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PRODUCTION AND PHYSICAL METALLURGY
OF PURE METALS -- PART VI

‘Electronographic and Kinetic Investigation of the
Process .of 0Ox IHEtTon of Zirconium and Eertain ‘

ALToys on its Base

ollowing 18 a translation of an article by
I. Korobkov, D. V. Ignatov, A. I. Yevstyukhin
and V. S. Yemel'yanov in Metallurgiya i Metall-
ovedniye Chistykh Metallov (Production and Physical
Metallurgy of Pure Metals), No. 1, Moscow, 1959,
pages 144-161.7

In connection with the use of gzirconium and of sdme
of 1ts alloys in nuclear reactors, great attention has been
paid regently to the physicomechanical properties of pure
zirconium and its alloys. The mechanics of oxidation of
2irconium and its alloys in pure oxygen, air and steam
have also beeh studied, as well as the structure and com-
position of the scale. Certaln articles describing diff-
erent modifications of zirconium oxides, temperature areas
of their stability, and certain state diagrams of zirconium
oxides with other metals have already been published. Basic
work on the oxidation of zirconium and its alloys 1s contain-
ed in the monographes /1/ and /2/ and articles /3/ through
/9/. One of the fundamental flaws of this work resides 'in
the fact that the studies of the oxidation kinetics of
zirconium were not appropriately tied in with the work de-
termining the structure and composition of oxide films
formed on the surface at different temperatures and over
different heating times.

The present work contains the results of an investi-
gation of the oxidation kinetics, structure and composition
of oxide films formed on the surfaces of specimens of zir-
conium end of its aslloys heated in oxygen and in air at
temperatures ranging from 20 to 8009 c. ,
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Experimental Part

The structure and composition of oxide fllms were
determined by electronographilc [Eiectron difractio§7 methods.
The kinetics of oxidation in oxygen were lnvestigated by
means of contlnuous weighéng on a vacuum torsion microbalance
with a sensit:i7ity of 107 g. Studies of kinetics in the alr
were carried out by intermittent welighing on ordinary micro-
analytical scales with a sensitivity of 10-5 g per division
on the optical scale of the cathetometer.

The first tests showed that oxidation kinetics and
the structure and composition of oxide films were sub-
stantially the same whether the zirconium specimens were
oxiddzed in air or in oxygen over the temperature range of
200 to 500°C. In the 500 to 800° range weight increases
of speclmens subjected to oxidation for long periods (15-20
hr} were so great that ordinary scales with a sensitivity of
1075 g were .lly adequate. In such cases, by using massive
specimens (15 X 10 X 3 mm) one could determine the structure
and composition of oxide films from electronograms obtained
after heating at prescribed temperatures and times. It
was possible to compare the structural data with the oxi-
dation speed for separate polnts or sections of the kinetic
curve. Thus the same specimens were used for kinetic and
electronographic (reflection) studies. The surfaces were
smoothed with emery paper (from coarse grades down to 4/0).
After honing, the specimens were rubbed with purified acetone
or absolute alcohol. _ .

~ Heating of samples (in air) was done in an electric
muffle . furnace, the temperature of which was determined by
a thermometer with an accurace of¥10°,

" Reflectlion electronograms frequently show lines
wvhich are not sufficiently sharp, due to a strong back-
ground; therefore the structure and composition of surface
films were tested additionally by transmissjon electrono-
grams. In such cases, thin films (300-400 A) of zirconium
and its alloys with Al, Ti and Sn prepa§ed by evaporation
and condensation under high vacuum (10°/ mm Hg) were used
as speclmens.

Specimens were prepared from iodide (doubly refined)
and iodide zirconium remelted (in an arc furnace with
cooled copper anode and turgsten cathode). The percentage
chemical composition of zirconlum was as follows: :

2r - 99.9; W - 0.01; Ni - 0.001; Cr - 0.03; Fe - 0.002;
Ca - 0.005; C - 0.05; Hf - 0.05; Mn - 0.002; N - 0.004;
T - 0.003%4; Cu -~ 0.001,; Mo - 0.01. -




T- Results and Discussion ' T

The results of the electronographic investigation
of thin oxide filma on zirconium and zirconium alloyed
with Al 56 and 12 wt-%), T1 (6.12 and 20 wt-%) and Sn
(15 wt-%) permitted the deciphering of reflection elec-
tronograms recorded for massive specimens, and are of -
great independent importance as well for understanding —
the mechanics of oxidation of ziroonium and its alloys.
For this rcason the report on the results of investi-
gation begins with the description of electronographic
analyticael data.

Polymorphic conversions of 2r0, in thin films

Fig. 1 Ta-¥) shovs electronograms o n zirconium
films heated in air at 18 to 1100°C. Calculation from
the electronogram in Pig. 1 a shows that at room temper-
ature no oxlde film of a thickness detectable by elec-
tron diffraction is formed on zirconium. Howvever, the
values of interplanar distances (fore« -zirconium) as
determined for zirconium film electronograms are
greater by 2% than those obtained from radiograms. This
increase in interplanar distances apparently can be ex-
plained by the fast that such films, vhen removed from
vacuum and separated from the substratum, are saturated
wvith oxygen which, as we know, can be dissolved in
d - zirconium up to 40 atom-percent /1/, the atoms
(or ions) of dissolved oxygen penetrating between the
nodes of the -Zr lattice.

Data calculated on the basis of the 270° girconium
film electronogram showed that the film was fully oxi-
dized; calculated values of interplanar distances (dy)

coincided well with d,,, values t.r the cubic modification
of zirconium oxide (Zroe) vith a lattice constant a- 5.09 4
(in t?j presence of one surplus line corresponding 4 =

2.10

The somevhat increased line width in Figs. 1 a and
1 b indicates that both Zr0, and 4-2r consist, in this
case, of small crystals.

Upon further heating of the specimen to 13009,
diffraction rings on the electronograms became sharper,
and interplanar distances calculated therefrom correspon-
ded to:

ag the above-mentioned cubic modification
b) in the range between 270 and 650°, tetragonsal

| tirconium oxide (2r0, vith lattice constants & = 0.07 &, |

L)
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[ -]
T¢ = 5.16 A and ¢/a = 1.02 (Pig. lc) (+); 1

(c) petween 650 and 750°;a mixture of tetragonal
and monoclinic zirconium oxide,

(d) between 750 snd 1100°; monoclinic zircogium
oxide onli (2r0p) with lattice constants a = 5.17 A;

b =5.26 £, ¢ 25,30 §, ana 8= 80948,

Thus electronographic analysis established that _

- between 1100 and 1300° a thin zirccenium film heated to —

270° in air is fully oxidized and cubic 2r0p is formed,

which under further heating is subject to polymorphic

transformation of the monotron type, the cubic lattice

being stretched along one of its axes, becoming tetra-

gonal. At temperatures of 750° and higher the latter

is further deformed into a monoclinic lattice similar

to the defcrmed CaF» lattice.

By reating thin films of cubic 2r0, over the same
temperature ranges in oxygen (at 100 mm Hg) and under
vacuum (in :he e%ectronograph itself at a residual gas
pressure P = 10°% mm Hg), the same sequence of polymor-
phic transformation was observed as when the films
were heated in air. Thus, these transformations &re
not due to any additional oxidation.

Analogous polgmorghic transformations of Zr02
vere observed in oxide films on massive specimens
of zlrconium heated in oxygen and in air from 300 to
800°.. In this case, however, the transformation of
the cubic Z2r0, into the tetragonal was difficult to
follow owing %o the slight di%ference in the lattice
constants of these oxide modifications (for cubic
Zr0p, a =« 5.09 kX; for tetragonal 2r0,, a = 5.07 kX
and ¢/a = 1.02); smudged diffraction Iines and a
strong background of incoherent electron scattering
in the reflected electronograms presented additional
difficulties. The transformation of tetragonal Zro2

into the monoclinic form depended on the temperature
and heating time, and occurred only at & certain film
thickness for a given temperature, the thickness
decreasing as the temperature increased from 700 to
8009, Thnus at 700° the thickness was 2.6 10-3 cm,

vhile at 800° it was 2 10-3 cm. The thickness at

vhich transformation of tetragonal Z2r0, into mono-
clinic 2r0p takes place is called heregfter the critical

(+) The aprearance of the tetragonal modification of
Zr0, is aprarent on the electronogram as the doubling of

some lines, aas, for example shat of the atomic plane
] with index (002) (see Fig. ic).

————
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Fig. 1 Electronograms of thin zirconium films
heated in the air.




thickness. It appears from the analysis of the oxidation
kinetics that at this thickness, not only is there a struc-
tural transformation of the oxide scale lattices, but also
the speed of oxidation rises considerably and follows a linear
law instead of a parabolic law as previously.

" In Fig. 2a is shown an electronogram recordaed for
a massive polished zirconium specimen, without heating;
Fig. 2b is the electronogram of the same specimen heated
in the alr for one hour at 400°. Electronograms of the
same type were obtalned in all cases where the surface
oxide fi1lm was dark blue. Upon transformation from
tetragonal Zr0O, 1s shown. The electronogram was obtalned
from a powder gy the transmission method (& layer of white
2r0-» was removed from the surface and ground into powder).
In Fig. 2d the reflection electronogram of an oxidized
zirconium specimen and the transmi?s}on electronogram of
an Al standard are shown together *),
The influence of Ti, Al and Sn additives on golygorphic
tran§?3fmations of zirconium dioxide. Thin-film specimens
of zirconium alloys with Ti, Al end Sn were heated in air
at temperatures ranging from 300 to 1100°, and transmission
electronograms were taken after each heating. It was found
that Al additions (5 wt-%) or Ti additionsn%G wt-%) stabil-
ize the cubic 2r0, formed during the oxidation within the
above-mentioned temperature range. In addition, the intro-
duction of these metals did not result in the formation of
independent oxidized aluminum or titanium phases. The
lattice constant of cublic 2r0O, did not change because of
aluminum addition, whereas the addition of titanium re-
sulted in a decrease of a to 5.06 A.

Electronograms of a zirconium alloy with 10 wt-%

Al and 12 wt-% Ti showed, in addition to the reflection of

cubic Zr0p, the lines corresponding to ¥-Aly03 (up to

600°), as well as T10,.

The addition o? tin to zirconium, up to 15 wt-%,
had no substantial influence on the polymorphic transfor-
mation of zirconlum dloxide over the whole temperature
range (300 to 1100°).

Fig. 3 shows electronograms of zirconium alloy
samples heated to 1000°C. o

Thus, aluminum oxides -- Al, O with & = 3.95 A and
A1,03 with a = 7.90 A -- as well as tftanium oxide --

(+) The instrument constant (2 L) for the reflection elec-
tronograms was determined by a transmission electrono-
gram of a thin aluminum film, obtained simultaneously
with the reflection electronogram.

-7 =







Fig. 2 Electronograms of
massive zirconium
specimens: a) unheated;
bg heated in the air at
3400° for 1 hr; c¢) white

oxide f1ilm; d4) specimen
heated to 400°C and thin
Al film.

ll




T10, (rutile) and probably Ti0 with a = 4.24 £ -- form
ltmited solid solutions with cubic 2r0Op and stabilize it in
the temperature range of 300 to 1100°. SnO, does not emact
in this temperature range with oxide modifications of
zirconium, i.e., it does not form solid solutions or
compounds with them.

The results of kinetic studies of zirconium oxidi-
zability in the air in the temperature renge of 300 to 8000
are shown in Fig. 4. Prom an analysis of the curves it
follows that at 300 to 400° the process of oxidation follows
an exponential law and, practically speaking, ceases after
two hours. At %00 to 500 © the oxidation proceeds at
ragher logarithmic /y = k log (at +1/ and then cubic

y° = kt +*t/rates. In the temperature range of 575 to

00° the oxidation curves, until the oxide film aftains

the critical thickness, follow a parabolic law /y< = kt ‘,§Z
whereas above the critical thickness, it follows approxi-
mately a linear law /¥y = kt +c7. This conclusion concerning
the movement of kinetic curves 1is clearly apparent from
graphs of Fig. 5, plotted in coordinates corresponding to
each oxidation law.

From the linear plots of the parabolic oxidation
lav (Fig. 5) 1t follows that these straight lines have two
different slopes for each temperature, depending on the
duration of the heating period.

The constants of the parabolic law of oxidation,
calculated in accordance with the tangents of these angles,
are given in the table.

From this table 1t appears that the rates of oxi-
dation are higher in the initial than in the later periodq,
within the parabolic range. 8Such a difference in the rate
of oxidation, depending on the e}apsed oxidation time, has
been observed by many authors (+ and reviewed in detail by
Gulbransen in particular /10/. 1In eddition to the five
factors noted by Gulbransen (change in surface area of
the specimen, rise of temperature due to heat of formation,
change in crystal sigze, etc.) influencing the rate of oxi-
dation in the first stage of the process, let us point
out that the modifications of the oxides from one form to
another may also have an effect.

In our case, for instance, there probably occurs a
transformation of cubic Zr0, into tetragonal, and of the
latter partially into monocfinic as evidenced in electrono-
grams by weak reflections from monoclinic Zr0,, along with
reslections from tetragonal ZrO,, on the surface of oxi-

served for the first time by N. V. Ageyev during pro-
longed oxidation of nickel specimens /11/.

- 10 -




Fig. 3. Electronograms of thin zirconium alloy
f£ilms hented to 1000°C:
a - 10% Al; b - 20% T1i; ¢ - 15% Sn.
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dized zirconium (Fig. 2b). : : o

" The energy of activation, as calculated from the
tangent of the slope of the straight plotted.line' in log
k - 1 coordinates according to k values in the initial

oxidgtion stage (during the first 3 to 5 hours of oxidation)
vas equdl to 29.8 kcal/mol.

However, the existence of these two oxidation stages
into the parabolic range 1s not typical for oxidation of
zirconium,although it is for many other metals. Typical
of the oxidation kinetics of zirconium (as well as of
certain zirconium alloys, as will be shown later) 1s a
stage of accelerated oxidation after the scale has attained
the eritical thickness. As mentioned before, the value
of this thickness depends on the temperature ard on the
duration of hgating. Thus, for 1lnstance, for iodide zir-
conium at 700~ this thickness is achieved after 40 hours;
at 750°, after 10 hours; and at 800°, after 3 hours.

According to visual observations, the stage of
accelerated oxidation begins with the formation of white
zirconium oxide at the edges and in several spots on the
specimen, whose surface was previously covered with dark
blue oxide film. Upon further heating, the white zirconium
oxlde areas widen and ultimately cover the entire surface
of the specimen. : _

Whereas the dark blue film 1i1s solidly attached to
the metal and cannot be separated from it, the white film
is brittle and porous, snd is easily peeled from the surface
of the specimen,either whole or in pieces. Electrono-
graphlic analysis of the oxide structures of the dark blue
and white films shows that in the first case the structure
1s that of tetragonal 2r0,, while in the second it is mono-
clinic. Thus, accelerateg zirconium oxidation is linked
to the transformation of tetragonal into monoclinic
zirconium dioxide. ,

The dependence of the timing of this transformation
on the film thickness of. the tetragonal modification at a
given temperature, and the decrease in the critical
thickness of this film with increasing temperature, as
well as the fact that this modification is transformed at
lower temperatures than in the case of free thin Zro2 films
(750°), can all be explained by the influence of construct-
ing stresses formed in the oxide film due to the volume of
the oxide which 1s 1.5 times greater than that of the metal.
The mere fact of film formatiom at low temperatures and in
the initlal stage of zirconium oxidation at higher temper-
atures (from 300 to 800°) -- the oxide film consisting of
cubic and tetragonal (i.e., metastable) modifications --

-21 -




as well as the strength of the film's bond with the metal,
can probably be explained by P. D. Dankov's /12/ crystallo-
chemical principle: the lattices of cubical and tetragonal
modifications correspond better crystallochemically to the
d.-Zr lattice than to the lattlice of monoclinic Z2r0,. The
peeling and cracking of the monoclinic film is explained by
and 5 volume increase of this oxide as compared to the =
volume of tetragonal ZrO,, as well as by the different
expansion coefficients (%hat of tetragonal Zr0, is 1.5

times greater than that of monoclinic Zr0,).

It must be noted that the lower rate of oxidation in
melted zirconium specimens, as compared with that of lodide
zirconium, observed from the moment when tetragonal 2r0p
1s transformed into monoclinic Zr0,, is probably caused by

admixtures that slow down the transformation of the former
modification into the latter. :

Conclusions

An electronographic and kinetic investigation of
zirconium oxidation, as well as of certain zirconium alloys,
vas carried ogt by heating in air over a temperature range
of: 200 to 800°.  The results of this investigation are as
follows:
(1) At 270° a thin zirconium £ilm (300-400 1) is
completely oxidized, and the cubic Zro2 modification 1is
formed, which is stable up to 650

(2) At 650° cubic 2r0, is transformed into tetra-
gonal 2r0,, stable to 750°; at 750° this is in tupn trens-
formed to monoclinic 2r0, which 1s stable to 1300,

(3) Analogous pogymorphic transformations take
place in oxide films on massive zirconium heated to between
300 and 800°, put the transformation of tetragonal ZrOp

into monoclinic 2r0z occurs, in this case, only at a certain
thickness of oxide film for a given témperature,

Accelerated zirconlum oxidation 1s caused by the
tetragonal ‘Zr0, into monoclinic 2O,

(5) The cubic 2r0; formed during the heating to

300° of a. thin f£ilm of zirconium .alloy with 5 wt-% Al or :
6 wt-% T1 is stagble up to 11009, {.e., the oxides ¥ -Alp03 .

and T10, (or T10) stabilize this modification.

An addition of 15 wt-% Sn to zirconium did not sub-
stantially alter the polymorphic transformations of
zirconium dioxide heated under the conditions of the
preceding experiments.
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Diffusion of Zirgonium and Tin in Tin Alloys
. of inEE-ZIrconIum -

é?blloving 1s a translation of an article by G.
« Fedorov, F. I. Zhomov in Metallurgiya { Metal-
lovedeniye Chistykh Metallov (Production and
Physical Metallurgy of Pure Metals), No. 1,
Moscow, 1959, pages 162-169,/

‘ In the article (1) the diffusion of zirconium and tin
in f-s0l1d solutions of zirconium and tin was studied. The
present co:umunication is the second part of the inyestiga-
tion of t'n alloys, and is dedicated to the atudy of d4dif- -
fusion prorarties in the range of o¢-so0lid solutions of
ir-Sn alloys. As tin solubility in atZr is lower then in
‘P-2r, the slloys under study contained lower Quantities of
tin -~ namely, 0.41, 1.03 and 1.97% Sn ~- than those in
article (1). Over the temperature range from 820 to 6500,
vhere diffusion coefficients were determined, all the
&lloys consisted of homogeneous solid sclutions.

The alloys were melted in en arc furnace from the -
same materials as vere mentioned in article (1). After
melt-forging into rectangular bars and eliminating the
oxidized layer on a grinder, the alloys,é vere subjected to
e homogenigzing anneal under vncuun,(IO“ mn Hg) at 1100°C
for 25 hours. Then the bars vere ground for a second time
on four sides end cut into separate specimens (approximately
10X 10X 18 mm). .

A study of the microstructure showved that after
cooling from 1100° to room temperature, the alloys acquired
a martensite structure as a result of a nondiffusional
polymorphic transformation of P-ziroonium intox-zirconium.
During annealing of the alloys at high temperature (belov
the temperature of transformation however) diffusion
processes and alloy stabiligzation take place, which in the
final analysis must lead to the formation of the usual
solid-solution grains. It is Qquite evident that the dis-
tances between grain boundaries in finely crystallized
martensite structure are consideradbly reduced during the
process of stabilization. However, it is known that the
rate of diffusion is greater along the grain interface in
the body of the grain. Therefore, the average diffusion
coefficlents, which are determined by the method of layers,
can undergc considersdble change during diffusion annealing
if no pricr stabiliszing annealing is carried out near the
temperature of polymorphic transforsation. %o achieve

-_— 24 -
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this end specimens were annealed at 820°C for 90 hours.

As in the previous artiiig, redliocactive isotopes of
zirconium and tin, 2r95 and Snll3, vere utilized for the
determination of diffusion parameters. The isotopes were
tested on the specimen in vacuum. The specimens were tied
together with their radiocactive surfaces facing each other,
and then vrapped in molybdenum foil and placed in a qQuartz
ampoule wvhich was welded to a quartz tube. The air was
pumped out of the quartz tube to a pressure lower than
10-% mm Hg, whereupon the tube with the ampoule was placed
in a furnace and heated for 2-3 hours at a temperature 30°
below that of diffusion annesling. Vacuum was mainteined
during hesting by the continuous action of diffusion and
prevacuum pumps. Then the ampoule was welded off from the
tube. Such preliminsry degassing pravented the oxidation
of the samples during diffusion annealing.

Diffusion annealing was carried out in & tubular
furnace with the temperature automatically regulated to
+39C. The diffusion annealing required hundreds of hours
and, at low temperatures, as much as 1,450 hours. The
determination of the diffusion coefficient vas effected by
the method of removing layers and measurling the total radio-
activity of the remaining portion of the sample (2).

The results of the investigation are shown in Fig. 1l.
The values of the activation energies and of the pre~-expo-
nential factors Do are indicated in Table 1.

The data obtained indicate that the alloying of
o«-zirconium with tin increases the activation energy of
zirconium self-diffusion, and that this increase is
approximately proportional to the content of tin in the
alloy. Thus the maximum addition of tin (2%) increases the
activetion energy by 60%. The same effect was observed
wvhen f-zirconium was alloyed with tin (1). All this is
probebly due to the fact that tin addition increases the
bonding of zirconium atoms in the lattice of the solid
solution. This shows the beneficial influence of tin on
zirconium, resulting in the improved mechanical properties
?r)eri? alloys both at room and at elevated temperatures

3), .

The activation energy of «-zirconium self-diffusion,
as vell as that for P-zirconium, is very low -- 22,000
cal/g-atom. The consolidated graph of the dependence of
the self-diffusion coefficient of zirconium on temperature
is shown in Fig. 2, wvhich indicates that the presence of
tin lovers the self-diffusion coefficient at temperatures
below 700°C and, conversely, raises it at higher temperatures.

The diffusion mobility of <-zirconium and of its tin
alloys in the range of elevated temperatures differs only
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slightly from that of the metals of the ircn group. In
Table 2 are given the self-diffusion coefficients for iron,
girconium and its tin alloy, and nickel, calculated
according to formulas of the temperature depenfience of the
coefficients (1), (2), (5), (6) in the 1000 to 300°C range.
From Table 2 it follows that at the temperature of trans-
formation, the self-diffusion coefficient of &-zirconium

" 13 seven tiues greater than the self-diffusion coefficlent
of nickel wherees it is only 1/40 as large as the «-iron
coefficient. At first glance, these facts seem paradoxical
if one keeps in mind that the self-diffusion coefficlents
of P-zirconium at the same temperatures$ are greater by
three orders than the corresponding coefficients of iron-
group metals (1). The explanstion of such differneces 1is
that the polymorphic transformation influences the zir-
conium and iron self-diffusion coefficients in opposite
directions. Indeed, in the transition from J-iron to
o-irqn, the coefficients increase €50 times; in the case of
the p—s « transformation in zirconium the coefficients of
self-diffusion decrease by a factor of 200 (see Teble 2).

In connection with the above, the following general
‘rule can be established: s decrease in the diffusion co-
efficient during polymorphic transformation corresponds to
a denser crystal lattice and, conversely, an increase in
the coefficients corresponds to a transition from a denser
packing to a less dense one. Let us bear in mind that in
zirconium the transformation from P to o« indlcates s
transition from body-centered cubic to dense hexagonal
packing, while in iron the transition is from face-centered
to body-centered cubic. _

For this preason, up to 300° one observes approxi-
mately the same self-diffusion coefficlent in -Fe and in
«~Zr. At iover temperatures, however, owing to the lover
value of ti:: activation energy for zirconium self-diffusion,
the coeffi:ients for zirconium become greater than those
for iron ar” nickel. At 3000 this Aifference reaches 7 to
9 orders. .t such reletively low temperatures, the in-
fluence of :in in decreasing the self-diffusion coefficlent
of zircon‘ux is especially noticeable. From Table 2 one
can see that the addition of 2% tin at 3000 decreases the
coefficient by more than 2 orders.

Alloying of zirconium with tin has the same effect
on tin diffusion as was mentioned in the discussion of
zirconium self-diffusion. The energy of activation of tin
diffusion approximately doubles in an allog vith 2% Sn
(Table 1). At temperatures lower than 700°C diffusion
coefficients of tin decrease noticeably (Fig. 3).
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Such an identical influence of tin sddition on
zirconiuvm self-diffusion and upon tin diffusion 1ls evidently
due to the fact thet the diffusion through solid-sclution
crystal lsesttice by redicactive atoms of zirconium and tin
encounters primerily zirconium stoms, as the number of tin
atoms in the solid solution is very low (nor more than 2%).
The strengthening cf the bonds in the zirconium solid
sclution results in an incresse in the esctivation energles

- of 4r self-diffusion and of tin diffusion.

The results of the study esteblish a connecticn
between the pre-exponential factor Do snd the sctivatlion
eneigy of ciffusion in the following relation: Do 2 X
10743 eQ/7000 (Fig. 4). It differs from the dependence
establishe. for f-zirconium alloye, owing apparently, to
the differtnce in the crystalline structures of «- and
B-zirconiux.

The sctivation energies of zirconium self-diffusion
and tin diffusion, as obtained in our. work, confirm the
published date (7) and (8). However, the pre-exponential
factors Do are lower than the published ones by one or two
orders. This may be due to the fect that in the present
work specimens were subjected to long annesling at temper-
atures nesr the tempersture of polymorphic transformation
(to stebilize their structure) and, in addition, more perfect
methods of costing the specimens with radicactlve isotopes,
mainly by dusting under vecuum, were applied.
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Diffusion of Zirconium and Tin in Tin Alloys
of Beta-Zirconium

olloving 1is a translation of an article by

+ B. Fedorov and V. D. Gulyakin in Metallurgiya
1 Metallovedeniye Chistykh Metallov (Production
and Physical Metallurgy of Pure Metals), No. 1,
Moscow, 1959, pages 170-178.7

Zirconium is one of the most promising structural
materials for the building of reactors. It satisfies
stringent requirements of small capture cross section for
thermal neutroas and high corrosion resistance, and, it
has adequate machanical properties at elevated tempera-
tures. Hence great attention is being pald to zirconium and
its alloys /1/, /2/. Especlally prominent are the desirable
properties of zirconium alloys with tin, in particular
Zircalloy-2 /3/, /4/. However, while there are fairly
detalled studies of the corrosion behavior, the mechanical
and general physical properties of zirconium and its tin
alloys, and their diffusion characteristics, are practi-
cally unexplored. A knowledge of diffusion parameters 1s
important in understanding the processes taking place in
alloys at high temperatures and, in particular, the weak-
ening process /5/. '

The present article is the first in a set of
diffusion process studlies of zirconium and its tin alloys.
The aim of the work was to study the mobility of zirconium
and tin atoms in pure zirconium, and the influence of tin
eddition on diffusion constants in¢@-solid solution of zir-
conium and tin. The alloys contained 0.7, 3.25 and 5.6%6 Sn
and within the temperature range studied they were homo-
geneous solid solutions /1/, as was confirmed by metallo-
graphic investigation. The alloys were melted from ilodide
zirconium rods ?harnium content 0.7%) and tin (99.9% pure).
Melting was done in an MIFI-9-3 arc furnace in an atmos-
phere of purified argon. Each melt was repeated 4 or 5
times for s more uniform distribution of tin. Thereafter,
the ingots were subjected to rapld induction heating by
high frequency current and then they were forged in air
into bars of rectangular cross section (10 X 8 mm). The
oxidized layer was removed on a grinder. Later, these baps
wvere subjected to a homogenizing anneal under vacuum (10-% pm
Hg) at 1120° for 20 hours, after vhich they were aegain
polished and cut into separate specimens.

The study of diffusion characteristics was carried

-3 -




out with the aid of artificlal redioactive isotopes Zr95 gnd

sn*13 by the method of removing layers and measuring the
total radioactivity of the remalning part of the specimen,
as proposed by Gruzin /6/. One side of the specimen was
coated with the radiocactive substance by dusting under
vacuum. This layer had a thickness of a few hundredths

of a micron and registered 1000-2000 counts per minute on
av--counter. A radiographic study confirmed our supposi-
tion that the substance uniformly coated the entire surface
of the specimen.

The specimens studied were tied in pairs with
molybdenum wire with the radioactive surfaces meeting, and
then were wrapped in molybdenum foll and placed in a quartz
tube. Diffusion annealing was done in a tubular furnace
while the continuous working of diffusion and prevacuum
pumps maintained a vacuum of 10-4 mm Hg in quartz tubes.
The temperature was regulated to :3°C. The annealing
lasted for several hours.

The results of the investigation are represented
graphically in Flg. 1. Data concerning self-diffusion of
zirconium in the ¢-solid solution stage indicates that the
addition of tin considerably increases the energy of acti-
vation Q (Table 1); this increase apparently 1s caused by
stronger bonding of the zirconium atoms in the solid-solution
crystal lattice. Thus 0.7% Sn increases the self-diffusion
energy of activation by 40%. With further alloying with tin,
the increase 1is less pronounced, but nevertheless, at §.

Sn, the heat of dissociation has increased to 50,000 cal
g-atom. As is evidenced by the graph of temperature vs self-
diffusion factor (Fig. 2), an increase in tin content re-
gards diffusion processes in alloys. The greatest influence
of tin addition on the mobility of zirconium atoms 1is ex-
ercised in the low-temperature range of the #-phase. At
1000°, an addition of 3.6% tin decreases zirconium self-
diffusion from 2 X 10-39 cm2/ge¢ to 4 X 10-19 cme/sec. At

1200° diffusion coefficients for all alloys become more or
less the same, and at temperatures above 1200° , the tin
begins to promote the self-diffusion of zirconium. If one
assumes that in alloys of similar type diffusion coeffici-
ents at the melting point must be approximately the same,
then 1n our case one must conclude that upon addition of
tin, the melting points of the alloys must decline. This
actually occurs, as 1s evident from the Zr-Sn state diagram
/1/. The same dependence was observed by us earlier for
nickel-chromium alloys /5/. Apparently, in binary systems
that form solid solutions of limited solubility, when an
increase in the amount of the dissolved element decreases
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the melting point of the alloy (analogous to the s -phase
of the 2r-Sn dtegram), the energy of activation of diffusim
must increase with the rate of alloying. However, this
conclusion requires additional study.

Attention is drawn to the very low magnitude of
the activation energy of zirconium self-diffusion (26 kcal/
g-atom) which does not correspond to the high melting point
of zirconium. Usually, the self-diffusion of metals follows
Bulgakov's rule /9/; Q = 40 Ty, where Ts is the absolute

melting point. In the case of zirconium this relationship
does not hold (Table 2); at the same time, for other re-
fractory metals such as Ni /10/, Co /11/ and Mo (according
to data of the investigation by one of the authors of the
present work conjointly with Gruzin, Pavlinov and Tyutyunnik
-~ in this collection), this relationship is true as 1is the
approximate equality of the activation energy of self-
diffusion Q to two-thirds the sublimation energy S. However,
the activation energy of zirconium self-diffusion 1s only
a small portion of the sublimation energy, namely, one-
fourth of it {Table 2). Furthermore, we must note a very
high mobility of zirconium atoms as compared to the mobil-
ity of atoms of the above-mentioned metals. As it appears
from Table 3, self-diffusion coefficients of zirconium in
the low-temperature range of the G -phase are higher by
three orders than the self-diffusion coefficients of nickel
end cobalt. Moreover, one must teke into consideration
that the melting point of zirconium is approximately 300°
higher than that of nickel and cobalt. This evidently ex-
plains the marked increase in the size of the graln in the
£ -phase, as mentioned in the literature /3/.

If one compares zirconium with the more refractory
metal molybdenum, the difference in diffusion coefficlents
is seen to be a great deal larger -- by a factor of 10
billion (Table 3?. However, this comparison refers to the
lover limit of the £-zirconium range. If one compares the
self-diffusion coefficient at the melting points of the
above-mentioned metals, the difference between the coeffi-
cients decreases by as much as one order. Apparently, for
zirconium as well as for other metals, the self-diffusion
coefficient at the melting-point temperature characterizes
the 1imit mobility of atoms in the solid body (10-9 to 10-8
cm2/sec).

The magnitude of the pre-exponential factor of
zirconium self-diffusion D, = 4 10-2 cm2/sec, is very low
compared with usual D, values of self-diffusion in metals.
An analysis of literagure data indicates that the magnitu-
des of pre-exponential factors of self-diffusion of differ-
ent metals dAiffer relatively little one from the other, and

- 38 -




t°C
" Cad/sec) 1250 1200 450 00 1050 1000 950
A

Fig. 2. Consolidated graph of temperature
vs zirconium self-diffusion
zirconium in 2r alloys with 0.T7%
8n (2), 3.25% Sn (3) and 5.6% Sn
(4); the straight line (1) 1is
for pure zirconium.
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are vithin the 1imits of 2 10~1 <5 cm®/sec . One can

show that this is a consequence of the closeness of self-
diffusion coefficlients at the melting point of metals,
and of the ebove-mentioned relation between the melting
point snd the self-diffusion energy of activation.
Indeed, if the quantities gnd relations mentioned above
are introduced into the equation of tempersature vs
diffusion coefficient, it is found that:

40 Ty
1079 . 1078 == D“cm R Ty .

whence Do = 5 10-1 <5 cmz/sec, vhich is 1in good agree-
ment with experiments. For zirconium, anowever, the pre-
exponential factor of self-diffusion is less by four to
five orders. The addition of tin also increases the
activation energy of tin diffusion in A-so0lid solution
of zirconium (Table 1) although this increase is some-
what lower than that for zirconium self-diffusion.

Thus, 5.6% Sn increases the Q of zirconium self-diffusion
b 25 000 cal/g-atom, while increasing the Q of tin

+j Tﬁts difference is small, as compared to the differ-
ence between the self-diffusion factors (Table 3).
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diffusion by only 13,000 cal/g-atom. The activation
energy of Zr and Sn diffusion in the solid solutions
studied can be represented as a graph (Fig. 3). The
variation of the diffusion coefficlent of tin with tin
content in zirconlium alloys has the same characteris-
tice as the .eriation of the coefficient of zirconium
selr-diffusion (Fig. 4). The results obtained by us
for zirconilum self-diffusion and tin diffusion in

zirconium are in agreement with data in articles /7/
and /8/.

Q, kcal/g-atén,‘ b So
“ Zr |
40 e -
32 |
2~

Fig. 3. Dependence of activation
energy of zirconium and tin
diffusion on the content of tin
in zirconium alloys.

It is interesting to note that from works /5/,
/12/, /13/, as well as according to data obtained by us,
one can establish a relation between the pre-exponen-
ti‘&vﬁ?°t°r and the activation energy of diffusion: Do -
Ae « Therefore the graph of lo Dy vs Q will be &
straight line (Fig. 5). In Table L numerical values for
the coefficients A and B are given according to both
the results of the present work, and the data in /5/,
/12, /13/. It sppeers that in alloys formed by sub-
stitution in Ni, Pe and Co solid solutions, the magni-
tudes of these coefficients are practically identical.
For diffusion of carbon in ferrite (solid solution
formed by penetration) the coefficlents have substan-
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Fig. 4. Consolidated graph of temperature

ve tin diffusion in pure zirconium
(1) and in zirconium alloys with

0.7% 8n (2), 3.25% Sn (3) and 5.6%
Sn (&).

Teble 4
aterlal in Diffusing | Type of
hich element solid
iffusion : solution A B
skes place .
1 slloys Cr eubstitution| 2-10-10 2900
e and Co alloys Fe,Co,Cr,W}| » 3.10 303
e slloys c penetration | 3.10-7 | 1x2)
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25 30 35 40 5 50
Q, kcal/g-atom

Fig. 5. 1log Do vs Q for diffusion of
Zr and Sn into the alloys
studied.

tially different values. Apparently this indicates
a difference in the mechanics of diffusion. The
magnitudes of coefficients A and B in zirconium alloys

differ but slightly from the first two relations
indicated in Table %.
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