln No} and every 
observation ln Ni is given the same weight, Èqs. (3.7.11), 
(3.7.8), (3.7.9) and (3.7.12) reduce to 

A. = (:::':::) - 1 :::'u 

/1. = (Co Q* /10 4R)' 
~ntegr.' 

- (10 4/ T o)j-1 i 
~ j 

1, ... , r 
1,2 

(5.4.3a) ~ ij 

since unitary weighti~g factors allow of substituting the 
unit matrix for E (or E). 

More explicitly, Eq. (5.4.3a) may b& written as 

êo 1ntegr. 
'10 8/T~'ln No - '10 4/To\(10 4/T o)ln N L ~L ~ L 1 L ~ i 

(5. 4. 3b) 

4 
- ~) 0 I T 0 I ln N 0 

~ l 

This is t he set of r e lations used throughout this investi
gation to calculate the estimate of the heat of transport, 

Q* , and the estimate of the integration constant, êintegr.· 
The results of the q ualitative experiments are given i n 

Table 5.4.4. As explained above, the mean value of the esti
mates of Q* is to be considered a lower limit to the true 
heat of transport of oxygen in S-zirconium, since no a + B 
points have been taken into account. 

5.5 RESULTS OF COMPUTATIONS CARRI ED OUT WITH COMPUTER 
PROGRAMME NO. I 

As stated in Sectien 2.4.3, a programme was written 
(Programme No. I) which allowed of computing the period of 
time to% necessary to reach, for each value of u = 1/T along 
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Experiment Q* 
(kcal/male) 

Zr-0-J 14.32 

Zr-0-2 17.14 

Zr-0-3 15.62 

:Zr-0-4 13.68 

Zr-0-5 11.12 

Zr-0-6 13.34 

Zr-0-7 10.81 

Zr-0-8 11.13 

Zr-0-9 10.82 

mean 13.11 

stand. dev. 2.31 

Table 5.4.4 Estimat es of the heats of transport of oxygen in 
S-2irconium calculated by using formulae ( 5.4.3) 
from the data listed ~n Table 5. 4 . 3 . The data 
preceded in Table 5.4.3 by an asterisk have been 
omitted from the calculations . 

the length of the thermotransport specimen, an atomie per
centage of the interstitial, N(u), so that 

where N(u) 00 is the steady-state value of N(u). 
The programme is only applicable to a single-phase binary 

interstitial alloy 
(1) in which the gas concentratien at the beginning of the 

experiment is constant, 
(2) the farm of which is a trapezoid of constant thickness 

with mediator length Z, short parallel side 2 1 and long 
parallel side 22 (cf. Fig. 2 .4.3.1c), 

(3) in which prevails a constant temperature gradient 
K = dT!dx =_,.-(T1- T2 lll running parallel to the r:'ediator, 

(4) for whlch J(x 1 ,t) = J(x 2 ,t) = 0 fort~ 0, ~ . e . for 
which the mass flux at the short as well as at the long 
parallel side is zero at any given time t. 
In addition to 21, 2 2 and Z which are given by the form 

of the specimen, and to T1 and T 2 which are virtually fixed 
for any particular experiment a fter the first few hours, the 
percentage a, the pre-exponential factor D and a ctivatien 
e nergy Q for isothermal diffusion of the in~erstitial in the 
metal, and the heat of transport Q* appear as variable para
meters in the computer prograrnrne. 

The more important results obtained by Programme No. I 
have been listed in Tables 5.5.1 to 5.5.5 incl. Table 5.5.1 
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T1 (OK) T2(oK) z (cm) t 5%(hour) T1 (OK) T2 (OK) z (cm) t 5 % (hour) 

1850 1600 2.0 22 1850 1600 2.0 173 

1. 5 13 1.5 97 

1. 0 6 1500 2 . 0 277 

1500 3.0 79 1 . 5 156 

1.0 9 1. 0 69 

1400 3.0 124 1400 2.0 440 (266) 

2.0 55 1800 1600 2.0 180 

1. 5 31 1. 5 102 

1250 3.0 258 1.0 45 (21) 

1750 1600 2.0 22 1500 2. 0 301 (169) 

1 • 5 12 1. 5 169 (95) 

1.0 6 1. 0 75 

1400 3.0 145 1400 2.0 486 (286) 

1. 0 16 1 .5 273 ( 161) 

1350 3.0 187 1750 1600 2.0 180 

2.0 83 1.5 102 

1.5 46 1.0 45 

1250 3.0 310 

Table 5.5.1 Va lues of t5% (in hours) for oxygen in B-zirco-
2 {left) nium (Do = 0.0453 cm /sec, Q = 28.2 kcal/mole, 

Q* = 23 kcal/mole, z7 = 0.3 cm, z2 = 0.5 cm) 

Table 5.5.2 Va lues of t5% (in hours) for nitrogen in s-zir-
(right) conium (Do 0.075 2 37 kcal/mole, = cm /sec 

' 
Q = 

* Q = 30 kcal/mole 
' z7 = 0. 3 cm, z2 = 0.5 cm) 

(va lues in brackets are for Q* = 7 0. 3 kcal/mole) 

applies to oxygen in B-zirconium (D 0 0.0453 cm2jsec, 
Q = 28.8 kcal/mole, cf. Sectien 4.3). It shows values of t 5 % 
for z2 = 0.5 cm (being the breadth of the ribbons), Zl = 0.3 
cm, Q* = 23 kcal/mole, and for various values of T 1 , T 2 and L 
It is seen that t5% increases 
(1) rapidly with increasing l for any given pair of values 

of T1 and T2, 
(2) rapidly with decreasing T 2 for any given pair of values 

of T1 and l, 
(3) slowly with decreasing 

of T2 and L 
T1 for any given pair of values 

Similar results were found for nitrogen in B-zirconium (Table 
5.5.2), for oxygen and nitrogen in 6-titanium, etc. 

For l = 3 cm and T1 = 1400 °K or lower, it is seen from 
Table 5.5.1 that annealing durations of far over 100 hours 
are necessary tobring the concentratien profile in the prox
imity of the steady-state distribution, even if T2 is as high 
as 1850 °K. This is the main reasen why experiments Zr-0-1 
up to and including Zr-0-9 have had only qualitative imper
tanee (see the preceding section). 
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The influence of the pre-exponential factor, D0 , on ta% 
can immediatelybe seen from Eq. (2.4.2.3) or (2.4.3.7). Since 
the rate of thermotransport, aNjat, is directly proportional 
to D0 , ta% is inversely proportional to this quantity. 

A slight increase in the activatien energy for isother
mal diffusion, Q, engenders a considerable increase in ta%• 
This is seen from Table 5. 5. 3. Changing the activatien energy 
of oxygen in S-zirconium by ~ 10 % and leaving the pre-expo
nential factor unchanged, causes t5% to be altered by a fac
tor of approx. 3 or 1/3, respectively. The constants in the 
Arrhenius expression for the ditfusion coefficient should, 
therefore, beknown with sufficient precision to obtain reli
able values for ta%· 

The influence of the heat of transport on ta% is far 
less pronounced as may be seen by inspecting Table 5.5.4 and 
from the values in brackets in Table 5.5.2. This is a fortu
nate circumstance for the following reason. 

Taking on practical grounds an annealing duration of 
the order of 100 hours as a maximum, and choosing the exper
imental temperatures low enough to keep the evaporation of 
the material within admissible limits, we must choose the 

T1 (°K) T2(oK) l (cm) Q (kcal/mole) e 5 , (hour) 

1738 1338 1. 86 25 27 

28.2 78 

31 200 

1738 1512 1.55 25 

28.2 22 

31 53 

Table 5.5.3 Influenae of Q on the value of tss 

T1 (°K) 

1738 

1738 

(D 0 = 0.0453 arn 2/sea~ Q*:::: 23 kcal/mole, 

a 7 = 0.33 cm~ a 2 = 0.5 om) 

T2(oK) l (cm) Q• (kcal/mole) e5 , (hour) 

1338 1.86 13.0 61 

18.0 71 

23.0 78 

28.0 83 

1512 1.55 13.0 16 

18.0 20 

23.0 22 

28.0 25 

Table. 5.5.4 Influenae of Q* on the value of t 5 % 

(D 0 = 0.0463 am 2/sec, Q = 28.2 koal/mo'le:~ 
a 1 = 0.33 am, .a 2 = O.S om) 

5.5 

(D 0 = 0.0453 am 2 /seo, Q = 28.2 koal/mol"B, 

Q* = 23.0 koa.l/mole, a 2 = 0.5 cm) 

T1 (°K) T2 (°K) z (cm) •,(cm) e 5 ,(hour) 

1850 1600 1.0 0.5 

0.3 

0.1 5 

1400 1.5 0.5 32 

o. 3 31 

0.1 28 

1750 1350 2.0 0. 5 84 

0. 3 83 

0.1 74 

(D0 = 0.0453 am 2!sec, Q = 28.2 koal/mole" 

Q* = 13.0 koaZ/mole:~ a 2 = 0. 5 om) 

T 1 (°K) T2 (°K) l (cm) • 1 (cm) t 5 , (hour) 

1900 1500 2. 0 0.5 24.0 

o. 4 25.1 

o. 3 25.3 

1300 3 .o 0.5 146 

0.3 149 

(D0 = 0.0750 am 2/sscJ; Q = 37.0 koal/moh, 

Q• = 30.0 koal/mole, a 2 = 0.5 om) 

T1 (°K) T2 (°K) z (cm) •, (cm) t 5,(hour) 

1850 1600 2.0 0.5 172 

o. 3 173 

1800 1600 1.5 0.5 100 

0. 3 102 

1750 1600 1.0 o. 5 44 

o. 3 45 

Table 5. S. 5 Influenoe of a 1 on the value 

of ta 
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dimensions of our probes to be such as to guarantee a final 
distribution öf the solute quite near the steady-state con
centration profile. In making our choice we must let our
selves be guided by the computation of ta%, where a is given 
a value in accordance with the precision with which we want 
todetermine Q*, or, more realistically, in accordance with 
the precision with which the observations can be made (The 
dimensions are taken such that ta% = 100 hor lower). How
ever, we have to insert in the computation a value for the 
unknown heat of transport. If a value is inserted for Q* 
which is lower than the true value of the heat of transport, 
the result of the computation will bias our choice towards a 
probe length which is too long to bring the solute distri
bution in the vicinity of the steady-state concentratien 
profile within the chosen annealing duration. Consequently, 
the experiment will yield a value for the heat of transport 
which is too low. Therefore, itis better to choose Q* rather 
high (e .g. twice as high as may be expected on the basis of 
a few preliminary experiments), because owing to the moderate 
influence of Q* on ta%, there is little danger that the result 
of the computation will lead to using a probe which is much 
too short. 

The great influence of the activatien energy for iso
thermal diffusion on ta% and the moderate influence of the 
heat of transport on ta% are readily comprehensible upon in
spection of the equation for the rate of thermotransport, Eq. 
(2.4.2.3) or Eq. (2.4.3.7). While Q appears in the exponent 
in the common factor exp(-Q/RT ), Q* appears only linearly in 
.three of the six terros which campose the right-hand side of 
Eq. (2.4.2.3). Physically, the smaller influence of Q* may be 
interpreted as fellows. The higher is Q*, the more gas has 
to be transported in order to reach the steady-state distri
bution. On the other hand, the particular part of the mass 
flux which is caused by the presence of the thermal gradient 
increases linearly with Q* (cf. Eq. (2.1.1)). Therefore, the 
rate of mass transport will be the larger, the higher is the 
heat of transport, and the time necessary to bring about a 
solute redistribution corresponding to a given value for the 
heat of transport will be less than proportional to Q* . 

Finally, we have investigated the influence of z 1 on t5% 
for various values of the parameters D0 , Q, Q* , T1 , T 2 , and 
Z Cz2 = 0.5 cm). The results are given in Table 5.5.5. The 
change in t 5 % is seen to be very small, even if z 1 is taken 
as short as l mm, i.e. less than in our experiments where z 1 
was usually 2 mm or more. Therefore, little is gained in 
treating the thermotransport phenomenon as a two~dimensional 
problem as we did in Sectien 2.4.3 and on which Programme 
No. I is based. Taking z 1 = 0.5 cm means considering our 
specimens to be perfectly rectangular in shape, and this now 
appears to be a very good approximation. A grateful use has 
been made of this approximation in developing Computer Pro
gramme No. II, in which the thermal gradient, in accordance 
with practice, was no langer take n to be constant. 
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5.6 QUANTITATIVE EXPERIMENTS CONCERNING THERMOTRANSPORT OF 
OXYGEN IN S-ZIRCONIUM 

Henceforth, a thermotransport experiment will be called 
sueeessfuZ if a solute distribution is obtained in the neigh
bourhood of the steady-state concentration profile. 

We have seen in the preceding section that the require
ments for a successful thermotransport experiment of short 
duration are the following 
(i) The temperatures at the cold ends of the trapezoids 

must be high. 
(ii) The lengths of the trapezoids must be short. 
In practice, we have to consider some addi ti on al requirements 
which are diametrically opposed to those just mentioned. 
(iii) The temperature throughout the ribbons should not be 
too high in order to prevent the material from being ther
mally etched to an extent that would have a very bad effect 
on the shape of the indentations and hence on the concentra
tion determination. 
(iv) The temperature difference T1 - T 2 should remain large. 
If small, N1 and N2 would not differ significantly and the 
errors in the concentration determination would bring about 
a very large error in the heat of transport. 
(v) Since indentation testing is a rather rough method of 
concentratien determination it is necessary to produce a 
large number of indentation rows along the ribbon.Therefore, 
the specimens should be chosen rather long, the more so since 
the endsof the ribbons are lost for concentratien determina
tion by indentation testing (af. Section 5.2.4). 
Requirement (v) is seen to be the opposite of requirement 
(ii) and the combined requirements (iii) and (iv) the oppo
site of requirement (i). 

The best way to eliminate the controversy seemed to lie 
in g i ving the samples the shape represented in Fig. 2. 4. 3 .• lb: 
four 'short' trapezoids forma rather 'long' ribbon. If 
(a) the sample has a homogeneaus solute concentration at the 

beginning of the experiment, 
(b) every trapezoid is exactly congruent to the others con

stituting the probe, and 
(c) the temperature profile within each of the trapezoids 

is precisel~ the same, 
the oxygen flux J will be zero at every instant for all values 
of the coordinate x where two trapezoids meet. Each trapezoid 
then behaves independently and the oxygen distribution will 
rapidly approach the steady-state profile. 

In practice, however, i t is difficul t to fulfil the con
ditions enumerated, and especially condition (c), but it was 
hoped that deviations would be small enough to cause an ex
periment of reasonable short duration to be successful. It 
will be seen hereafter how far this hope was well founded. 

Samples Zr-0-10 and Zr-0-11 still had the shape given 
in Fig. 2. 4. 3 .la, the lengths of the trapezoids being now 2 cm 
(as opposed to 3 - 3.5 cm in the qualitative experiments). 
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Samples Zr-0-12, Zr-0-13, and all zirconium-nitrogen samples 
(Section 5.7) were cut according to the shape represented in 
Fig. 2. 4. 3 .1b. In order to prevent T 2 from becoming too low, 
3-cm long molybdenum ribbons were spotwelded between the 
probe ends and the meandering molybdenum springs (cf. Sectien 
3. 3). 

For the rest, the quantitative zirconium-oxygen experi
ments were carried out as described for the qualitative ex
periments in Sectien 5.4. Table 5.6.1 summarises the details 
of the preparatien of the ribbons and Table 5.6.2 the mean 
hardnesses with their standard deviations as obtained in the 
homogeneity test, and the atomie percentages of oxygen in 
the thermotransport samples befere starting the experiments. 

recrystalli"" oxygen absorption homogenisation 

thick- sation and nwnber total pressure of absorp-
ribbon ness d degass1ng of ad- 02 at room temp. ti on 

(cm) temp. dur a- mitted in a volume of temp. temp. dura-
(OK) ti on portions 8.97 cm3 (Torr) (OK) (OK) ti on 

(hours) of 02 (hours) 

Zr-0-10 0.0200 1278 2.5 4 101.2 1347 1646 20 

Zr-0-11 0.0196 1278 2.5 4 107.2 1343 1641 21 

Zr-0-12 0.0200 1279 2.5 6 99.0 1346 1653 22 

Zr-0-13 0.0186 1279 2.5 5 107.7 1347 1641 2·1 

Table 5.6.1 Details of the preparation o f zi rconium ribbon s 
(1 0 x 0.5 x d cm3) for thermotransp ort experi
ments Zr-0-10 up to and incZuding Zr-0-13 

r.ibbon 

Zr-0-10 

Zr-0-11 

zr-0-12 

Zr-0-13 

number 
of in
denta
tions 

60 

61 

69 

69 

(vPN >5oo 

(kg/mrrh 

259.1 

268.5 

270.0 

266.4 

standard 

deviation 

(kg/ mrn2 ) 

12.4 

15.3 

28.8 

26.3 

atomie percentage of oxygen ca1-
cu1ated from 

(VPN> 500 using 

ca1ibrati on 

curve ( 5. 3. 3) 

2.52 

2.70 

2. 72 

2.66 

Tab1e 5.4.1 and 
V ff = 8.57 x e • 3 

x 0.5 x d cm 
(+0.92 at.%) 

2.51 

2.63 

2.48 

2.73 

Table 5.6.2 Data of the sample s used for thermotransport. 
Number of indentations in the homogeneity test~ 
mean hardness ( VPN ) 500 with its standard devia
tion~ and atomie percentage of oxygen . 

The e stimated error in the atomie percentage as calculated 
from either (VPN) 5 oo or Veff. is no more than 8 %. Table 
5.6.3 summarises, for each experiment, in the first column 
the seria1 number i (running from top to bottorn of the ribben) 
of the pair of observations {104/Ti, ln Ni}' in the secend 
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Zr-0-10 Zr-0-11 Zr-0-12 Zr-0-13 
120 h. 139 h. 123 h. 147.5 h. 

I 0. 479 6. 340 l. 242 o. 459 6. 361 I. 226 I I. 550 5. 771 0. 170 I I. 280 5. 771 0. 569 
2 0.530 6. 315 1.186 o. 554 6. 304 1.062 2 I. 599 5.731 0.130 2 I. 330 5. 748 0. 505 
3 0. 580 6. 290 1.130 0 . 651 6. 268 0. 981 3 I. 649 5. 691 0.171 3 I. 379 5. 724 0.497 
4 0. 630' 6. 274 I. OSG 0. 747 6. 197 0. 987 4 I. 699 5. 652 0.366 4 I. 428 5 . 698 0.419 
5 0.681 6. 258 I. 004 o. 795 6. 163 0. 930 5 I. 749 5. 627 0.130 5 I. 477 5. 674 0. 372 
6 o. 731 6. 233 0. 926 0. ~24 6. 143 0. 859 6 1. 913 5. 588 -0. 053 6 I. 528 5. 653 0.422 
7 0. 781 G. 208 . 0. 878 0. H91 6. 099 0. 752 7 1. 953 5. 608 -o. t30 7 I. 578 5 . 632 0.324 
8 0.831 6. 173 0. 890 0 . 940 6 . 070 0. 780 8 I. 997 5. 630 0. 027 8 I. 627 5. 610 0 . 348 
9 0.882 6. 137 0. 891 0, 988 6 . 036 0. 772 9 2. 048 5. 644 0. 263 9 I. 667 5. 593 o. 236 

10 0. 932 6. 118 0.876 10 I. 036 5. 999 0. 715 10 2. 077 5. 652 0. 016 10 I. 726 5. 576 0. 370 
11 0. 982 6. 098 0.851 11 I. 084 5. 968 0.760 11 2 . 112 5. 667 -0. 089 11 I. 761 5. 566 0.123 
12 I. 033 6. 077 0.881 12 I. 132 5. 941 0.629 12 2. 147 5. 692 0. 235 12 I. 875 5. 534 0. 222 
13 I. 082 6. 056 0. 917 13 I. 180 5.916 0.621 13 2. 217 5. 747 0. 262 13 2. 123 5.540 0.106 
14 I. 123 6. 041 0.890 14 I. 229 5.892 0. 666 14 2. 266 5. 797 0.149 14 2. 172 5. 550 0. 209 
15 1, 183 6. 018 0. 805 IS I. 277 5. 862 0. 590 15 2 . 316 5. 844 0.421 15 2. 221 5 . 559 0.301 
16 I. 233 5. 997 0.811 16 I. 325 5. 826 0.550 16 2. 365 5. 883 0 . 405 16 2. 296 5 . 567 0.360 
17 I. 284 5. 975 0. 825 17 I. 373 5. 796 0.554 17 2. 415 5. 923 0. 483 17 2. 338 5 . 569 0. 219 
18 I. 334 5. 946 0. 782 18 1.421 5. 773 0.538 18 2. 465 5. 965 0.440 18 2.409 5. 607 0.438 
19 I. 384 5. 919 0. 756 19 I. 469 5. 745 0.573 19 2. 515 6. 006 0. 502 19 2 . 444 5. 634 0.442 
20 I. 435 5. 904 0. 770 20 I. 517 5. 702 0.436 20 2 . 564 6. 045 0 . 516 20 2 . 479 5. 661 0.438 
21 I. 485 5. 888 0. 746 21 I. 581 5. 647 0. 375 21 2. 614 6. 087 0 . 666 21 2.529 5 . 699 0. 255 
22 I. 535 5. 856 0. 756 22 I. 623 5. 611 0. 459 22 2. 644 6. 114 0 . 630 22 ·2.548 s; 111 0. 468 
23 I. 584 5. 826 0. 757 23 I. 671 5. 570 0.462 23 2. 703 6. 167 0. 707 23 2. 573 5. 725 0. 514 
24 I. 632 5. 811 0. 699 24 I. 748 5.504 0.388 24 2. 743 6. 191 0. 793 24 2.617 5 . 751 ·o.557 
25 I. 681 5. 796 0. 659 25 I. 814 5.465 o. 413 25 2. 793 6. 222 0. 802 25 2.667 5. 780 0.511 
26 I. 729 5. 786 0. 533 26 !. 863 5.438 0.266 26 2. 843 6. 275 0. 897 26 2. 717 5 . 810 0.569 
27 I. 778 5. 776 0. 600 27 1. 898 5.423 0.134 27 2. 892 6. 331 0. 829 27 2. 767 5.839 0. 571 
28 1.827 5. 765 0. 595 28 1. 980 5. 393 -0.012 28 2. 942 6. 364 0. 886 28 2. 817. 5. 865 0. 634 
29 I. 861 5. 757 0. 500 29 2 . 079 5. 401 0. 207 29 2. 992 6. 392 0. 995 29 2. 864 5. 890 0. 603 
30 I. 923 5. 748 0. 422 30 2 . 114 5.414 0.365 30 3. 042 6. 428 I. 033 30 2. 916 5. 923 0. 655 
31 I. 971 5. 743 0. 494 31 2 . 172 5. 439 0. 371 31 3. 091 6 . 465 I. 010 31 2. 965 5. 955 0. 696 
32 2. 020 5 . 743 0. 533 32 2 . 221 5 . 472 0 . 249 32 3. 141 6 . 494 I. 043 32 3 . 014 5. 979 0. 708 
33 2. 068 5. 745 0 . 559 33 2 . 251 5 . 491 0. 237 33 3. 191 6. 520 1. 101 33 3. 064 6. 003 0. 757 
34 2. 117 5. 754 0. 651 34 2.279 5 . 504 0. 342 34 3; 241 6 . 557 1. 169 34 3 . 114 6. 018 o. 735 
35 2.166 5. 766 0. 579 35 2. 394 5.566 0.404 35 3 . 290 6. 596 l. 223 35 3. 164 6. 033 0. 793 
36 2. 215 5. 783 0.690 36 2. 427 5. 594 0. 358 36 3. 340 6. 586 I. 236 36 3. 213 6. 051 0. 819 
37 2. 263 5. 801 0. 711 37 2.517 5. 678 0. 364 37 3. 389 6. 565 1.224 37 3. 263 6 . 070 0. 867 
38 2. 312 5. 820 0. 747 38 2 . 566 5. 721 0.416 38 3. 440 6. 574 1. 274 38 3. 312 6. 083 0. 883 
39 2. 360 5. 839 0. 727 39 3 . 605 5. 744 0. 525 39 3. 489 6. 590 I. 294 39 3. 361 6. 095 0 . 902 
40 2.409 5. 862 0. 787 40 2. 644 5. 767 0. 583 40 3.S39 6. 604 l. 232 40 3. 410 6. 108 0 . 899 
41 2 . 457 5. 887 0. 825 41 2. 679 5. 788 0. 609 41 3 . 600 6 . 619 1.199 41 3. 462 6. 121 0.835 
42 2.521 5. 924 0. 851 42 2 . 738 5. ~24 0. 617 42 3. 651 6. 616 1.190 42 3 . 510 6. 113 0.894 
43 2. 555 5. 945 0. 851 43 2 . 772 5. M48 0 . 553 43 3. 701 6. 61~ 1.147 .43 3. 560 6 . 104 o . 936 
44 2. 604 5. 973 0. 872 44 2 . 820 5.884 0.590 44 3. 751 6 . S~1 1.140 44 3. 611 6. 097 o . 869 
45 2. 653 5. 999 0. 878 45 2 . 869 5. 919 0. 604 45 3 . 8 02 6. 568 1.137 45 3. 661 6. 091 0.868 
46 2. 702 6 . 026 0. 920 46 2 . 918 5 . 945 0. 650 46 3.851 6 . 554 1.181 46 3. 712 6. 069 0. 794 
47 2 . 751 6. 053 0. 847 47 2. 967 5 . 976 0. 680 47 3 . 902 6. 539 I. 159 47 3 . 762 6. 047 0. 818 
48 2. 800 6. OR2 0. 875 48 a·. 016 6. 021 0. 658 48 3. 953 6. 501 1.117 48 3. 811 6. 020 0. 765 
49 2 . 849 6. 114 0. 853 49 3. 064 6. 064 0. 693 49 4. 003 6. 465 l. 056 49 3.862 5. 993 0. 777 
50 2. 898 ti. 141 0. 961 50 3. 113 6. 099 0.844 50 4. 053 6. 427 l. 076 50 3. 913 5. 965 0. 633 
51 2. 947 6. 160 0. 960 51 3. 163 6.136 0. 895 51 4 . 103 6. 389 0. 938 51 3. 963 5. 938 0. 552 
52 2. 996 6. 184 0. 984 52 3. 211 6. 169 1. 034 52 4 . 154 6. 346 0. 871 52 4. 013 5. 910 0. 622 
53 3. 045 6. 217 1. 007 53 3. 261 6. 205 l. 081 53 4.189 6. 317 0.891 53 4. 054 5 . 886 o. 635 
54 3. 094 6. 246 0 . 98G 54 3. 358 6. 287 I. 043 54 4 . 255 6. 271 0. 767 54 4. 089 5.860 0.470 
55 3. 143 6. 268 I. 022 55 3. 456 6. 369 1. 167 55 4 . 305 6. 235 0. 697 ss 4. 165 5. 801 0 . 470 
56 3. 185 6. 286 1.034 99 3. 990 56 4 . 355 6. 187 0 . 684 56 4. 214 5 . 766 0.469 
57 3.240 6. 299 l. 150 57 4 . 405 6 . 139 0 . 717 57 4 . 265 5 . 731 0 . 438 
58 3. 289 6.312 1.161 58 4. 456 6 . 097 0. 669 58 4. 306 5 . 711 0. 421 
59 3. 338 6. 332 1. 222 59 4 . 506 6 . 056 0.576 59 4 . 406 5 . 660 o. 242 
60 3. 387 6. 352 1. 255 60 4 . 556 6 . 016 0 . 609 60 4. 467 5 . 629 0.168 
61 3. 436 6. 373 l. 291 61 4.606 5 . 978 0.426 61 4.517 5.605 0. 282 
62 3. 485 6. 393 1. 308 62 4. 657 5. 953 0. 368 62 4:568 5. 581 0.126 
63 3. 534 6.409 1. 315 63 4. 707 5. 928 0.315 63 4. 618 5. 559 0 . 225 
99 3. 990 64 4. 958 5 . 782 0.438 64 4. 669 5. 537 0.058 

65 5.052. 5. 759 0.205 65 4 . 719 5. 516 0.106 
66 5. 092 5. 757 0.181 66 4 . 770 5 . 491 0.084 
67 5. 132 5. 757 0.171 67 4 . 821 5. 455 -0.039 
68 5.173 5. 757 0.327 68 4 . 871 5 . 423 0.034 
99 7. 010 99 7. 035 

Table 5.6.3 Data of the quantitative t he rmotransport e xperi-
ments of oxygen in B-zirconium. 
First c o lumn: se rial numb e -r of the observations. 
No. 99 stands fo-r the bottorn end of t he s pecimen. 
Se c ond column: coo-rdinat e s x i (in cm) o f th e ith 
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pair of observations 
Third column: observati ons 104 /Ti in ox-1 
Fourth column : observations ln Ni 
At the top of t he columns th e annealing duration 
in hours is mentioned. 

column the coordinates x. (in cm) 1 in the third column the 
observations 104/Ti (in °R-l) 1 and in the fourth column the 
observations ln Ni. The number 99 stands for the bottorn end 
of a ribbon 1 the corresponding coordinate thus giving the 
total length L of the thermotransport probe. At the top of 
the columns is found the annealing duration in hours. 

It is seen from Table 5.6.3 and from the terminal solu
bility curve of oxygen in $-zirconium given in Fig. 5.6.4 
that all observations have been made in regions which con
sisted entirely of $-zirconium at the experimental tempera
tures. When calculating the heat of transport all observa-

Fig. 5. 6 .1 

11 2 

1'4r----.----.---.----,----.----.---~-. 

1.2 

In N Zr-0-11 

t~ 

0.6 

!' ~ . . . 
11 

0/11 

0 f b) 

5.4 5.5 5.6 5.7 5.8 5·9 6.{) 6.1 

-fc·K-'J 
6.2 (i.J 

Oxy gen dis tr ib ution in ribbons Zr - 0 - 10 to Zr-0 - 73 
incl . aft er ann eal ing d ura ti on s of 720 (Zr - 0 - 70 , 
( a ) ) , 139 ( Zr-0- 77 , (b)) , 72 3 ( Zr - 0-72, (c ) ) , and 
747 .5 hours (Zr-0- 73 , (d ) ), r e sp ectively . 
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Zr-0-12 

10~ 
In N=1.174x..,.--6.536 

C) 

tions may, therefore, be used (cf. Sectien 5.4). The scatter 
diagramsof ln Ni versu~ 104/Ti_are given in Fig. 5.6.1. The 
straight lines ln Ni= Q*/RT + Cintegr., obtained by using 
Eq. (5.4.3b) from the data of Table 5.6.3 are shown in the 
diagrams. 

Each Ni suffers from a rather large uncertainty, since 
the s pread in hardness along a row of inde ntations at fixed 
X· is high. Table 5.6.4 lists the numbe r of indentations, 
t~e mean value (VPN) 500 and its standard deviation, a, for 
the rows of indentations Nos. 1 - 10 and 35 - 44 incl. of 
experiment Zr-0-10. It is seen from this table and from Eq. 
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serial No. number of (VPN)5oo standard 

of row of inden- dev. 

indentations tations (kg/nun2 ) (kg/nun2 ) 

1 11 309.20 11 . 21 

2 11 299.20 9.32 

3 10 289.82 14.89 

4 10 282.68 11 . 30 

5 10 . 270.17 9.65 

6 9 259.43 15.43 

7 1 0 252.97 13.50 

8 9 254.55 11 • 83 

9 9 254.74 9.35 

1 0 1 0 252.78 9.36 

35 9 219.98 16.55 

36 8 231.09 19.58 

37 8 233.41 8.15 

38 7 237.31 13.89 

39 10 235.08 12.58 

40 9 241.92 7.87 

41 8 246.39 11 . 92 

42 7 249.67 12.00 

43 8 249.63 10 . 86 

44 9 252.31 11 . 06 

Table 5.6.4 Numbe r of indentations, mean hardne ss 
and i ts standard 

(VPNJ5oo 
devia ti on for a numbe r of rows 

of i nden tati ons on sampl e Zr - 0 - 10 afte r thermo -
transport 

(5.3.3) that the standard deviation of N 1 a(N) 1 varies here 
between 5 and 18 % of the concentration. These percentages 
rnay be considered to be representative of all oxygen-zirco
niurn experirnents . 

Therefore 1 we wanted to obtain a rneasure for the accu
racy of the estirnates of the heat of transport as obtained 
by Eq. (5.4.3b) 1 which are listed in the second column of 
Table 5.6.5. To that end we deterrnine d the slopes o f t he 
conunon asyrnptotes of the (l -a ) 100 % confidence lirnits of each 
straight line ln N = Q*/RT + êintegr.· The equation for the 
confidence lirnits is a special case of Eq. (3.7.26). Since 
each pair of observations is assurned to have the same weight 1 
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Q• Nos. of pairs of 

experiment (kcal/rnole) ëintegr. observations used 

in the calculation 

Zr-0-10 

Zr-0-11 

zr-0-12 

Z:i:-0-13 

19. 17 

18.40 

23.32 

22.98 

24.12 

-4.959 

-4.802 

-6.536 

-6.427 

-6.528 

all 

all 

all 
57 - 68 

ali 

ilQ• (kcal/rnole) 

50 % 75 % 90 % 95 % 

1 .00 1 .42 1.85 2.12 

0.87 1. 24 1.61 1 .85 

0.66 0.93 1. 21 1.39 

4.53 6.64 8.98 10.64 

0.99 1 • 41 1 .83 2.10 

Table 5.6.5 Estimates of the heat of t ransport, Q*, est imates 
of the integration constant, êintegr., and the 
50 %, 7 5 %, 90 %, and 95 % confidence d e viations 
of Q*, !l.Q*{x %), o f oxygen in S-zirconium calcu
lated by using Eqs. (5.4.Jb) and ( 5.6.5) fr om 
the data l isted in Tabl e 5.6.3 

the matrix f in Eq. (3.7.26) reduces to (E'E)-1 and we obtain 
(m = 2): 

u(upper) 

u(lower) 
2 2~ \ 2:~; . ·- 2xl: i;. + rx 
~ ~ 

u - ln N 
A 

-Àl c. t 
~n egr. 

A 

Q*/10 4R À2 - (5. 6 .1) 

x - 10 4 /T 

1;1 - 104/Ti 

where u and x are running coordinates arid a2 is obtained from 
Eq. (3.7.20b) which reads now 

(5 .6 .2) 
A 

where u, E and A are defined in Eq. (5.4.3a ). 
We combine the equations for u (upper ) and u (lower) to an equa
tion of the farm 

u 2 + Aux + Bx 2 + Cu + Dx + E 0 (5 .6 .3a) 
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where 

and 

[ 
-2 - 2o Fa(2~r-2) 

The slopes of the cornmon asymptotes are found by substituting 
Cu+ Dx + E = 0 in Eq. (5.6.3a) 1 which 1 inviewofEq. (5.6.3b), 
yields: 

!;; 

u/x Q*/10 4R [ A2 
r (l:c;J2] 

(5. 6. 4) ± 2o Fa(2 1 r-2) I 2 r t;i 

The term 

!;; 

6Q*(100a%) 4 [ ,, r 

(gi) ;] 
(5. 6. 5) = 10 R 2a Fa(2 1 r-2) 

2 
rl:t;i -

givesAwhat we shall call the (1-a)100 % confidence deviation 
from Q*. 

6 Q(100a%) has been determined fora= 0.5 1 0.25, 0.10, 
and 0.05. The values obtained are listed in the last four 
columns of Table 5. 6. 5. It is seen that 1 on a 95 % confidence 
level, the calculated va lues of Q* may differ by no more than 
2.12, 1.85, 1.39, and 2.10 kcal/mole for Zr-0-10, Zr-0-11, 
Zr-0-12, and Zr-0-13. 

If the 95 % confidence deviations are taken into account, 
the values of Q* obtained from experiments Zr-0-10 and Zr-0-11 
(19.17 and 18.40 kcal/mole, respectively) are in agreement 
and so are the values obtained in experiments Zr-0-12 and 
Zr-0-13 (22.98 and 24.12 kcal/mole 1 respectively). The two 
pairs, however 1 differ by a few kcal/mole. Since 95 % is a 
high degree of confidence, we have tried to find the cause of 
this discrepancy. 
(i) An explanation could be that the first two experiments 
with the lower values for Q* have not been completely suc
cessful in the sense defined in the first sentence of this 
section. Computer Programme No. II was used to check this. 
Besides values for D0 , Q, Q* and a, the temperature profile 
has to be inserted in the computer input. For practical rea
sens not all observed points (x i, Ti) were inserted, however, 
but only the terminal points of those straight lines which 
gave a very good approximation of the profile. How close such 
an approximation was chosenis illustrated by Fig. 5. 6. 2. The 
coordinates (xi, Ti) of the terminal points of the straight 
lines are given for all four experiments in Table 5.6.6. The 
programme yields ta% in hours, and, if the annealing duration, 
texp., is also inserted, a diagram of N/N 0 versus x over the 
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moa.-----.-----,------.-----.-----.------.-----~ 

T(OK) 

t 

Fig. 5.6.2 Approximation of the actual temperature profile 
in thermotransport experiment Zr-0-73 by straight 
lines. The observed temperatures, as converted by 
the pyrometer formula (3.4.4), are represented by 
circles. Short vertical lines mark the terminal 
points of the straight lines. 

entire length of the sample for t 0 (initial distribution, 
assumed to have been constant), for t = oo (steady-state dis
tribution of the solute), and for t texp. (solute d~stri
bution at the end of the experiment). 

Table 5.6.7 lists the values of ta% for different val
ues of Q* and a. Diagrams of N/N 0 versus x are given in Fig. 
5.6.3. It is seen that experiments Zr-0-10 and Zr-0-11 have 
been very successful, since /N(x) - N(x) 00 1/N(x) 00 was only 
slightly more than 1 % in experiment Zr-0-10 and even slight
ly less than 1% in experiment Zr-0-11 on the basis of a heat 
of transport equal to 23 kcal/male. Even if Q* had been as 
large as 35 kcal/male, these percentages would nat have been 
higher than 2.5 and 3, respectively. That is, such a high 
value for Q* can now be excluded with certainty. The solute 
has had ample time to redistribute itself according toa very 
high value for Q*. Instead, a much lower value (oe 20 kcal/male) 
is found. 

On the contrary, the percentage in question was between 
5 and 6 % in experiment Zr-0-13 and even between 13 and 14 % 
in experiment Zr-0-12 (on the assumption Q* = 23 kcal/male) . 
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Zr-0-10 Zr-0-11 Zr-0-12 Zr-0-13 

L = 3.99 L = 3.99 L = 7.01 L = 7.035 

x. T. x. T. x. T. x. T. 
l l l l l l l l 

0.00 1546 0.00 1524 0.00 1386 0.00 1474 

0.18 1550 0.26 1546 1 . 00 1590 0.76 1638 

0.66 1598 0.76 161 6 1. 75 1782 1 . 26 1730 

1 . 68 1725 1 . 50 1749 1 . 90 1792 1 . 66 1787 

1 . 98 174 2 1. 76 1819 2.14 1759 1 . 96 1813 

2.18 1735 1 . 96 1854 2.70 1622 2.34 1795 

2.38 1710 2.06 1854 3.10 1545 2.96 1676 

3.08 1604 2.28 1820 3.47 1 51 0 3.46 1634 

3.99 1 51 5 2.86 1692 3.70 1512 3.72 1646 

3.78 1502 3.92 1 531 5.09 1877 

3.99 1478 4.62 1674 5.26 1 881 

5.00 1737 5.36 1880 

5.30 1737 5.86 1725 

5.60 1659 6.16 1652 

6.33 1506 6.76 1490 

7.01 1341 7.035 1383 

Table 5. 6. 6 Coordinates (xi, Ti) of the terminal points of 
the straight z~nes by whieh the observed t empe-
rature profi Zes of e xperiments Zr-0-70 through 
Zr-0-73 have been a2proximated (ef . Fig . 5. 6. 2 ). 
xi is in em, Ti in °K, L = tota Z Zength of the 
thermotransport sample (in em). 

After what has been said at the beginning of Section 5.4 one 
might have expected here lower values for Q* than those ob-
tained from the farmer two experiments. 

Fig. 5.6.3 Diagrams of N/N0 versus x (in em) for experiment s 
Zr-0-70 to Zr-0-73 ineZ. as drawnin Computer Pro
gramme No. II 
(Q* = 23 keal/mole, D0 = 0.045 3 em 2/see , Q = 28.2 
keaZ/moZe, temperatur e profiles given in Tab Ze 
5. 6. 6). 
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The curves ar e for t = 0 h (initiaZ eoneentration 
o f the soZute a ssume d to hav e been constant) , t = 
= texp. (distribut ion of the soZute at the e nd of 
the experiment), and for t = ~ (st e ady-state dis
tributi o n of the soZute). The steady-state curve 
is provided with the symboZ X haZf-way the ribbon. 
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(ii) From a magnified version of Fig. 5.6.3c t he quoti~nt 
IN(x) - N(x) 00 1;N (x) 00 was seen to be larger than 5 % between 
x= 1.5 and x = 4.4 and between x = 5.7 and x = 7.1. The 
farmer interval contains the observations with serial Nos. 1 
to 56 incl. No observations are contained i n the latter in
terval. Since the steady-state distribution is indicated in 
the diagram by the symbol X 1 t he values Ni /N0 for i = 1 to 56 
incl. all should lie above t he steady-state distribution 1 

the more sa t he higher is 104/T. This circumst a nce may give 
rise to a value of Q* which is toa high. Recalculation of Q* 
on the basis of the pairs of observations Nos. 57 to 68 incl. 
indeed yields a value of Q* which is a little lower (Table 
5.6.5) 1 but the confidence dev iations now become very high, 
so that little is gained in doing sa. All ob servations Ni of 
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! \ \ J 
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!' \ \ 1400 
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2 3 5 10 20 
----+- N 

Fig. 5.6.4 Dist~ibution o f oxygen afte~ the~mot~anspo~t an 
neaZing in expe~iments z~-0 -1 0 t o Z~ -0- 13 inoZ ., 
an d the te~minaZ s o ZubiZi t y Zi ne o f oxygen i n 
B - z i ~oonium a s caZo uZate d f~om t he data giv e n by 
Ge bh a~dt, Se ghe zz i an d Dil~~schnabe Z ( 1967 a , a~d 
b) . The oxyge n di st~ibutions i n the S- phas e have 
been d~awn co~~esponding to t he ~eg~ession Zine s 
ln N = Q*/RT + êin teg r .· 
Wh e re the Zowe st tempe ratu~e s T2 of the exp e r i 
ments (extremities o f the dotted pr oZ ongat i ons of 
the oxygen dist ributi ons) Zi e we ZZ within t he 
a + 8 ~egion, a-p has e must have oc curred. 
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experiment 

Zr-0-10 

Zr-0-11 

Zr-0-12 

Zr-0-13 

Q* 

(kcal/male) 

23 

35 

23 

35 

23 

35 

23 

35 

2 

2 

3 

2 

3 

13 

14 

25 

5 

6 

13 

ta% 

(hours) 

130 

84 

134 

97 

133 

171 

130 

132 

117 

122 

153 

132 

152 

14 134 

texp. 
(hours) 

120 

139 

123 

147.5 

Table 5.6.7 ta% (in hours) as obtained by Computer Programme 
No. II for the quantitative experiments Zr-0-70 
up to and inaluding Zr-0-73 
(D0 = 0.0453 am2/sea, Q = 28.2 kaal / mole , tem
perature profiZes given i n TabZe 5.6.6) 

experiment Zr-0-13 should be within 5 % from N(x) • Nos. 1 up 
to 40 all should lie above the steady-state profile, while 
the other observations should practically coincide with it. 
Since Nos. 1 up to 40 virtually extend over the complete range 
of 104/T observed and the deviations are rather small them
selves, hardly any false influence on Q* can have occurred, 
and the question why a somewhat higher value for Q* has been 
found in experiments Zr-0-12 and Zr-0-13 is still unanswered. 
(iii) One could further think that the results of Computer 
Programme II were useless owing to the formation of a-phase 
during the experiments. 

We have drawn in Fig. 5.6.4 the terminal solubility 
line of oxygen in S-zirconium as calculated from the data 
given by Gebhardt, Seghezzi and DÜrrschnabel (1951 a, and b). 
The curve has been extrapolated beyond 104/T = 6.536 °K- 1 
(T = 1530 °K) . The oxygen distribution at the end of the 
experiments have been drawn corresponding to the regression 
lines ln N = Q*/RT + eintegr.• Their terminal points are 
determined by 104/Tmin. and 104/RTmax.' whe re Tmin. and Tmax. 
are the minimum and maximum temperatures in the corresponding 
experiment. It is seen that no a-phase has been formed in 
experiment Zr-0-10 and hardly any in experiment Zr-0-11, but 
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the lines for Zr-0-12 and Zr-0-13 penetrate deeply into the 
a+B region. Since the line for Zr-0-1i intersects the extra
polated part of the terminal solubility line at 104/T 
= 6.71 °K-1 (T = 1490 °K), we infer from Table 5.6.6 that 
a-.material must have been formed between x = 0 an:l x = 0. 5 
and between x = 6.4 and x = 7.0, i.e. over a distance of 5 
and 6 mm from top and bottorn e nd of the ribben, respectively. 
For Zr-0-13 (T = 1524 °!<) these figures are 2.3 and 4 mm, 
respectively. 

It is thus seen that Computer Programme No. II is 
applicable to experiments Zr-0-10 and Zr-0-11 but nat to 
experiments Zr-0-12 and Zr-0-13, and we ask ourselves if 
this may be a clue to account for the above-mentioned dis
crepancy. 

Superficial reasoning would lead one to believe that 
the formation of a -phase would lengthen the lapse of time 
which is necessary to bring the solute distribu tion in the 
vicinity of the steady-state profile, s ince 
(i) it seems apparent that more oxygen has to be transported 

to the colder region if a-phase is formed , and 
(ii) the ditfusion of oxygen in a -zirconiurn is considerably 

slower than that of oxygen in B-zirconiurn at equal tem
peratures (ef. Table 5.6.8). 

q "o tempcraturc D 107 (cm2tsec) 
sys t em authors 

(kca l /male) ( cm2 /scc ) r ange (OI<: ) r • 1350 OK 14 50 °K 1 5 50 OK 

M.W. Mallett } 
0 in a.-Z ircal~y-2 W,M, Al b r echt ( 1959) 41 .o ! 1 . s 0 .196 127J - 1773 0 .4 5 1. 29 ). 2 3 

P.R. Wi l sen 

0 ln ::.-zirconiwn J.J. Kearns } (1962) S0 . 8 5 . 4 67) - 17 73 0 . 32 1.1 a 3.6 9 J .N. Chiriqos 

H,\.., , Hallett } 
0 ln a-Zirca l oy- 2 W. N. Al b r echt ( 1959) 28.2 ! 2 . 4 o . 04 SJ 1 27) - 1773 12 .) 25.3 47.7 

P . R. Wils on 

Table 5. 6 .8 VaZ u es of the diJfusion eoeff ioient o f oxygen i n 
airoonium and ZiroaZo y- 2 at various temp e rature s 
a ooording t o differen t au t ho r s 

On the following ground, however, we believe that the 
lapse of time is shortened. Whenever we made our indentations 
outside the B-phase a s well, as we did in some of the quali
tative oxygen-zirconiurn experiments, it wa s observe d that 
there wa s a maximurn in the concentration profile i n the 
.region of terminal solubility of oxygen in B-zirconium. This 
has also been observed in the qualitative experiments of 
oxygen and nitrogen in titanium (o f. Figs. 5 . 8.1 and 5.8.2). 
In crossing the B/a+ B phase boundary towards the probe edges 
there was a decrease in concentratien instead of a further 
incre ase, i . e . curve C 1 D in Fig. 4 . 1.1 had a positive in
stead of a negative slope. 

Two e xplanations may be g i ven for this phenome non. 
(a) The heat of t ransport of oxygen in a -zirconium is 

ne gative. 
(b) The heat of transport is positive, but since the ditfu
sion of oxygen in the a-phase is much slower than in the 
B-phase and t he temperature in the a-region is lower than in 
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the S-región, oxygen transport occurs so slowly that a maxi
mum in the concentratien profile is built up. 

We have net carried out experiments to see which expla
nation is the right one, but in both instances we expect 
that the steady-state profile will be approached more rap
idly. If (a) holds, there cannot be a net flux of oxygen 
atoms from the S into the a-region. If (b) holds, t his flux 
is apparently very small notwithstanding the rather steep 
concentratien gradient present in the a-phase. The maximum 
shifts towards higher temperatures as time goes by and the 
distance the oxygen atoms must travel to build up the steady 
state profile, is gradually shortened.The transport process 
evolves as if the ribbon were shorter, i.e. the steady-state 
concentratien profile will be approached more rapidly. 

It is now conceivable why Exps. Zr-0-12 and Zr-0-13have 
not yielded a lew value for Q*. But why has a higher value 
been found t han from Exps. Zr-0-10 and Zr-0-11, which were 
seen to have been very suc cessful and thus to have yielded a 
value for the heat of transport which must be considered to 
be very reliable? Of course, systematic errors in the exper
iments or in the indentation testing procedure, which may 
have escaped our attention, can have been responsible for 
the discrepancy. The only alternative we are able to offer 
is that the results of Exps. Zr-0-10 and Zr-0-11 are net as 
reliable as they appear to be. Although Computer Programme 
No. II appears to be perfectly applicable to these experi
ments, it has yielded toe propitious concentratien profiles 
and values for ta% if 

(i) the ditfusion coefficient of oxygen in s-zirconium is 
substantially lower than has been determined by Mallett 
e t. a l. and/ or 

(ii) the spe etral emittance of our material was substan
tially higher than 0.4 26 . 
It is t~ be noted that an error in EÀ does net aff ect 

the value of Q* obtained from an experiment. Changing E À in 
the pyrometer formula (3.4.4) has the effect of shifting 
each point {104 / Ti, ln Ni} in the scatter diagram over the 
same distance parallel to the 104/T axis. Thus, the s lope of 
the regression line is not altered. 

However, if the speetral emittance of our sampl es had 
been 0.6 instead of 0.426 a nd the transmittance of our lamp 
windows 0.9 inste ad of 0.852, an observed temperature of 
1700 °K would have corresponded toa true temperature of 
1784 °K instead of 1844 °K, and an observed temperature of 
1400 °K to a true temperature of 1457 °K instead of 1496 °K. 
The · temperatures in Exps . Zr-0-10 and Zr-0-11 would then 
have been from 40 to 60 OK lower. Subtracting 50 OK from 
each t emperature listedin Table (5.6.6), we obtain for t 2% 
(in hours) the values 120 and 122 for Zr-0-10 and Zr-0-11, 
respectively. If , besides, the activatien energy for iso
thermal ditfusion (determined by Mallett et a l . to be equal 
to 28.2 + 2.4 kcal/male) is taken equal to 28.2 + 2.4 
= 30.6 këal/mole, and if D0 is taken twice as small, we ob
tain f or t 5% (in hours) the values 274 and 290, respective-
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ly. It is clear that under these circumstances the values of 
19.17 and 18.40 kcal/mole for Q* may be considered to be 
basically too low. 

However, we hold it improbable that Q and EÀ deviated 
so much from the values we used.In as far as the values used 
for D0 , Q, TÀ and EÀ are correct, we can say that (19.17 + 
+ 18.40 + 23.32 + 24.12)/4 = 21.3 kcal/male (standard devi
ation 2.9 kcal/male) is the value for the heat of transport 
of oxygen in 8-zirconium. 

5.7 QUANTITATIVE EXPERIMENTS CONCERNING THERMOTRANSPORT OF 
NITROGEN IN 8-ZIRCONIUM 

The quantitative nitrogen-zirconium experiments were 
carried out on ent~rely the same lines as followed in the 
oxygen-zirconium experiments. The only difference was that 
nitrogen concentrations after thermotransport were analysed 
by the methad referred to in Sectien 3.6 insteadof by low
load identation testing. 

The thermotransport samples, connected via 3-cm long 
trapezoidalmolybdenumribbons with the maandering molybdenum 
springs, were all of the shape represented in Fig. 2.4.3.1b. 
Since the diffusion of nitrogen in 8-zirconium isconsidera
bly slower than that of oxygen, the length of the specimen 
could have been chosen only 2 cm, if the shape given in Fig. 
2.4.3.1a had been adopted. Then, only a limited number of 
nitrogen analyses could have been carried out. Choosing the 
'two-waist' model allowed of giving the sample a total 
length of 4 cm (1 cm per trapezoid) sa that from 30 to 40 
nitrogen determinations could be realised. The entire ribbon 
was analysed for nitrogen, since molybdenum diffusion into 
the probe ends does nat aff ect chemica! analysis. 

recrystalli- nit-r.ogen absorption homogenisation 

thick- sation and nurnber total absorp-degassing pressure 
ribbon ness d of ad- of gas at room ti on 

(cm) temp. dur a- mitted temp.in a vol3 tgmp . 
temp. dur a-
(OK) ti on tion Fortions urne of 8 .97 cm ( K) (hours) (OK) (hours) o f o2 , N2 (To rr) 

Zr-N-1 186 1342 2.0 7 90.8 1342 1641 21 

Zr-N-2 18 2 1278 2.5 4 55.6 1342 1653 2 2 

Zr-N-3 181 1283 2 .5 3 59.4 1342 1641 24 

Zr-N-4 189 1303 3.0 ] 77.5 1343 1641 24 . 3 

Zr-N-5 183 1301 3 . 0 3 59.6 1334 1641 24.3 

Zr-N-6 186 1298 1. 75 3 44.4 1346 1639 24 . 25 

Zr-N-7 176 1290 1. 75 2 49.7 1343 1641 24.25 
Zr-N-8 18 5 1298 2 .3 59.4 13 39 1641 22. 5 
Zr-N-9 188 1293 2. 3 3 56.4 1342 1641 22 . 5 

Table 5. 7.1 De t ail s of t he p3epara t ion o f zi ra on ium r i bbons 
( 10 x 0.5 x d am ) for t her motrans por t expe r i -
ments Zr-N-1 up t o and inaZudi ng Zr - N- 9 
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ribbon 

Zr-N-1 

Zr-N-2 

Zr-N-3 

Zr-N-4 

Zr-N-5 

Zr-N-6 

Zr-N-7 

Zr-N-8 

Zr-N-9 

number 
of in
denta
ti ons 

62 

61 

60 

60 

60 

60 

60 

60 

57 

(VPN)5oo 

(kg/rnm2 ) 

302.2 

212.4 

245.1 

249.9 

233.2 

217.0 

222.3 

234.6 

234.8 

standard 
deviation 

(kg/rnm2 ) 

15.2 

15.7 

1 3 .1 

13 .1 

11 • 3 

12.3 

15.7 

12.3 

12.2 

atomie percentage of 
nitrogen calculated from 

Table 5.7.1 and veff.= 
8.57 M 0.5 x d cm3 

(+0.01 at. %) 

1 . 55 

0.98 

1 • 05 

1 • 31 

1 • 05 

0.77 

0. 91 

1 • 03 

0.96 

Table 5.7.2 Data of the samples used fo~ thermot~ansport. 
Numbe~ of inden tati ons in the homogeneit y test, 
mean hardness (VPN) 500 wi thits standa~d devia
tion , and at. p e~aentage of nit~ogen . 

Table 5.7.1 surnmarises the details of the preparatien 
of the ribbons and Table 5.7.2 the number of indentations in 
the homogeneity test, the mean hardness (VPN) 500 and its 
standard deviation, and the atomie percentage of nitrogen in 
the samples befare starting the experiments. The latter were 
obtained from Veff. and the data in Table 5.7.1, takingalso 
into account the amount of nitrogen present in the material 
as received from the supplier. Since no calibration curve of 
hardness versus atomie perce ntage was developed, the atomie 
percentage could not be calculated from the hardness data. 
The estimated error in the atomie percentages given in the 
table is at most 6 to 10 %. 

Table 5.7.3 is the analogue of Table 5.6.3. It is seen 
from the farmer table and from the terminal solubility lines 
of nitrogen in S-zirconium given in Fig. 5.7.3 that allob
servations {104/Ti, ln Ni} have been made in regions which 
consisted entirely of S-zirconium a t the experimental tem
peratures. The importance of this has been stressed before. 
The scatter diagrams of ln Ni versus 104/Ti are given in 
Fig. 5. 7 .1. 

Table 5.7.4 surnmarises the estimates of the heat of 
transport, Q*, the estimates o f the integration constant, 
êintegr.• and the 50 %, 75 %, 90% and 95% confidence devi
ations cal culated by using Eq. (5 .4.3b), Eq. (5.6.5) and 
(1) all observations given in Table (5.7. 3 ), 
(2) only those observations for which the quotie nt 

IN(x) - N(x) 00 1/N(x) 00 was less than 5 %. 
The latter observations,whose serial numbers are listed 

in the 4th column of Table 5.7.4,were s e lected by inspeetion 
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of magnified versions of the diagrams of N/N0 versus :x: repre
sented in Fig. 5.7.2. These diagrams were obtained by using 
Computer Programme No. II and by inserting the coordinates 
(:x:i,Ti) of Table 5.7.5, and D0 = 0.0150 cm2jsec, Q = 30.7 
kcal/male, Q* = 28 kcal/male, and the annealing durations 
into the computer input. 

Table 5.7.3 Data of the quantitative thermotransport experi
ments of nitrogen in S-zirconium. Analogue of 
Table 5.6.3. 

Zr-N-1 
152 h. 

0. 285 6. 224 
0. 395 6. 194 
0. 444 6.175 
0. 493 6. 154 
0. 545 6. 142 
0. 605 6. 1~3 
0. 676 6. 000 
0. 767 5 . 928 
o. 892 5. 869 

10 J.076 5.858 
11 I. 150 5. 886 
12 1. 219 5. 916 
13 1. 290 5 . 948 
14 I. 364 5. 985 
15 1. 442 6. 036 
16 1. 567 6 . 122 
17 I. 644 6. 168 
18 1. 726 6. 2 16 
19 1. 852 6.274 
20 '2. 053 6. 307 
21 2. 179 6 , 287 
22 2. 302 6. 234 
23 2. 424 6. 188 
24 2. 550 6. 117 
25 2. 667 6. 029 
26 2. 795 5. 947 
27 2. 918 5.861 
99 3. 940 

Zr-N-2 
96.5 h. 

0, 2 13 5. 95 1 
0. 30ti 6. 029 
0. 398 6, 077 
0. 493 6 . 088 
0. 595 6. 093 
0. 683 6. 068 
0, 763 6. 051 
0. t::l44 6. 027 
0. 92 1 6. 000 

10 0,9!>6 6.002 
11 I. 073 6 . 019 
12 1. 147 6 . 037 
I-3 1. 229 6, 064 
14 1. 306 6.108 
15 I. 367 6. 13 1 
16 I. 438 6. 167 
17 1.512 6.215 
18 1. 579 6 . 254 
19 1. 651 6. 2H4 
20 l. 72 1 6. 307 
2 1 I. 786 6 . 332 
22 1. 861 6. 361 
23 1. 9 44 6 . Jt! l 
24 2. 0 12 s. aas 
25 2. 083 6 . 376 
26 2. 161 6. 353 
27 2. 233 6 . 323 
2H 2. 309 6. 2b3 
29 2. 389 6 . 236 
JO 2. 4 69 6. l!H 
31 2. 560 6. 120 
32 2. 663 6. 057 
33 2. 755 5. 995 
34 2.83 1 5.944 
:JS 2. 9 10 5. 900 
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0.6157 
0. 5772 
0. 5648 
0. 4978 
0 . 6318 
0. 3667 
0. 3307 
0 . 2231 
0 . 1398 
0. 0412 
0. 1328 
0. 1106 
0. 1989 
0. 2367 
0. 3250 
0. 38 12 
0. 2919 
0. 4675 
0. 5098 
o. 9066 
0. 8742 
0. 4644 
0. 4363 
0 . 3832 
0 . 2829 
0. 2279 
0. 1398 

- 0 . 3281 
0. 0 100 
o. 3164 
o. l170 
0. 1243 

-0. 0110 
0. 068 1 
0 , 0817 
0 . 0362 

- 0.0073 
- 0.003ti 
- 0. 11 70 

0 . 0193 
0. 0291 
0 . 0529 
0. 0916 
0. 1370 
0. 1403 
0. 0924 
0 . 15 19 
0. 2452 
0, 1908 
0. 2862 
u. 2654 
0. 2533 
0. 3345 
0. 1953 
0 . 1348 
0. 0706 

- 0.01 49 
0. 06 14 

-0.030~ 
-0. 1334 
- 0 . 2260 
-0. 17M2 

36 2. 991 5. ~SJ 
37 3, 077 5. 826 
38 3.213 5.800 
39 3.341 5.837 
40 3. 426 5. 874 
41 3. 522 5. 905 
42 3. 623 5. 934 
99 4 . 005 

Zr-N -3 
121.5 h. 

0. 229 6. 195 
0. 319 6. 190 
0. 404 6. 184 
0. 497 6. 18 1 
0.590 6. 176 
0.681 6.164 

7 0 . 778 6. 145 
8 0.876 6. 142 
9 0 . 974 6 . 137 

10 1. 075 6. 122 
11 1.175 6.142 
12 L 271 6. 172 
13 1. 364 6. 200 
14 1.461 6.238 
15 l . 562 6. 266 
16 1.663 6. 295 
17 l. 756 6.319 
18 1. 853 6. 339 
19 1. 955 6. 356 
20 2.050 6 . 361 
2 1 2.144 6. 337 
22 2. 246 6. 326 
23 2.349 6.281 
24 2. 453 6 . 239 
25 2.552 6. 219 
26 2. 646 6, 190 
27 2. 743 6. 179 
28 2. 940 6. 141 
29 3. 036 6. 142 
30 3. 124 6, 153 
31 3. 216 6. 169 
32 3. 312 6. 187 
33 3.402 6. 2 14 
34 3 . 490 6. 248 
35 3 . 588 6. 283 
36 3.696 6.312 
99 4. 005 

Zr-N-4 
96.5 h. 

I 0. 286 6. 323 
2 0. 348 6 . 253 
3 0 . 408 6. 181 
4 0.481 6. 095 
5 o. 559 6. 008 
6 0. 650 5. 920 
7 0 . 720 5 . 842 
8 0 . 844 5.681 
9 0 . 995 5 . 727 

to t. os3 s. 797 
11 1.172 5.873 
12 I. 275 5. 942 
13 l. 355 6. 007 
14 1. 423 6. 06ti 
15 1.499 6. 127 
16 1. 568 6. 173 

-0. 1~07 
-0. 1569 
-0. 1202 

0. 0859 
0. 0179 
0. 1410 
0. 0467 

0. 1450 
0.2844 
0. 314 1 
0, 2554 
0. 2654 
0 . 2 135 
0 . 1697 
0. 1467 
0. 1061 
0. 1017 
0, 1706 
0. 0149 
0. 0907 
o. 0554 
0 , 1017 
0. 1008 
0. 1363 
0. 1748 
0. 2761 
0 . 3293 
0. 2662 
0 . 2949 
0. 1807 
0. 1266 
0. 0658 
0. 0276 

-0. 0325 
-o. oo5o 
-0.0070 
-0.0263 
0.0344 
0. 0237 
0. 0742 
0 . 1380 
0 . 1604 
0. 2143 

0 . 4001 
0. 3450 
0. 2554 
0. 2127 
0 . 0315 

-0. 0~77 
-0. 26 14 
- 0 . 327 1 
- 0. 2294 
- 0. 0845 

0, 0 149 
0. Oti16 
0. 2693 
0. 3235 
0. 2739 
0 . :135~ 

17 1.636 6.215 
18 1. 7 13 6. 260 
19 1. 797 6. 299 
20 1. 880 6. 325 
21 1. 969 6. 346 
22 2. 053 6. 373 
23 2. 133 6. 369 
24 2. 224 6 . 337 
25 2. 315 6. 294 
26 2. 406 6. 248 
27 2. 502 6. 187 
28 2. 600 6. 120 
29 2. 700 6. 060 
30 2. 803 5. 9% 
31 2.904 5.954 
32 3. 004 5. 931 
33 3. 104 5. 937 
34 3. 206 5. 976 
35 3. 305 6. 027 
36 3.407 6.091 
37 3. 508 6. 169 
38 3.6 10 6. 256 
39 3. 708 6. 343 
99 4 .005 

Zr-N-5 
115.5 h. 

0.408 5.896 
0. 497 5. 838 
0 . 604 5. 751 
0. 704 5. 683 
0. 1:!04 5. 608 
0. 9 16 5. 630 

7 1. 017 5 . 643 
s 1.1215.72 1 
9 1.221 5.795 

10 1.321 5 .894 
\ I 1. 427 5. 996 
12 I. 533 6. 066 
13 1.636 6.139 
14 ).736 6.211 
15 1. 837 i;, 282 
lij 1. 935 6. 322 
17 2. 031 6. 344 
18 2. 122 6. 362 
19 2.213 6.334 
20 2 . 305 6 . 288 
21 2. 392 6. 2 15 
22 2. 476 6. 142 
~3 2 . 554 6. 074 
l4 2.635 6.001 
25 2. 733 5. 905 
26 2.841 5.808 
27 2. 951 5. 7 46 
2ti 3. 040 5. 725 
29 3. 115 5. 752 
30 3. 198 5. 810 
3 1 3. 287 5 . 863 
32 3. 390 5 . 95 1 
33 3.466 5.991 
34 3.535 6.017 
35 3 . 619 6 .048 
99 3 . 973 

Zr-N-6 
124.5 h. 

I 0 . 283 6. 375 

0. 4001 
0. 4240 
0. 4318 
0. 5306 
0 . 4637 
0 . 51 16 
0. 5056 
0. 4984 
0. 4305 
0. 3415 
0 . 2327 
0. 202 1 
0 . 0917 

-0. 0253 
-0. 0899 
-0. 1696 
-0.0921 
- 0.0812 
-0. 0222 

0. 0440 
0 . 1160 
0. 1980 
0. 1519 

0. 097 1 
0. 0677 

- 0 . 1347 
-0. 267~ 
-0.4231 
-0. 3769 
- 0.2679 
- 0. 1347 
- 0. 1233 
- 0.0151 
0. 0971 
0, 1178 
0. 2335 
0.3148 
0. 3743 
0 . 4108 
0. 3549 
0. 2476 
0. 3300 
0. 3 177 
0. 2287 
0. 16 13 

-0. 0482 
-0. 0943 
-0. 1912 
-0. 3313 
-0. 3524 
-0.4652 
-0.3106 
- 0. l tS27 
- 0.0791 

0 . 0807 
0. 2554 
0. 1196 
0 , 2 159 

0. 14ti3 

0 . 399 6. 122 
0. 528 5. 936 
0. 634 5. 784 
0. 727 5 . 642 
0.8 17 5.543 

7 0. 959 5. 502 
B 1.101 5.520 
9 1.20 1 5.572 

10 1.301 5.659 
11 1. 402 5. 757 
12 1. 5 19 5. 943 
13 1.635 6 . 092 
14 l. 737 6. 223 
15 1. 842 6. 333 
16 I. 946 6. 394 
17 2. 041 6. 425 
18 2. 123 6. 421 
19 2.222 6.3!H 
20 2 . 328 6. 311 
21 2. 418 6.247 
22 2. 488 6. 175 
23 2. 566 6 . 120 
24 2 . 654 6 . 046 
25 2. 739 5.969 
26 3 . 209 5. 897 
27 3 . 300 6. 044 
28 3. 383 6. 123 
29 3,470 6.247 
30 3. 558 6. 355 
31 3.654 6. -439 
32 3. 747 6. 532 
99 4. 000 

Zr-N-7 
95 .5 h. 

0.345 5.914 
0 . 466 5. M45 
0. 560 5. 791 
0. 656 5. 748 
0. 75 1 5. 717 
0. 849 5. 683 
0 . 947 5. 66-4 
I. 049 5. 640 
I. 155 5. 645 

10 1.254 5.688 
11 1.348 5 . 72 1 
12 1. 444 5 . 787 
13 1.541 5.847 
14 l. 640 5. 898 
15 I. 738 5. 957 
16 1. 829 6. 014 
17 I. 922 6. 049 
18 2. 018 6. 065 
19 2 . 116 6. 065 
20 2 . 199 6. 044 
21 2 . 273 6. 012 
22 2. 354 5. 973 
23 2 . 443 5. 927 
24 2. 530 5.871 
25 2.604 5 . 8 19 
26 2. 682 5. 770 
27 2. 767 5. 728 
28 2.853 5.69 1 
29 2.939 5.654 
30 3. 027 5. 629 
31 3. 126 5. 627 
32 3. 314 5. 673 
33 3. 490. 5. 776 
34 3 . 5!17 5.836 
35 3.695 5.911 
{)9 4 . 099 

- o. o587 
- 0. 2240 
- 0. 4992 
- 0. 6394 
-0.8955 
- 0.8368 
- 0.7476 
-0. 9. 02 
-0. 646ti 
- 0.5602 
-0. 3 122 

0. 0684 
0. 0695 
0. 1375 
0. 1959 
0. 2894 
o. 1966 
0. 1685 
0. 0843 

-0.0014 
-0. 0684 
-0. 1814 
-0. 3942 
- 0.4.911 
- 0 . 6654 
- 0 . 5425 
-0. 2733 
-.0. 2231 
-0. 194 1 

0 . 0288 
0. 0707 

0. 0939 
- 0 . 0749 

o. 09 16 
-0. 0403 
- 0. 1373 
-0.0975 
- 0. 1852 
-0. 1700 
-0. 2032 
-0. 2672 
-0. 2554 
- 0 . 0423 
o. 0027 

- 0.0436 
- 0 . 0015 

o. 145 1 
0. 2058 
0. 1771 
0. 2356 
0. 0959 
0. 0764 
0. 141 3 
0. 0660 

-0.0296 
- 0 . 0768 
-0. 2326 
-0. 2843 
- 0. 2984 
- 0 . 3928 
- 0. 3682 
-0. 3091 
-0.2327 
0 . 0008 

-0. 0444 
0, 0704 
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Zr-N-8 

122.75 

0. 207 
0. 385 
0.475 
·o. 566 
0. 661 
0. 759· 
0. 857 
0. 992 
1. 125 

10 1. 229 
11 I. 325 
12 I. 418 
13 1.511 
14 1. 598 
15 1. 689 
16 1. 777 
17 I. 858 

1·0 

().JOl

In N 

t 
o.20r-

h. 

6. 373 
6. 303 
6. 230 
6. 150 
6. 068 
5. 996 
5. 938 
5.882 
5. 898 
5. 956 
6. 006 
6. 065 
6. 120 
6. 181 
6, 247 
6. 300 
6. 350 

I 

18 
19 
20 
21 

0. 1173 22 

-0. 0063 23 

-0.0011 24 

-0. 0332 25 
-0. 3676 26 

-0.3518 27 
-0.2712 28 

-0,4457 29 

-0.4313 30 

-0. 3436 31 

-0. 2760 32 

-0.2031 33 

-0. 1016 34 
-0. 0066 35 

0. 0468 36 

0. 0776 99 

0. 1480 

Zr-N-1 

I 

Zr-N-2 

4-7 
0 

0·10 I- 39 
0 

o.oc -

-0-10-
o38 

-0·20f-

-O.JOI--
1 

s.s 

5.7 

o37 
0 

36 

4() 
0 

35 
0 

I 
5·9 

42 
0 

3t 
0 

1 
0 

I. 943 6. 376 0. 199tl Zr-N-9 
2. 028 6. 3S9 0. 2176 
2. 122 6. 395 0. 2189 102.3 
2. 222 6. 359 0. 2041 
2. 320 6, 311:1 0. 1176 
2.413 6. 265 -0.0371 

0. 207 

2. 495 6. 194 -0. 1432 
0. 309 

2. 5S5 6. 129 -0.2694 
0. 408 

2. 690 6. 063 -0. 1828 
0. 5013 

2. 786 6. OOI -0. 1986 
0. 612 

2. 882 5. 957 -0.2541 
0. 717 

2. 981 5. 936 -0.3789 
7 0. Hl9 

3. 082 5. 956 -0. 3324 " 0. 921 

3. 278 6. 048 -0, 1787 
9 1. 024 

3. 377 6. 110 -0.0559 
10 I. 129 

3. 469 6. 181 0. 0092 
11 I. 233 

3. 569 6. 255 0. 065S 
12 1. 337 

3. 676 6. 319 0. 0658 
13 1. 443 

3. 771 6. 375 û. 3716 
14 l. 544 

4. 045 
15 I. 642 
16 1. 740 
17 1. 842 

o:/0 
21o 

o77 

In N=1·356x.f -7·B65 

a) 

I I 

4-
0 

77 18 
5 0 0 
0 

8 76 
0 7 31 

0 29 
0 0 

9 0 o75 
0 

2 73 074-

Vo <>t~ 
0 

o6 XI 
0 

0.]2 

12 
33 0 
0 

'" 1. 937 6. 425 0. 3164 

h. 
19 2. 027 6. 424 o. 2321 
20 2. 123 6. 388 0. 3003 
21 2. 218 6. 349 0. 1740 

6. 371 0. 1777 22 2. 317 6. 291 0. 0956 

6. 304 0. 1430 23 2. 424 6. 195 -0. 0692 

6. 237 0. 1063 24 2. 526 6. 104 -0. 1819 

6. 167 -0.0601 25 2. 626 5. 987 .-0. 2581 

6. 088 -0. 1513 26 2. 731 5. 8S3 -0. 4559 

6. 013 -0.2035 27 2. 837 5. 804 -0. 5595 

5. 954 -0. 2980 28 2. 942 5. 757 -0.5570 

5. 908 -0.3821 29 3. 046 5. 758 -0.5752 

5.882 -0. 3527 30 3. 152 5. 772 -0.5879 

5. 904 -0. 3840 31 3. 250 5. 813 -0. 4265 

5. 947 -0.2534 32 3. 347 5.873 -0.3505 

B. 002 -0. 1638 33 3. 451 5. 951 -0.2513 

6. 084 -0.0601 34 3. 552 6. 078 -0. 1408 

G. 187 -0. 0574 35 3. 647 6. 192 -0.0016 

6. 275 0. 0693 36 3. 726 6. 264 0. 0513 

6. 325 0. 1297 99 4. 091 

6. 380 0. 1972 

Fig. 5.7.1 

Ni trog en dis tribution 
in ribbons Zr-N-1 to 
Zr-N-9 incl. aft er the 

I 

speeified 
durations 

t exp. 
= 152 h 
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27 
0 

o26 I 

2.1-
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o:U 
0 
25 

022 -
20 

:JBO 
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079 -

-

-

-

b) -

annealing 
t exp. . 

t exp. 

= 96.5 h 

I I I I I 

127 



Fig. 5.7.1 
(continued) 

t = exp. 

= 121.5 h 

Zr-N-4 

5-8 

t exp. 

032 

= 115.5 h 
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5.7 

Zr-N-6 

70 
06 

t exp. 

4 
0 

Oll 
~0~ 

= 95.5 h 

13 
0 

J 
0 

oQ 
oU 

25 
0 Zl 

0 

oa; 

0·20 

u. 
0 

:J 2:1 0 
0 0 :11 

o2J 2!1 
0 

028 

Zr-N-7 

4 
0 

XI 
0 

f) 

3:1 
0 

Fig. 5. 7.1 
(continued) 

t 
exp. 

= 124.5 h 

texp. = 

= 122.75 h 
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Zr-N-9 

Q* 
experiment (kcal/mole) Cintegr. 

Zr-N-1 

Zr-N-2 

Zr-N-3 

Zr-N-4 

Zr-N-5 

Zr-N-6 

Zr-N-7 

Zr-N-8 

Zr-N-9 

26.93 

12.64 

17.75 

13.31 

17.78 

23.08 

27.75 

20.29 

28.43 

21.77 

31.52 

21 .49 

24.65 

24.43 

-7.865 

-3.826 

-5.398 

-4.029 

-5.458 

-6.923 

-8.368 

-6.089 

-8.515 

-6.897 

-9.935 

-6.367 

-7.725 

-7.626 

Nes. of pairs of 

observations used 

in the calculation 

all 

all 

1 - 12, 29 - 33 

all 

7 - 36 

all 

1 - 8 , 16 - 34 

all 

9 - 15, 26 - 35 

all 

17 - 25 

all 

all 

all 

Fig. 5. 7.1 
(continued) 

t exp. 

= 102.3 h 

6 Q* (kcal/mole) 

50 % 75 % 90 ~ 95 % 

3.08 4.42 5.81 6. 72 

2.24 3.20 4.17 4.80 

10.8 15.6 20.8 24.3 

5.09 7.27 

3.92 5.61 

2.08 2.97 

9.50 10.95 

7.35 8.49 

3.88 4.46 

1. 26 1. 80 2. 3 7 

1.93 2.76 3.61 

3.28 4.75 6.32 

2. 74 

4.16 

7.39 

1.94 2.77 3.63 4.19 

2.44 3.64 5.03 6.07 

2.25 3.21 4.20 4.84 

1.74 2.48 3.25 3.74 

0.88 1.26 1.64 1 . .89 

Table 5.7.4 Estimates of the heat of transport, Q*, estimates 
of the integration constant,ê integr .• and the 
50 %, 75 %, 90 %, and 95 % confidence deviations 
of Q*, fiQ*(x %), of nitrogen in B-zirconium caZ
cuZated by using Eqs. (5.4.Jb) and (5.6.5) from 
the data Zisted in TabZe 5.7.3 
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0 
z 

1.2 
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z 

0 2 3 4 

0 h 

-- ~dlGlonce from uppt.r end of lhe r1bbon lc111l 

Fig. 5.7.2 Diagrams of N/N0 versus x (in cm) for experiments 
Zr-N-7 to Zr-N-9 incl. as dr awn in Computer Pro-
gramme No . II 
(Q*= 28 k caZ/moZ e , D0 = 
kcaZ/moZe , temp eratur e 
5. 7 . 5) . 

0 .0750 cm2 jse c, Q = 30 .7 
pro fil es given in TabZ e 

The curves ar e for t = 0 h (init iaZ distribution 
of the soZut e assumed to have been constant ) , t = 
= tex (distribution of the s oZute at the end of 
the e Eperim ent), and f or t = oo (steady-state d i s
tribution o f the soZute ) . Th e steady -s tate c urve 
is provide d with t he s ymbo Z X haZf-way the rib
bon. At t h e bottorn end of the r ibbon the s teady 
state curv e is above t he c urve for t = tex ., ex
cept for Zr -N-2 and Zr - N-9 , wh e r e it is be ~ow the 
c urve f or t = texp.· 

Table 5.7.6 lists values of t a% for different values of 
Q* and a. From Fig. 5.7.3 it is seen that the nitrogen dis
tributions as given by ln N = Q*/RT + êintegr. at the end of 
experiments Zr-N-1, Zr-N-7, Zr-N-8, and Zr-N-9 were all 
within the s -phase at the experimental temperatures (the 
terminal points of the straight lines are determined by 
10 4/Tmin. and 104/Tmax., where Tmi a nd Tmax. are the min
imum and maximum temperatures in tRè corresponding experi
ment) . The line for Zr-N-4 extends slightly into the a + S 
region if Elliott's solubility line is the more reliable. 
The distributions for Zr-N-2, Zr-N-3, Zr-N-5, and Zr-N-6 
have nat been shown in the figure, but they were also com
plete ly inside the s-region at the experimental temperatures 
as may beseen by taking the pertinent data of Tables 5.7.4 
and 5.7.5 into account (Zr-N-6 extends slightly into the 
a+ S r egion if Elliott's curve is the more reliable). 

Thus, since none or hardly any a-phase was formed, the 
data for ta% in Table 5. 7. 6 must be considered to be reliable 
in as far as the values used for D and Q and the measured 
temperature profiles are exact. 0 
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zr-N-1 

L = 3.94 

o.ooo 
0.600 

0.700 

1.000 

1. 210 

1. 800 

2.000 
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3.300 
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1653 

1678 

1734 

1775 

1778 

1772 

1752 

1632 

1634 

0.000 

0.100 

0.295 

0 . 795 

0.980 

1 .095 

1. 895 

2.115 

2.395 

2 . 595 

2.795 

2.945 

3.095 

3.195 

3.790 

4.045 

1549 

1549 

1569 

1674 

1700 

1701 

1569 

1562 

1591 

1633 

1668 

1686 

1678 

1667 

1565 

1554 

0.000 

0.140 

0 . 87 5 

1.040 

1 - ~ 90 

1 .420 

1 .630 

1. 940 

2.040 

2.305 

2.790 

2.940 

3.040 

3.140 

3.310 

3.810 

3.940 

4.091 

1544.5 

1557 

1689 

1701 

1689 

1650 

1595 

1556 

1557 

1583.5 

1717 

1737 

1737 

1734 

1713.5 

1574 

1557 

1552 

Table 5.7.5 Coord inates (xi~ Ti) o f the t e rmi na l p oints o f the 
straigh t l ine s by which t h e obs e r ved t e mper ature 
profi l e s of e xpe r i ments Zr-N-1 up to and incZ ud 
ing Zr-N-9 hav e be en approximated (x i i n cm~ Ti 
in ° K, L i s the t o taZ Zength o f the the rmo t rans
port s ample in cm) 
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experiment 

Zr-N-1 

Zr-N-2 

Zr-N-3 

Zr-N-4 

Zr-N-5 

Zr-N-6 

Zr-N-7 

zr~N-8 

Zr-N-9 

Q* 

(kcal/male) 

28 

35 

28 

35 

28 

35 

28 

35 

28 

35 

28 

35 

28 

35 

28 

35 

28 
35 

0.5 
0.75 
0.75 
1 

20 
21 
26 
27 

6 
7 
8 
9 

9 
1 0 
11 
12 

14 
15 
19 
20 

20 
21 
26 
27 

2 
2.5 
2.5 
3 

3 
3.5 
3.5 
4 

5 
5 
6 

ta% 
(hours) 

1 94 
150 
163 
138 

98 
89 

1 02 
95 

148 
106 
139 
11 0 

106 
90 

1 05 
91 

124 
11 2 
123 
114 

132 
112 
139 
122 

111 
77 

133 
90 

135 
11 5 
1 3 7 
1 21 

106 
137 
1 00 

t exp. 
(hours) 

152 

96.5 

121 . 5 

96.5 

115. 5 

124.5 

95.5 

122.75 

102.3 

Table 5.7.6 ta% (in hours) as obtained by Computer Programme 
No. II for the quantitative experiments Zr-N-7 
up to and ineZuding Zr-N-9 
(D0 = 0.0750 em2jsee, Q = 30.7 keaZ/moZe, tem
perature profiles given in TabZe 5.7.5) 

Exps. Zr-N-1, Zr-N-7, Zr-N-8, and Zr-N-9 are seen to 
have been successful. The estimates of the heat of transport 
(26.93, 21.49, 24.65, and 24.43 kcal/male) obtained from 
these experiments agree withinthe95% confidence deviations 
which are rather high for most nitrogen-zirconiumexperiment~ 
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Fig. 5.7.3 Distribution of nitrogen after t he rm o transport 
anneal i ng i n exper iments Zr-N-7, Zr - N-4, Zr-N- 7 , 
Zr - N-8, and Zr-N-9, and th e t ermina l solubility 
l ine s of nitro g en in B-zirconium according to 
Mallet t et al. (795 4) and as calculated from the 
data cited by Ellio tt (7965). The nitrogen dis
tributi ons have been drawn correspon ding t o t he 
regress ion lines ln N = Q*/RT + êintegr.· 

The annealing durations of Exps. Zr-N-3 and Zr-N-4 have been 
somewhat too short for a close approximation of the steady
state concentratien profile. Nevertheless, Zr-N-4 has yielded 
a value for Q* equal to 23.08 when using all observations, 
and to 27.75 when using only the 'close ' observations Nos. 1 
to 8 and 16 to 35 incl., for which the quotient IN(x)- N(x~ i 
/N(x)~ is less than 5 %. The confidence deviations of the 
latter value are substantially smaller than those of the 
farmer. Combining the latter value with the four above-men
tioned estimates, we obtain for the mean value of the heat 
of transport of nitrogen in S-zirconium 25.1 kcal/mole with 
a standard deviation of 2.5 kcal/mole . 

Experiments Zr-N-2, Zr-N-3, Zr-N-5 and Zr-N-6 have bee n 
left out of the calculation for reasans to be discussed now. 

Although the annealing duration of experiment Zr-N-3 
was of acceptable length, a very low estimate of Q* was ob
tained with very high confidence deviations. When using only 
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the 'close' observations, there isnosignificant impravement 
in the results. It is seen from Fig. 5. 7 .1c that observations 
Nos. 1 to 11 incl. are located far too high on the scatter 
diagram as compared to the remaining observations. It h appened 
that nitrogen determinations Nos. 1 to 11 incl. were carried 
out on two consecutive days befere and after which no ether 
analyses were performed for a rather long period of time. 
Thus, it is quite conceivable that sernething went wrong with 
the analysis, which must have escaped our attention. Regres
sion on observations Nos. 12 up to and including 36 yields 
Q* = 26.93 and ~Q*(95 %) = 6.09 kcal / mole. 

Exps. Zr-N-2, Zr-N-5, and Zr-N-6 have been left out of 
consideration because their annealing durations were far too 
short for a close approximation of the steady-state profile. 
Correspondingly, they yielded relatively low values for Q*. 
When taking only the 'close' observations into account higher 
estimates for the heat of transport were found, but the 95 % 
confidence de viations were also conside rably e nlarged. 

The adverse result of Exps. Zr-N-2 and Zr-N-5 was due 
to the fact that the temperature profiles in the trapezoids 
constituting a probe were very far from being identical (af. 
condition (c) in Sectien 5.6). This may be seen by drawing 
the profiles using the dataofTable 5.7.5, or by inspeetion 
of Fig. 5.7.2b and e, since the concentratien distribution 
r e flects the t e rnperature profile. Inste ad o f an AA-sha ped 
profile with one minimum and two maxi ma, three mi nima and 
two maxima occurred. This was owing to giving too short a 
parallel side to each of the 3-cm trapezoidal rnolybdenum 
connecting strips. 

The more perfect temperature profiles occurred in Exps. 
Zr-N-1, Zr-N-7, Zr-N-8, Zr-N-9, and, toa lesser e xtent, in 
Zr-N-4. This is complete ly reflected in the degree ofsuccess 
obtained in the corresponding e xperiments. The t e mperature 
profile in Exp. Zr-N-6 was not too bad; the non-succe ss of 
this experiment is owing to the low value of the mi nimum 
temperature during transport annealing. 

It may be concluded that giving the probes the 'two
waist' shape may be quite successful, provided experience is 
gained in giving the molybdenum connecting strips the proper 
shape and in making sound spotwe lds when connecting the 
strips to the probe s. 

The re r emains one point to be discussed . The a mount of 
ni t rogen present in the trape zoidal chips into which the 
specimens were cut after thermotransport generally varied 
from 3 to 13 ~g. Since the estimated error in the analysis 
is 0.25 ~g, the e stimated error in the concentratien deter
mination is 2 to 8 %. The standard deviation in the oxygen 
concentratien determination by low-loa d inde ntation testing 
varied b e twe en 5 and 18 % (cf . Se ctien 5.6). The nitroge n 
de termination was thus rather more accura t e . Ne vert heless, 
the x % conf idence deviations we re ge nerally f ound to be 
smaller for the oxygen-zirconium experiments. Since an error 
of 2 (or 8) % in N corresponds to a n error of approxirnately 
0.02 (or 0.08) in ln N, it is seen from the scatter diagrams 
that e ven in the most succe s s ful nitrogen- z i rcon ium e xpe ri-
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ments many concentrations deviated more from the value they 
should have according to the regression line than is compat
ible with the given error. The causes can only beconjectured 
Our material was, of course, not perfectly isotropic: at the 
experimental temperatures it consisted of a rather limited 
number of single crystals in different crystal lographic ori
entations. Oxide or nitride inclusions may have been formed 
which diffused rather slowly, etc. 

But rather than e numerate a sterile list of possible 
causes for the discrepancy, we should remark that this in
vestigation has failed to find out a number (or perhaps a 
host?) of interesting details underlying the thermotransport 
process. However, we feel that very sophisticated methods 
will have to be developed in order to bring them to light. 

5.8 QUALITATIVE EXPERIMENTS CONCERNING THERMOTRANSPORT OF 
OXYGEN AND NITROGEN I N B- TITANIUM, NI OBIUM AND TANTALUM 

The details of the preparatien of 
qualitative thermotransport experiments 
gen in S-titanium, niobium and tantalum 
5. 8 .1. 

the ribbons for the 
of oxygen and nitro
are given in Table 

The hardness profiles in the the rmotransport probe s 
which we re cut from the central portions o f the homogenise d 
10-cm ribbons are given in the lower halvesof Figs. 5 . 8.1 
to 5. 8. 9 incl. For niobium and tantalum each circle represents 
the mean hardness as obtained from three indentations, for 
titanium ( VPNl500 was calculated from 7 to 12 indentations. 

t hic k
ribbon ness d 

(cm) 

Ti-0-1 
Ti-0-2 

Ti-N-1 
T i -N- 2 

Nb -0-1 

Nb-0-2 

Nb-0-3 

Nb-N-1 
Nb-N- 2 

0.01 95 

0 . 0 205 

0 . 0 1 6 2 

0.016 2 

0.0162 

0.0162 

r ecrystal-li 
sation a nd 

d egassing nurnbe r 
of ad-

t emp . dura- mitted 

1 2 22 

12 34 

1 303 

1 303 

1303 

1470 

tion port i ons 
(hours) of o2 ,N2 

2.0 

2. 0 

2. 5 

2.5 

2.0 

2.0 

6 

Ta-0-1 
Ta-0- 2 0 . 0212 1 584 1. 5 

1. 5 

3 .0 

3 

Ta- 0 - 3 

Ta- 0 -4 

0 . 021 2 1 579 

0. 0212 1 5 20 

3 

3 

gas absorption 

to t a l pre ssu r e 
o f gas at room 
t e mp.in a vo13 
urne of 8. 97 cm 

(Torr) 

119.0 

6 7 . 9 

73.5 

67.3 

74 . 3 

1 9 .o 

72. 0 

6 9 . 8 

80.0 

absorp
tion 
t emp . 
(OK) 

1222 

1 222 

1 41 9 

1419 

1419 

1565 

151 1 

1518 

1520 

ho mog e nis ation 

1227 

1222 

141 9 

1419 

1419 

1554 

1 581 

1581 

1 532 

dura
tion 

(hours) 

24 

24 

25 

25 

2 4 

25 

24.3 

24. 3 

24.5 

Table 5.8.1 Details o f t he pr epar ati on o f t itani um~ n i ob ium, 
and tan t alum r ibbons ( 70 x 0 . 5 x d am J ) f o r the 
q ua l itative the r motrans po r t e x per iment s 
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Fig. 5.8.1 Top half of the figure: temperature profiles in 
the rmotransport exp e riments Ti-0-7and Ti - 0 -2 (an
n ealing durations 74 .5 and 48.7 hours , respec
tively). 
Lower half of the figur e : shapes of the therma
transport samples, 'zero hardness' of titanium, 
hardness after homogenisation of the alloy (ci r
cZes), and after trans port annealing (tr iang les). 
Th e v e r tical Zin e through each airale and trian
gle enaompasses the interval b e tween (VPN )5QO + 
standard deviat ion and (VPN J 500 - standard devi
ation . 
When mounting ribbon Ti-0-1 in the alamp for low
load hardness testing after thermotransport, the 
ribbon fraatured along the line A and many cracks 
we r e f ormed in the region indiaated by B (af. 
Plate 3 . 8 .X). 

A vertical line through a circle encompasses the interval 
between (VPN ) 500 plus the standard deviation and ( VPN ) 500 
minus the standard deviation. 

The 1 zero' hardnessof the roetal in question is given 
in each of the figures as a horizontal line. Under 'zero' 
hardness istobe understood the hardnessof the roetal befare 
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Fig. 5.8.2 Analogue of Fig. 5.8. 7 fop thePmotPanspoPt e xpePi 
ments Ti-N-7 and Ti - N-2 (ann ealing duPations 92.8 
and 60 ± 6 houPs, Pespective ly). Ribbon Ti-N-2 
fPactured in the couPse of the night, so that the 
tempePatuPe pPofile could not be measured. 

gas absorption and after a heat treatment essentially equal 
to that undergone by the ribbon when being prepared for ther
motransport. The 'zero' hardness is, of course, not the 
hardness of the pure metal, since the starting material al
ready contained rather large amounts of impurities (cf.Table 
5.1.1). The following values were obtained for the 'zero' 
hardness. 
Titanium: 135.4 kg/mm2 (30 indent., stand. dev. 6.9 kg/mm~) 
Niobium: 109.4 kg/mm2 (20 indent., stand. dev. 2.0 kg/mm) 
Tantalum: 127.8 kg/mm2 (20 indent., stand. dev. 3.0 kg/mm2 ) 
It is seen from Figs. 5.8.1 to 5.8.9 incl. that homogeneity 
has been satisfactory for each thermotransport specime n. 

The mean hardness, asobtained from all the indentations 
of the homogeneity test, and its standard deviation are given 
for each specimen in Table 5.8.2. The high standard devia
tions for titanium are owing to the bad shapes of the major
ity of the indentations. Bad shapes occur as are sult of heavy 
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(VPN>5oo standard total 

ribbon deviation A B at. % 

(kg/111Il12) (kg/111Il12) 

T:!:-0-1 363.39 45.31 1. 4 7 0. 21 1 . 68 Ti-0-2 

Ti-N-1 282.03 23.36 0.80 0.01 0. 81 Ti-N-2 

Nb-0-1 243.25 6.31 1.11 0.37 1 . 48 

Nb-0-2 222.84 5.72 1 . 02 0.37 1 . 39 

Nb-0-3 229.26 5.62 1 . 1 2 0.37 1 . 4 9 

Nb-N-1 158 .18 5.78 0.29 0.07 0.36 Nb-N-2 

Ta-0-1 261.64 7.66 0.84 0.18 1 . 02 Ta-0-2 

Ta-0-3 270.44 6.01 0.82 0.18 1 .00 

Ta-0-4 284.93 11 . 1 8 0.93 0.18 1 . 11 

Table 5.8.2 Mean hardness, (VPNJ 500 , with standard deviation, 
and atomie percentage of gas of the samples used 
for thermotransport of oxygen and nitrogen in Ti, 
Nb, and Ta. 
(A) Atomie percentage aaZauZated from TabZe 

5.8.1 and V ff = 8.57 x 0.5 x d am3, 
(B) Atomie per~éntage present in the metal be

fore Zoading with gas (af. TabZe 5.1.1). 

thermal etching of the volatile metal. The indentations on 
niobium and tantalum were far more perfect, which is reflected 
in the much lower values for the standard deviation (this is 
the more true since the standard deviations in the case of 
niobium and tantalum are based on a smaller number of inden
tations). 

The atomie percentages of gas present in the thermotrans
port samples are listed in the last column of Table 5.8.2. 
They were obtained by adding the amount of gas present in 
the metal befare loading with gas (column B) to the amount 
gettered into the ribbon as calculated from Veff. and the 
data sUI11Illarised in Table 5.8.1 (column A). 

All thermotransport probes were of the 'single-waist' 
type represented in Fig. 2.4.3.1a. They have been drawn to 
scale at the bottorn of the figures. They were, within exper
imental error, located with respect to the rows of indenta
tions of the homogeneity test as is shown in the figures 
(the abscissae of the rows of indentations are those of the 
circles representing the mean hardness over each row) . 

The temperature profiles (also in their correct places) 
during the experiments and the annealing durations are given 
in the upper halves of the figures. Each circle is a temper-
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ature reading on the pyrometer converted into the corres
ponding true temperature by using the pyrometer formula 
(3.4.4), 1À = 0.852 (cf. Section 5.4), and those values of 
EÀ which have been quoted in the last paragraph of Section 
4.4. The temperature profile in experiment Ti-N-2 could not 
be given, since the ribbon fractured in the course of the 
night after an annealing duration of 60 ± 6 hours. The maxi
mum temperature in the ribbon was 1414 OK after 20 hours an
nealing. It will hardly have changed in the remairring course 
of the experiment. 

We may now infer from Table 4.2.1, from the annealing 
durations of and the maximum temperatures in Exps. Ti-0-1 
and Ti-0-2, and from the thickness of the titanium samples 
(195~m) that the lossof titanium by evaporation in the 
waist has been roughly of the order of 0.1 % for Ti-0-1 and 
somewhatless than 0.5 % for Ti-0-2. Since the loss decreases 
with temperature, hardly any change in oxygen concentration 
as a result of evaporation of the metal can have occurred in 
any part of the ribbon. 

For experiment Ti-N-1 (Tmax. = 1432 °K, texp. = 92.8 h, 
d = 205 ~m) the loss of titanium in the waist will have been 
about 1 %, and for Exp. Ti-N-2 (Tmax. = 1414°K, tex~. ~ 604 
d = 205 ~m) about 0. 5 %. No change in gas concentrat1on owing 
to evaporation of the metal can have occurred here either. 

So far as the oxygen-niobium experiments is concerned, 
the highest oxygen loss will have occurred in the waist of 
Exp. Nb-0-1 (Tmax. = 1502 °K, N = l.48at.%, texp. = 66.75h), 
since the maximum temperature was lower and tne annealing 
duration shorter in Exps. Nb-0-2 and Nb-0-3. Disregarding a 
possible decrease in oxygen content by thermotransport, the 
decrease in the waist in Exp. Nb-0-1 will, according to 
Table 4.2.3A, have been 66.75 x 2.19 : 180 % = 0.8 %. So 
slight a decrease may not be mistaken for the occurrence of 
a positive heat of transport. On the other hand, if the heat 
of transport had been negative, the concomitant increase in 
oxygen concentration in the waist would have given rise to a 
somewhat increased ra te of evaporation, but not to the extent 
as to annihilate the concentration increase by thermotrans
port. 

The same remarks apply to the oxygen-tantalum experi
ments. Here, the highest oxygen loss will have occurred in the 
waist in Exp. Ta-0-1 (Tmax. = 1559 °c, N = 1 at.%, texp. 
~ 89.75 h), since the other oxygen-tantalum experiments had 
lower maximum temperatures and shorter annealing durations. 
According to Table 4.2.3B, and disregarding thermotransport, 
the oxygen loss in the waist in Exp. Ta-0-1 has been 89.75 x 

x {/ 9.8/3.1 x 3.1 : 160 % = 2.2 %. 

The loss of nitrogen in Exp. Nb-N-1 (Tmax. = 1603 °K, 
N = 0. 36 at.%, texp. = 124.5 h) will also have been insignif
icant. According to Table 4.2.2A the concentration in the 
waist will have decreased to slightly less than 0.35 at.% 
(to more than 0.345 at.% as was revealed by calculation. 
The nitrogen loss has been even more restricted in experiment 
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Nb-N-2 with the lower maximurn temperature and the shorter 
annealing duration. 

It may thus be concluded that, in as far as the experi
mental temperatures were not substantially higher than has 
been measured and the formulae quoted in Sectien 4.2 are 
correct, the result of not a single of our qualitative ther
motransport experiments will have been falsified by the evap
aratien of material. 

We now return to Figs. 5.8.1 up to and including 5.8.9. 
The concentratien profile of the solute after thermotransport 
has been measured by low-load indentation hardness testing. 
Only a limited number of rows of indentations was made near· 
the waist and each end of a ribbon. The mean hardness over a 
row is represented in the lower halves of the figures by a 
triangle. A vertical line through a triangle encompasses the 
interval from ( VPN)5QO minus the standard deviation to 
( VPN )500 plus the standard deviation. Rows of indentations 

we r e also made quite near the edges of the thermotransport 
specimens. Since the temperature near the edges was rather 
low, we did not fear so much the occurrence of molybdenum 
diffusion into the metals. 

It is seen from Fig. 5.8.1 that the heat of transport 
of oxygen in s~titanium is decidedly positive. There is a 
very sharp decrease in concentratien in the region of the 
waist and a considerable increase in regions near the edges. 

oO 
0 0 

0 0 

0 

0 

0 0 

0 

0 
66.75h 0 

0 
0 0 

cl 
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I 
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'Zerfl hardness 

100L-_________ _ _ _ _ ___ _.J 

Fig . 5.8.3 Ana l ogue o f Fi g . 5. 8 . 7 for t he rmo transport ex
p e r iment Nb - 0 -7 (an n ea l ing duratio n 6 6 . 75 hours) 
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Fig. 5.8.4 AnaZogue o f Fig . 5.8.7 for thermotranspor t ex
periment Nb-0- 2 (anneaZing du r ation 49.5 hours) 

The material was very brittle here. In Exp. Ti-0-1 the sample 
even fractured along the line A when it was mounted in the 
base for indentation testing. Region B showed large cracks 
in the dire ction perpendicular to the longitudinal axis of 
the ribbon. A few cracks are visible on Plate 5 .8.X. The de
crease in surface area of the indentations from left to right 
(i. e . in the direction of decreasing temperature) is also to 
be noted. In region B (parallel to the cracks) the indenta
tions are very small. 

The temperature near the edges of specimen Ti-0-1 has 
been very low. Consequently, to the left of A and to the 
right of B the mate ria l consiste d entirely of a -phase . It is 
s een that the oxygen concentratien was low here, near the 
upper e d ge of t he sample probably e ven lower than the in i ti al 
concentratien. This suggest's that thermotransport of oxygen 
in a-titanium has a negative heat of transport. However, this 
cannot be concluded with certainty, since the error in any 
measurement may be as large as three times the standard 
deviation. 

Fig. 5.8.2 shows that nitrogen in S-tita nium has a pos
itive heat of transport as we ll. The concentratien profiles 
after the rmotransport are completely analogous to those in 
the oxygen-titanium specimens. The concentratien in the a-re
gion decreases here also with decreasing temperature, indi
cating that the heat of transport of nitrogen in a -titanium 
might be negative. 
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Fig. 5.8.5 Analogue of Fig. 5.8 . 7 for thermotransport ex
periment Nb-0-3 (anneal ing durati on 57 hour s ) 
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Fig. 5.8.6 Analogue o f Fig. 5.8. 7 for thermo t ransp ort ex
periments Nb-N-7 and Nb - N- 2 (annealing d urations 
7 24 . 5 and 98 .5 hours, r e spe c tive Zy) 
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Plate 5.8.X Det a i l of samp le Ti -0-7 aft e r t h ermo tran sport 
annealing. Part of t he lowe r half of th e speci 
men is sh o wn . The lowe r edge of the r ibbon i s on 
the r i gh t o u ts i d e t he p ho t ogr ap h . In t h e photo 
graph on th e r i ght t wo lar ge cracks are s een p e r 
p endicu lar to the longitudinal axi s of t h e r ib - . 
b on . These ar e in t he r egion B indi c a t ed in Fig . 
5. 8 . 7. 
A number of i ndentation s i s a l s o shown . Those in 
a row parall e l t o t he l ongi t u d inal axis a r e se en 
t o have i n c r e a sing surface are as acc or din g a s 
the oxy ge n concentr a t ion d e cre ase s ( incre asing 
temp e r atur e dur i ng t hermo transpor t f r om r ight t o 
l e ft ). Th e inde nta t ions in v e rtica l r ows alo ng 
the c r acks are v ery s mall owi n g to t he high oxy 
g en c on c entration in t he region B. 

Figs. 5. 8. 3 to 5. 8. 5 incl. reveal that hardly any change 
in concentration has occurred in the oxygen-n iobium experi
ments. Since the lowest tempera ture in the experime nts was . 
1329 °K and the oxygen concent ration was unde r 1. 5 a t. %, it 
may be infe rred from Fig. 4.1.5 that no second pha s e (NbO) 
was formed. Therefore, Computer Programme No. II was appli
cable to the experiments. t5% was found to be equal to 20, 
17, and 16 hours in Exps. Nb-0-1, Nb-0-2,and Nb-0-3, respec
tively (Table 5.8.3), with annealing durations of 51 h and 
more. The absence of any e vident change i n c oncentratien 
thus proves that the heat of transport of oxygen in niobium 
must be ve ry low. Should the heat of transport have been 
high, some change in conce n t ratien would have been observed 
even if the concentration profiles had b een locate d 50 OK 
under those given in the figures and even if, besides, the 
diffusion coefficient had be en smaller by a f actor 10 tha n 
is pr edicte d by Powers and Doyle's formula. 
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experiment 

Ti-0-1 

Ti-0-2 

Ti-N-1 

Nb-0-1 

Nb-0-2 

Nb-0-3 

Nb-N-1 

Nb-N-2 

Ta-0-1 

Ta-0-2 

Ta-0-3 

Ta-0-4 

0.083 

0.083 

0.035 

0.0212 

0.0212 

0.0212 

0.0086 

0.0086 

0.0044 

0.0044 

0.0044 

0.0044 

(kcal/mole) 

31 .20 

31.20 

33.80 

26.91 

26. 91 

26.91 

34.92 

34.92 

25.45 

25.45 

25.45 

25.45 

Q* 

(kcal/mole) 

30 

30 

30 

25 

25 

25 

30 

30 

-25 

-25 

-25 

-25 

temperature 

profile in 

Fig. No. 

5.8.1 

5.8.1 

5.8.2 

5. 8. 3 

5.8.4 

5.8.5 

5.8.6 

5.8.6 

5.8.7 

5.8.7 

5.8.8 

5.8.9 

t5% 

(hours) 

461 

179 

492 

20 

17 

16 

129 

168 

23 

28 

45 

27 

texp. 

(hours) 

74.5 

48.7 

92.8 

66.75 

49.5 

51 

124.5 

98.5 

89.75 

68.5 

49 

51.5 

Table 5.8.3 ts% (in hours) as obtained by Computer Programme 
No. II for the qualitative thermotransport ex
periments of oxygen and nitrogen in S-titanium, 
niobium and tantalum 

It is seen from Fig. 5.8.6 that no apparent change in 
concentratien has occurred in the nitrogen-niobium experi
ments either. Since in the experiments the temperature was 
not under 1469 OK and the nitrogen concentratien was 0.36 
at.%, i t may be inferred from Fig. 4 .1. 6 that no second phase 
(Nb2N) was formed. The values of ts% for Exps. Nb-N-1 and 
Nb-N-2 (Table 5.8.3) are, therefore, correct in as far as 
the temperature profiles in Fig. 5.8.6 were correct and 
Powers and Doyle's expression for D is reliable. Since ts% 
turned out to be only slightly higher than the annealing du
ration for Exp. Nb-N-1 and to be equal to 1.7 times the an
nealing duration for Exp. Nb-N-2, we may conclude that the 
heat of transport of nitrogen in niobium is probably also 
very low. This conclusion could only be false if the temper
ature profiles in the experiments had been 50 OK lower than 
given in Fig. 5.8.6, and if the diffusion coefficient had 
been an order of magnitude smaller than given by Powers and 
Doyle, t 5 o then being equal to 1960 and 2620 hours, respec
tively. " 

We now turn our attention to Figs. 5.8.7 up to and in
cluding 5.8.9. Experiment Ta-0-3 shows that the heat of 
transport of oxygen in tantalum is decidedly negative. This 
is also seen, with decreasing evidence, from Exps. Ta-0-4, 
Ta-0-1 and Ta-0-2. There is a reasen for the decrease in the 
quotient Nmax./Nmin. in the order given. 

The terminal solubility of oxygen in tantalum at the 
lowest temperature in the experiments (Tmin. of Exp. Ta-0-3 
= 1349 OK) is already as large as 2.5 at.% according to 
Gebhardtand Preisendanz' terminal solubility curve (Fig. 
4.1.7). According to the solubility lines of other investi-
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gatars it i s eve n higher. In Exp. Ta-0-3 the atomie percent
age was lower than 1 at.% at this temperature. At higher 
temperatures 1 N was higher 1 but so is t he terminal solubili ty 
Therefore 1 no second phase (Ta2os) was formed in Exp. Ta-0-3 1 

nor was it formed in Exps. Ta-0-1 1 Ta -0-2 1 and Ta-0-4 1 as 
similar r e a soning wil! prove . The values of t 5% for the oxy
gen-tanta lum e xpe riments (Table 5.8.3) a re , the r e fore , cor
r e ct. Since the y are sma ller than t he annealing durations, 
the dec r ease in Nmax./Nmin. c annot b e e xplained by a ssuming 
that the oxygen distribution was increasingly removed from 
the steady-state concentratien profile. However, it is seen 
frc rr. the figures that the decrease in Nmax./Nmin. is paral
lele d by a de crea s e in Tmax. - Tmin.· This holds , of course , 
f o r eve ry sing le-ph ase bina ry s yste m. But since the quotient 
i s hard l y highe r than unity when 1/Tmax. - 1/Tmin. = 0.25,as 
in Exp. Ta -0-2, t h e absolute value of the negative heat of 
t r a nspor t o f oxygen i n t anta lum i s o bv i ous ly of inter mediate 
magnit ude . 

We may even, v e ry roughly 1 calculate the magnitude of 
the hea t o f transpor t from Exps. Ta-0-3 a nd Ta -0-4. For Exp. 
Ta-0- 3 , the mean va lue of t he hardness over t he r ows of 
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'· 

indentations. near the edges of the ribbon was 246 .1 kgjrrun2, 
and over the rowsof indentations near the waist 309.1 kgjmm2 
The mean hardness at a concentratien of 1 at.% is 270.4 
kgjmm2 (Table 5.8.2) and at a concentratien of 0.18 at , % 
127 :a kg/mrr.2 ( 1 zero 1 hardness). If the hardness is assumed 
to increase linearly with concentration, we obtain for the 
ratio of the concentratien near the waist to the concentra
tien in the regions of the rows of indentations near the 
edges, N1/N2, the value 1.42. For Ta-0-4, where (VPNl500 is 
equal to 267.4 an~ 312.5 kgjrrun2, respectively, and equal to 
284.9 kg/mm2 at N = 1.11 at.% (Table 5.8.2), we obtain N1/N2 = 
= 1.26. The mean experimental temperature over the rows of 
indentations near the edges of specimen Ta-0-3 was T 2 = 
= 1377 °K, and over the rows near the waist Tl 1505 OK 
(for Exp. Ta-C-4, T1 = 1528 °K and T2 = 1417 °K). Substi
tuting these data in Eq. (2.3.3) we obtain for the heat of 
transport of oxygen in tantalum -11.2 kcal/mole from Exp. 
Ta-0-3 and -8.95 kcal/mole from Exp. Ta-0-4. 

We have not carried out thermotransport experiments of 
nitrogen in tantalum. According to Table 4.2.2B the tempera
ture should be chosen under 1700 °K in an experiment with 
N0 = 1 at.% and tex . = 100 hours in order tokeep the amount 
of evaporated nitrggen within a few per cent. Owing to the 
slow diffusion of nitrogen in tantalum the ribbon must then 
be ohosen very short. Choosing D0 = 0.0056 cm2/sec, Q= 37.84 
kcaljmole, Q* = -35 kcal/male, Tmax. = 1680 °K, Tmin. = 

1580 OK, and a linear temperature gra.dient, we obtain 
t 5% = 105 h fcr l = 0.3 cm and t 5% = 73 h for l = 0.25 cm. 

5.9 CONCLUDING REMARKS 

The values obtained for the heats of transport of oxygen 
and nitrogen in B-zirconium, 21.3 an~ 25.1 kcal/mole, respec
tively, seem te be very reliable. In our opinion, the relia
bility can only be questioned if 
(i) the value of the speetral emittance used fcr the con

version cf our observed temperatures has been much too 
lew, and 

(ii) the isothermal diffusion coefficients of oxygen and ni
trogen in B-zirconium are substantially lcwer than we 
thought them te be acccrding to the critically selected 
Arrhenius 1 expressions. 

However, we do not believe that conditions (i) and (ii) apply 
to the extent that the reliability of the results can be 
questioned seriously. 

On the ether hand, the large standard deviations, 2.9 
and 2.5 kcal/male, respectively, show that the values for 
the heat of transport are not v e ry accurate. It may, there
fore, be asked whether the results can be improved. Where 
the oxygen-zirconium system is conce rned, one might think of 
carrying out the concentratien determinations by an accurate 
chemical analysis insteaö of by low-load hardne ss testing. 
However, it is open to doubt whe ther improving the accuracy 
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of the concentratien determir.ation will yield more exact re
sults. We have already pointed out that deviatLons of ln N 
frorr. the regression li.nes in the r.itrogen-zirconium experi
mer.ts are larger than is compatible with. the error in the 
nitrogen analysis. Since the deviations are random ones,they 
cannot be explained by ass~ir.g that the heat of transport 
depends er. concentratien oron temperature. Such a dependency 
is, of course, not to be excluded and causes deviations from 
the straight-line ~el~tionship 1~ N.= Q*/RT + Cintegr. it is 
tn;.e, but such dev1at1ons must l1e 1n an crderly arrangement. 
The true causes of the deviations must be elucidated befare 
more accurate values of Q* can be obtained. 

Since the temperature in our (quantitative) experiments 
generally rangeè. from l 400 or 1500 OK upward over only a few 
hundred degrees, the assumption of a temperature-independent 
heat of transport will nothave introduced serieus errors. 
Moreover, any error introduced when the assumption is false 
will probably be overshadowed by the error which must have 
arisen from the large scatter in our observations. 

Precisely because of the inaccuracies inherent in our 
measurements we could not confine our experiments to re
stricted temperature intervals (cf. Sectien 5.6) in order to 
be able to determine Q* at various temperatures. It is to be 
note~ that in those instanoes where this has been done in 
werk of other investigators, the heat of transport has been 
found to be dependent on temperature: dQ* / dT isapproximately 
equal to 10 caljmole x degree for hydragen in a-iron, nickel, 
y-Fe 0 6 Nio.4 and zirconium, and for deuterium in a-iron and 
nickei (Gonzalez and Oriani, 1965). 

It may further be asked whether the heat of transport 
of cxygE>r. anà. nitrogen in S-titanium can be determined quan
titativeZy by our method. This will be possible beyend any 
doubt. First of all, when using samples of the 'two-waist' 
type, the lengths of the specimens can be ohos en twice as 
large as when using 'single-waist' ribbons as has been done 
in the quali tative experiments. A sufficient num.her of 'chips' 
can then be cut from a ribbon for the purpose of eencentra
tien profile detern;ir.ation. We might choose still langer rib
bons (e .g. 'three-waist' specimens), but this would make it 
far more difficult tomeet condition (c) of Section5.6. Sec
ondly, the rate of evaparatien of titanium can be reduced by 
carrying out the thermctransport experiments in argon. Exper
iments performed in our laboratory have shown that na more 
than 0.5 % titanium will evaparate over 100 hours at a tem
perature of 1600 OKifan argon pressure of13 Torris chosen. 
This temperature is sufficiently high to admit a 'two-waist' 
type ribbon to be 10 cm in length when dealing with oxygen 
and te be 4 cm in length when dealing with nitrogen. Low
load hardness testing cannot be used as a means of concentra
tien determination. Even when the evaparatien slackens, the 
surface of the probe will be roughened to the extent that 
the indenta.tions will have a very bad shape. 

A quantitative determination of the heat 
of cxygen in tantalum should also be possible. 
the oxygen loss toa few per cent., it is seen 
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4. 2. 3B that the maxirr.um temperature in a 100-hour experirr.ent 
~ay be raised to 1550 oK. Chcosing D0 = 0.0044 cm2jsec, Q = 
= 25.45 kcal/male, Q* = -25 kcal/male, Tmax. 1550 OK , 
Tmin. = 1450 oK, and a linear temperature gradient,we obtain 
t5% = 88 h for a 1.25-cm trapezoid. The 'two-waist' type 
shoul~ be chosen, taking care that condition (c) mentioned 
in Sectien 5.6 is virtually fulfilled. 

It may prove difficult to determine the heat of trans
port of nitrogen in tantalum in a quantitative way. In this 
conneetion it shculd be investigated whether the pressnee of 
an argon atmosphere will be able to slow dcv.·n the evaparatien 
of nitrogen from tte metal. Likewise, of course, it would be 
a welcome circurrtstance if the evaparatien of tantalum oxides 
could be reduced under a rare-gas atmosphere. 

A drastic reduction of the rate of evaparatien of niobium 
oxides and of nitrogen from niobium will be necessary for an 
accurate determination of the heats of transport cf oxygen 
and ni tragen in the metal. Large thermal gr.adients must be 
appljed in order te bring low values cf Q* to light. Since 
the mj nimum temperature cannot be chosen too low, the maximum 
temperature must be very high. 
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APPENDIX THEORIES CONCERNING THE HEAT OF TRANSPORT 

A salient feature of the heat of transport is that it 
may be positive as well as negative. For example, we have 
found the heat of transport to be negative for oxygen in tan
talum, and positive for oxygen and nitrogen in S-titanium and 
B-zirconium, whereas Q* is probably negative for oxygen in 
a-titanium and perhaps also for oxygen in a-zirconium. 

Can this be explained on a theoretical basis? Another 
point is: Is there any theoretical evidence of Q* being tem
perature dependent? These questions lead us to the atomistic 
interpretation of the heat of transport. In recent years, at 
least qualitative insight has been gained in this field. 
Quantitative predictions are as yet difficult to make, at 
any rate not for the transition metals with complicated e
lectronic structures. 

To conclude this thesis we think it appropriate to say 
a few words about these atomistic theories. 

It has been pointed out by Oriani (1959) that the heat 
of transport cannot be expZained on a thermadynamie basis. 
As an example, he considers two containers connected by a cap
illary tube or a small orifice and containing the same ideal 
gas. The containers are kept at different temperatures T and 
T + 6T > T. A pressure difference will now be built up as a 
consequenceofthermotransport. In the steady state the pres
sure difference is given by the relation (cf. De Groot, 1951 
pp. 20 - 26) 

6P/6T = -Q*/vT (A.1) 

where v is the molar volume of the gas. 
If the diameter of the interconnection is so small that the 
gas molecules do not collide with each other in passing from 
one container into the other, i.e. if the gas is a Knudsen 
gas, the heat of transport appearing in Eq. (A.1) is given 
by (De Groot, 1951, pp. 35 - 36) 

Q* = -RT/2 (A.2) 

and is, therefore, positive. However, in the case of a Boyle 
gas, when the diameter of the capillary tube is much larger 
than the mean free path of the molecules, the heat of trans
port is zero. If the interconnee ti on is filled up wi th a mem
brane through which the gas can diffuse, the sign of the heat 
of transport depends on the nature of the membrane and of 
the gas. Using a rubber diaphragm, Q* is positive for hydra
gen and negative for carbon dioxide (Denbigh, 1949). It is 
thus clear that the heatoftransport is intimately connected 
with the kinetics of the process and cannot be predicted 
from the thermadynamie properties of the system at hand. 

An early physical picture of the atomie jump process in 
a crystal lattice during thermotransport has been given by 
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Wirtz (1943). His theory has been clearly outlined by Shewmon 
(1963) to whom we refer the reader for details . . According to 
Wirtz, the activatien energy for the diffusion jump can be 
divided into three parts 

(A.3) 

H0 is the energy to be imparted to the original plane in or
der that the diffusing atom may leave it, H· is the energy 
to be given to the intermediate plane where Ehe jumping atom 
has to pass through a constriction, and Hf is the energy to 
be supplied to the final plane in order to receive the arriv
ing atom. If the intermediate plane is at a temperature T , 
the original and final planes are at temperatures T - ~T and 
T + ~T, or vice versa according as the jump occurs up or 
down the temperature gradient. Consiclering atoms travelling 
in both directions, the final result is that the heat of 
transport is given by the expression 

(A.4) 

The heat of transport will now be positive if H > Hf, and 
negative if H0 < Hf. Moreover, from Eqs. (A.3) a8d (A.4) it 
follows that the absolute value of Q* cannot be larger than 
the activatien energy for isothermal diffusion, Q: 

This inequali ty is ruled out 
instances Q* has been found to 
stance, the heats of transport 
deuterium in a-iron are equal to 
mole, respectively (Gonzalez and 
18.6 kcal/mole for nitrogen , and 
and deuterium in a-iron. 

(A.5 ) 

by the fact that in several 
be larger than Q. For in-

of nitrogen, hydr ogen, and 
-24, - -7, and - ~6.5 kcal/ 
Oriani, 1965), whereas Q is 
2.7 kcal/mole for hydragen 

Allnatt and Rice (1960) have calculated Q* by consicler
ing the influence of the temperature and concentratien gradi
ents on random walk. Their conclusion is that Q* i s equal to 
Q, but this is in clear contradietien with experiments. 

Oriani (1959, 1961), Girifal co (1962, 1963 a, and b), 
and Schottky (1965) have considered the jump process i n the 
light of lattice dynamics. In order that an atom may jump it 
must acquire a large vibrational amplitude in the direction 
of the jump, whereas the surrounding atoms have to make con
comitant motions to create sufficient space for the migrating 
atom to pass. The occurrence of the jump depends on the cor
rect energy distribution over the proper normal modes. 

In Oriani's picture, a 'coordination sphere ' is defined, 
containing a ll the atoms the motion of which contributes to 
the jump of a given interstitial atom. Perpe ndicular to the 
direction of the jump the sphere i s sliced up into s labs of 
equal thickness. Then, for the instants t 1 and t 2 immediate
ly befare and after the jump, the vibrational energy which 
each slab has in excessof its me an thermal energy , q , is 
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plotted versus the position x of the slab along the jump di
rection (Fig. A.l). The areas under the energy distributions 
are equal if the jump process is assumed to be adiabatic. 

Fig. A.l Distributions of the excess vibrational energy q 
within the 'coordination' sphere a long the jump di
rection of the migrating atom at the instant t = t1 
just before, and at the instant t = t 2 just after 
a jump. 

Then, the coordinates of the centraids of the curves being 
given (x 1 ,q1 ) and (x2,q2), we have 

and (A.6) 

The heat of transport is positive if the positions of the 
energy distributions are those given in Fig. A.l, and nega
tive if the mutual position is reversed (since x 2 - x 1 then 
changes in sign). Q* is zero when the distributions coincide. 

The non-coincidence which generally occurs is explained 
by Oriani as follows. The jumping atom carries along with it 
the excess vibrati~nal energy, Ev, acquired in x 1 , and re
leases it in x 2 • There is thus a positive contribution Ev to 
the heat of transport. Furthermore, energy has to be supplied 
to (or will be released in) the region around x 1 in order 
that the interstitial may leave its initial position and that 
the surrcunèing atoms may relax around the unfilled inter
stitial hole. The same amount of energy will be released in 
(or has to be supplied to) the region around x 2 for the re
verse process. This amount of energy contributes either a 
positive or a negative part Ec to the heat of transport, and 
we have 

Q* = Ev + Ec (A. 7) 

if there is no leakage of energy between x 1 and x2 during 
the jump. The development of quantitative expressions for Ev 
and Ec has so far not been undertaken and is, of course, no 
easy task. 
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Oriani has tried to make more concrete predictions about 
the heat of transport by taking into account the theory of 
localised normal modes of Montroll and Potts (1955). This 
theory describes the effect of localised defects (among which 
interstitials) on the vibrations in a one-dimensional crystal 
lattice. If an interstitial is introduced in such a lattice 
chain, the frequencies of the normal modes are slightly low
ered, while some of them are displaced upwards out of the 
band of frequencies of the perfect lattice. The latter have 
no langer an extended character, butare localised, i .e. they 
diminish exponentially wi th the di stance from the defect, and 
this the faster, the higher is the frequency of the mode. An 
interstitial produces antisymmetrie as well as symmetrie lo
calised modes. The latter are the more likely to cause a jurnp 
of the interstitial. Their frequency is the h igher and their 
location the sharper, t he smaller is the ratio mi/m (mass of 
the inte rstitial j mass of the normal lattice atom) and the 
largeris the ratio Yi/Y (force constant between interstitial 
and normal lattice atom/force constant between normal lat
tice atoms). Stated otherwise, the smaller is m1 /m and the 
larger Y·/y, the larger the amount of vibrational energy 
containeà in the localised mode, and the higher the energy 
Ev which the interstitial carries along with it as it jumps, 
making the heat of transport the more positive. A negative 
heat of transport can only be expected for relatively high 
values of mi/mand relatively low values of Yi/Y. 

Application of this theory will, of course , demand an 
extension of the theory of Montroll and Potts to three-di
mensional crystal lattices and the knowledge of the ratio 
Yi/Y for the systems of interest. 

Girifalco's t heory is, in a sense, an extension of 
Wirtz 's theory. It shows, that the heat of transport may be 
positive as wellas negative , but also that IQ* I can be larg
er than Q. Since this theory, no more than these discussed 
before, is not capable of predicting the sign of the heat of 
transport for any particular binary system, it will not be 
discussed further. 

A quantita tiv e treatmen t of the heat of transport for a 
vacancy in a linear chain of atoms has been given by Schottky 
(1965). Assurning 
(i) the energy Ek of a normal mode of wavenurnber k and an
gular velocity wk in the presence of a temperature gradient 
dT/dx to be given by 

dwk dT 
Ek = kBT - kBT dk dx 

where kB is Boltzmann's constant and T is a relaxation time 
for a non-equilibrium phonon distribution to return to equi
librium, 
( ii ) the farces between the chain atoms to be harmonie, 
(iii) a chain atom to be bound to a nearest neighbour by a 
force constant f and to its lattice position by a force con
stant g , 
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(iv) a vacancy to be adequately described by an Atom No.O 
which is not coupled to the chain, and 
(v) the nearest neighbours to the vacancy (Atoms Nos. ± 1) 
to be coupled by a force constant yf, 
Schottky obtained the following expression for Q*/Q if y =0: 

Q*/Q = ~{V4f; g - 1} Vg!m T (A.8) 

where m is the mass of a chain atom. The heat of transport 
is here seen to be the product of the activatien energy Q 
for vacancy migration, of an averaged lattice frequency, and 
of the relaxation time T. 

An extrapolation to three dimensions has also been un
dertaken by Schottky, but contains some rather uncertain as
sumptions. The formula obtained (for y = 0) shows Q*/Q to be 
proportional to the lattice thermal conductivity which, at 
high temperatures,varies inversely with T. Thus, the heat of 
transport of the vacancy may be expected to be proportional 
to 1/T . 

It rr.ust be emphasised, however, that expressions for 
the heat of transport developed along the lines of lattice
dynamical .theory will not be complete for metallic systems. 
Since condu c tive electrens play a predominant role in h eat 
transport in metals, they must be expected to have a profo und 
influence on Q*. In recent years, therefore, several investi
gators (Fiks, 1964; Gonzalez and Oriani, 1965; Gerl, 1966 
1977; Huntington, 1968; Brebec, Doan and Gerl, 1968 ) have 
developed expressions for the electron contribution to the 
heat of transport. Since much of this work presupposes an 
advanced knowledge of the e lectron theory of metals, with 
which the present author is not familiar, only a few general 
remarks will be made. 

The electron contribution to the heat of transport sterns 
from two factors. 
(i) If the migrating atom carries a charge (an interstitial 
probably does), it will be subjected to a force exerted by 
the Thomson field which arises from the redistribution of 
the e lectrens in the thermal field. 

The contribution to Q* by the Thomson fi e ld, QTh' has 
been calculate d to be (cf. Fiks, 19 64, and Huntington, 1968) 

(A.9) 

where e is the electron charge, ~ the Thomson coefficient, 
and Z s the effective charge number of the migrating atom 
s een Ey the thermoelectric field . Huntington has put forward 
that Zes should not be too greatly different f rom the full 
ion-charge number, s ince shi elding by the metallic matrix 
s h ould be weak. 
(ii) Owing to the presence of t he temperature gradient elec
trans are travelling faster from the hot to the cold end of 
a specimen than in the reverse direction. v:hen they are scat
tered by the migrating atom, a larger transfer of momenturn is 
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to be expccted for the 'hot' than for the 'cold' charge car
riers. This gives rise to the occurrenceof an electran-drag
ging force on the atom. If the effective cross-sectien for 
scattering by thc atom is larger for the hot electrans than 
for the cold, the dragging force will be directed towards 
the cold end of the speci~en. However, if the effective 
cross-section for the hot electrans is sufficiently smaller 
than for the cold electro~s, the reverse will be true. A 
'hole'-dragging force in case of a tole conductor is also 
possible. 

The formulae obtained by the authors generally apply 
only to ene-band rnetals. Huntington (1968) has also taken 
multiband rrtetals into consideration. In most cases, however, 
a reliable test of the theories is not yet possible for lack 
of adequate data on the quantities (such as the scattering 
cross-sections) appearing in the formulae. 

It is interesting to note (Gonzalez and Oriani, 1965) 
that the sign of the heat of transport, as far as has been 
verified up to this moment, is nearly always opposite to the 
sign of the effective charge of the migrating atom in elec
trotransport. 
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SUMMARY 

This thesis deals with the phenomenonof thermotransport 
(i.e. migration of atoms under the influence of a temperature 
gradient) in solid interstitial alloys. It confines itself 
to the study of thermotransport in single-phase alloys of 
oxygen and nitrogen in metals of groups IV A and V A. 

After an introductory chapter, the phenomenological 
theory pertaining to the particular problem is givenin chap
ter II. The theory is based on the equation for the flux of 
interstitial atoms in single-phase binary alloys. Since a 
detailed derivation of this equation can only be made by 
time-comsuming reierences to textbooks on irreversible ther
modynamics, we thought it would be well to give a rather de
tailed outline of the derivation. 

We have dwelt extensively on the salution of the farmu
la for the rate of thermotransport in a rectangular probe of 
constant thickness and with a linear temperature gradient 
along its longitudinal axis. The meritof the authors of this 
salution (Sawatzky and Vogt) is not so much in the salution 
itself, which follows the lines of ordinary mathematicalpr~ 
cedures, as in recognising the importance of solving the 
equation for the rate of thermotransport (whatever its par
ticular farm in a given case may be) for judging the relia
bility of the heat of transport obtained fromthe experiment. 
To our knowledge, no other work on thermotransport has, as 
yet, made use of Sawatzky and Vogt's procedure to check the 
reliability of the results, although the heat of transport 
is a very important quantity since it governs the redistri
bution of the solute under the thermal gradient. 

A formula for t he rate of the~motransport meeting the 
particular shape of our own samples, and likewise based on a 
linear temperature gradient, was developed, and solved, but 
proved to be a superfluous refinement of the formula for a 
rectangular probe with constant thickness . Therefore, as we 
rarely succeeded in creating a linear temperature gradient 
in our specimens, a computer programme was written to solve 
the equation for a rectangular probe containing an arbitrary 
(one-dimensional) temperature gradient. The results of the 
computations carried out with this programme have been used 
in the discussion of the values for the heat of transport 
obtained from our experime nts. 

The apparatu s and experimental procedures of this inves
tigation have been described in Chapter III. Since ourobser
vations have been treated by statistical analysis (linearre
gression), a section has been added (Section 3.7) on that 
particular part of thi s discipline used. 

For a successful design of our thermotransport experi
ments, for the correct conversion of pyrometer readings into 
true temperatures, and for an adequate discussion of the ex
periQent al results, a number of data had to be known: termi
nal solubilities and isothermal diffusion coefficients of 
oxygen and nitrogen in the b.c.c.-phase of the group IV A 
and V A metals, rates of evaporation of the metals andofthe 
evolution of oxides and nitrogen from V A metals, sticking 



probabilities of oxygen and nitrogen on our probes, and spec
tral emittances of the metals. A critical discussion of the 
data of these properties, found in the literature, has been 
given in Chapter IV. Where necessary, we have calculated the 
data pertaining to our particular p::oblem from those published 
in the literature. 

The results of the thermotransport experiments, and of 
some minor experiments related to the subject, have beenpre
sented in Chapter V. Their reliability has been amply dis
cussed on the ground of the computer calculations and the 
data presented in Chapter IV. 

The heat of transport of oxygen in S-zirconium turned 
out to be 21.3 kcal/mole with a standard deviation of 2.9 
kcal/mole, and that of nitrogen 25.1 kcal/mole with a stand
ard deviation of 2.5 kcal/mole. 

The study of thermotransport of oxygen and nitrogen in 
titanium, niobium and tantalum is complicated by evaporation 
processes. Oxygen and nitrogen in S-titanium were found to 
have a positive heat of transport. A quantitative determina
tion, although possible with our apparatus, has not been 
undertaken. We obtained a strong indication that the heat of 
transport of oxygen in a-titanium is negative. The heat of 
transport of oxygen, and probably also that of nitrogen, in 
niobium is very slight. The heat of transport of oxygen in 
tarttalurn was found to be negative: a rough estimate yielded 
a value of approximately -10 kcal/mole. 

We have been very brief where mentioning the work done 
on the atomistic interpretation of the heat of transport, as 
this is an intricate problem which is still very far from 
being solved. We have not held ourselves qualified to attempt 
any contribution to the .solution of the problem, as it touches 
the field of theoretical physics far more than that of phys
ical metallurgy. 
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STELLINGEN 

De door Henderson en Muramoto voorgestelde "chemische laser", berustend 

op de thermische ontleding van dimethylperoxyde, is om een geheel andere 

reden niet realiseerbaar dan door hen is gesuggereerd. 

). R. Hendersen en M. Muramoto, Appl. Opt. ~· 831 (1966). 

11 

Tegen de wijze waarop Djeu c.s. en Parks c.s. een aantal van hun waarnemin

gen aan het tweede positieve systeem van stikstof hebben geïnterpreteerd kun

nen ernstige bedenkingen naar voren worden gebracht. 

N. Djeu, T. Kan enG.). Wolga, IEEE). Quanturn Electron, QE-4, 256 (1968). 
). H. Parl<s, D. R. Rao en A. Ja van Appl. Phys. Letters 13, 142 (1968). 

IIl 

De aanname van Behringer en Brandmüller, dat de tweede term in de uitdruk

king voor de afgeleide van een strooitensorcomponent naar de normaaltrilling 

verwaarloosd kan worden als de primaire frequentie van de Ramanstrooiing ver 

van een absorptiefrequentie verwijderd is, gaat voor het door hen gekozen voor

beeld van het OH-radicaal in veel sterkere mate op, dan hun (foutieve) bereke

ning suggereert. Overigens moet ernstig rekening worden gehouden met de mo

gelijkheid, dat ook bij absorptiefrequenties tamelijk ver in het ultraviolet de 

tweede term in bepaalde gevallen nog kan overheersen. 

). BrandmUller en H. Moser, EinfUhrung in die Ramanspektroskopie; Steinl<opff Verlag, Darmstadt, 

1962, pp. 114-115. 
). Behringer en). BrandmUller, Z. Elektrochem. 60, 643 (1956). 
K. E. Shuler, ). Chem. Phys. :!1· 1221 (1950). 
I. I. Kondilenko, P.A. Körotkov en V. L. Strizhevskii , Opt. Spectry (USSR), ~· 13 (1960). 



IV 

Men kan sterk afdingen op de uitspraak van McLafferty, dat het optreden van 

een zesringovergangstoestand met daarop volgende dissociatie bij alkaancar

bonitrillen belemmerd wordt door "de sp-hybridisatie in de CN-groep"-

F. w. McLaffeny, Anal. Chem. 34, 26 (1962). 

N.C. Rol, Rec. Trav. Chim. ~· 321 (1968). 
G. Herzberg enK. K. Innes, Can. J. Phys. 35, 842 (1957). 

V 

De aanname van Galwey en Kemball, dat de hoeveelheid met deuterium uitge

wisseld hydrogenium een maat zou zijn voor de dissociatietoestand van aan 

nikkel geadsorbeerde koolwaterstoffen, is aan twijfel onderhevig. 

A. K. Galway en C. Kemball, Trans. Faraday Soc. 55, 1959 (1959). 
J. Erkelens en Th. J. Liefkens, Discussions Faraday Soc. 41. 175 (1967). 

VI 

De door Spivak opgestelde formule voor de activeringsenergie voor isothermale 

diffusie van interstitiële elementen in overgangsmetalen is onjuist. De met be

hulp van deze formule berekende activeringsenergieën zijn dientengevolge van 

generlei waarde. 

I. I. Spivak, F. M.M. 22, 859 (1966) (vertaald in: Phys. Metals Metallog. 22, 52 (1 966)). 

VII 

Van de formules, die door Stevens opgesteld zijn voor de elongatie tengevolge 

van afglijding langs korrelgrenzen bifhet kruipen van polykristallijne metalen, 

zijn er enkele niet geheel correct. 

R. N. Stevens, Met. Rev. 11. 129 (1966). 

VIII 

Te overwegen valt of de Technische Hogescholen in Nederland zich niet meer 

moeite zouden kunnen getroosten met betrekking tot de bevordering van kennis 

en middelen ter verbetering van het actieve gebruik van het Engels en het pas

sieve gebruik van het Russisch door technisch-wetenschappelijke onderzoekers. 

D. L. Vogel Eindhoven, 24 juni 1969 


