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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. 
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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. 
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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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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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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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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 ). 

40 3 . 2 





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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(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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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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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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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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