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. An investigation is reported on the oxidation properties of a;pha-
zirconium at 850°C and beta-zirconium at 950°C in oxygen for periods extending
to 400 hr. and 100 hr., respectively. Nitriding kinetics of zirconium in the
range of 750° to 1000°C up to 200 hr. were investigated. The kinetics were
determined by volumetric and gravimetric techniques and may be represented
by a parabolic relationship'after a period of more rapid oxidation. The
uptakeé of oxygen or nitrogen were consistent with the ﬁathamatical evaluations
based on multi-phase diffusion models; Two diffusion models were advanced;
one based upon differential and the other upon integral solutions of diffusion
equations, It was poesible to separate quantatively the oxygen or nitrogen
partitions in the scale, alpha and beta phases of zirconium,

The diffusivity of nitrogen in alpha-zirconium was determined by using
transverse microhardness measurements. The diffusivity is: D = 0,15 exp (-~54100/R1

cm/éeca for the temperature range of 750°- 1000°C,



The influence of oxygen-nitrogen atmospheres on the scaling rate
of alpha-zirconium at 850°C was investigated. Small additions of either
gas to the other increased the scaling rate, A definite breakeway point
was observed in the secaling kinetiecs and the time interval to tge transi-
tion point varied with the relative amounts of nitrogen to oxygen.

| Scaling rates of zirconium at 850° and 950°C in the oxygen-water
vapor atmospheres initially obeye& to a good approximation a parabolic

reiétionship which was followed by a much faster scaling rate.
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CHAPTER I

Introduction

Basically, this thesis consists of three parts: the first part
comprises the reaction of zirconium with oxygen, the seéond describes the
reaction of zirconium with nitrogen, and finally the last part is a
qualitative discussion on experimental results obtained from a combined
effect of hoth gases,

It is the intention of the author to give a brief outline of the
fundamental principles and the summary of theories of high temperature
oxidation and nitriding insofar as these have been developed to the present,
followed by some experimental results from the aunthor's investigatioans.

An attempt has been made to explain the results on the basis of these
theories and principles. It is realized, however, that all conclusions
cannot be t;eated unequivocally and that additional investigations are
necessary in order to understand the kinetics of oxidation and nitriding
for even the moat simplified systems. |

The writer is aware also that a critical assessment of "most probablp
values” as one may attempt in thermoechemistry of metals for instance, is
impossible with oxidation and nitriding rates. There are too many major
influences of experimental nature: the purity, the physical state and shape
of a metal used; the treatment of the surface, the composition of the gas

phase, etc. which make comparison of results of various investigators difficult
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and méy bear on the conclusions drawn. A summary of experimental results
of other investigators together with those presented here, nevertheless,

may be useful as a guide to practical applications and may prove helpful

for derivation of systematic relationships,

The restrictions have been imposed in this thesis to apply the
theories for oxidation and nitriding phenomena to zirconium only, and on
comparison of fhe experimental results with those from other investigations
pertaining to zirconium and to metals of the Periodic Subgroup IVB. It is
apparent from the published literature that these latter metals exhibit
close similarities in behaviour towards oxygen and nitrogen. By adopting
this approach, the condition has been ;mposed to confine all comsiderations

and discussions as closely as possible to the topic of'this investigation,



CHAPTER II

Review of Literature

2.1 Introduction

The reaction of oxygen with almost all metals occurs spontaneously.

From various studies (1-9)

it is reasonable to conclude that many oxides
form a protective layer and that the transport of oxygen or metal through
the oxide at least partially determines the rate of oxidation., The problem
therefore reduces to the consideration of the extent to which coatings
formed by the reaction with gas are protective, or, in other words, we are
faced with the question of the manner and rate of growth of tarnish layers.
Kinetic theory is concerned primarily with the progress of reaction
as a function of ' temperature and concentrations of the reactants. These
factors being of most importance, the first task is to find relationships
between them, With the exception of the theory for parabolic oxidation of
metals, we do not have adequate equationsvcorrelating these factors, However,
a number of relationships based upon empirical metal-oxide models have been

suggested to account for many reaction mechanisms,

2,2 Oxidation Rate as a Function of Time:

The more common squations accounting for oxidation rates are given

here in terms of weight increase per unit area Am , time ¢ and rate
constants Kk .



The linear relationship:
fm =k, t (1)

is the simplest expression found to correlate experimental data, Generally,
the tendency towards oxidation where reaction proceeds at a constant rate
can be assessed from the volume ratic of oxide formed to the metal consumed
i, e. from the PILLING and BEDWORTH ratio., If the ratio is less than
unity the oxide may be under temsion which could be relieved by development
of cracks., An oxide exhibiting a larger volume than the consumed metal
would tend to be of a compact structure and the oxidation kinetics would
be diffusion controlled. If this ratio is exceptionally high, however, the
formation of non-uniform that is, porous or cracked scales may also be
expscted due to compressive stresses, These considerations are not without
exceptions and probably lgss significant for oxides that grow by outward
migration of matter than for oxides formed by diffusion of material from
'the surface towards the metal-oxide interface e.g. for oxides of n-type
in which oxygen diffuses via vacant anion sites.

A parabolic relationship:

om = (xpt)VZ =k VT (2)
er, a modification of this equation expressed as,

(am)? = a4 Kt (3
applies to many metals and alloys under service condition (10) and can be
derived from WAGNER'S theory of oxidation31'22), e significance of

parabolic equations is not that they provide a method of predicting;oxida-
tion rates, but if experimental results agree with these rate equations,
the underlying theoretical assumptions concerning the oxidation mechanism

may be supported and the complicated reaction kinetics better understood,
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It ié this theory the application of which to the obtained results will
be emphasized in the next chapter,

The cubic relationship:

(am)® < K ¢ ()

is found to fit the experimental values occasionally. In most cases it

applies to intermediate temperatures approx, 40000. and to thin oxide

(13) (14)

films of about 1000 R, Examples are oxidation of nickel and titanium'™ ',

This relationship can be theoretically derived and explained by the MOTT-

CABRERA mechanism(ls)

for films consisting of metal deficit oxides e.g.
such as Cu,0. For the thin film region of this type of oxides (p-type)
the MOTT-CABRERA mechanism prodicfa a direct relation between the ion -
curron£ and the electrical field. The rate controlling step being the
diffusion of metal ions in the oxide under the influence of the electrical
gradient, ENGELL, HAUFFE and ILSCENER‘!3? nave also comsidered the
influencéﬁlha electrostatic field in films of thickness of several hundred
2ngst:ams (approx. 100-1200 %) on the coﬁccntration gradient of cation
vacancies and derived a cubic rate growth equation for the p-type semi-
conducting films, e.g. KiO.

However, neither the MOTT-CABRERA nor the ENGELL-HAUFFE-ILSCHNER
‘theory explains the cubic oxidation of metals forming n-type oxides such
as titanium and zirconium (see also section 2.4 of this chapter), and it
is for these metals that cubic reaction kinetics have mainly been observed

(14,16,17)



f Finally, the more general logarithmic (or exponential) law:

m = K log (a.t+to) (5)

and the inverse logarithmic relationship:

1
i T

log ¢ (6)
predominate usually at low temperature and short oxidation exposures.
Here, the relevant model for the region of avery thin film (about 100 y.§)

has proved to be the one originally propose& by MOTT(IB)

» based on the
hypothesis that a strong electric field exists across the oxide film,

The gas~oxide interface is assumed to be covered uniformly with oxygen
anions, The electrical field is responsible for pulling the ions through
the oxide phase, Flectrons pass from the metal to the chemisorbed

oxygen layer either by thermionic emission or by the tunnel éffecttd give
rise to the electrical charge distribution., For this case, the oxidation
rate is determined by the rate of eacape of metal ions into the oxide.
This means then, that at low temperatures and for very thin film thicknesses..
the ions do not simply diffuse through the film under the influence of

a concentration gradient.

Combination of two or more of the above mentioned ralationships)
into a single oxidation~time curve is also quite common. A metal may start
to oxidize parabolically and then continue linsarly as for the case of
zirconium reported by SMELTZER and AKRAH‘lB). This relation has been tormed
paralinear. These investigators have demonstrated that-the transition frem

parabolic to linear oxidation for zircomium is associated with formation of a



?

dupléx scale composed of compaét and porous oxides, Assuming the general
diffusion equation for a concentration profile of oxygen in the metal
maintained at constant gradient with respect to the moving metal-oxide

interface at a velocity kL' i.e,

2 K
3¢ ac ,
g;-z-+-5-,ax=° (7)

it was possible to derive an expression correlating the parabolic and
linear rate constants for the case where the concentration of oxygen in
the atmosphere is equal to the initial concentration of oxygen in the
metal,

Solution of equation (7) yields:

Ir 1I s, 1
k. € .7 =D (co -C, ) (§>.

Assuming a constant oxygen gradient in the oxide, one obtains from equations
(7) and (8) for the parabolic growth law of compact oxide:

1T s II
kp = 2 SL DO (CO - CO ) (9).

The symbols used in these equations are:

%% - variation of oxygen concentration with distance into a sample

€ - thickness of a compact oxide
£ - volume of oxide per oxygen ion
b;DoII - diffusion constants for oxygen in the metal and in the compact

oxide film, respectively,
cS I _ .
o) Y9 = concentrations of oxygen in oxide at the porous-compact
oxide and oxide~metal interfaces, respectively

kL; kp - linear and parabolic rate constants, respectively.
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Since}the left hand side of equation (8) can be evaluated empirically
from the linear rate data and the appropriate phase diagram, we can
express kp in terms of kL.

Recently, SMELTZER, RAERING and KIRKALDY'?) constructed a
rhenomenological theory of metal oxidation which is based on the model
that oxygen migrates through the oxide lattice under the influence of

its concentration gradient as in WAGNER'S model(IZ)

for parabolic oxida-
tion and that oxygen diffuses also through a random array of a low
resistance pathsof temporary .= decreasing density, They assumed a uniform
and low oxygen concentration gradient in the film and that interfacigi
inhibitations could be neglected. The decay law of the available oxygen
sites in the array of short eircuit path was expressed by the first order

rate equation:
t

£(t) = £° &K (10)
and the effective diffusion constant as:
D gs = DL(l-f) + Dg.t (11).

Here: .
£%; £ - are the ‘initial and total fractions of oxygen sites
respectively within the low resistance paths in the
oxide film,
D:L;DB - are constants for lattice and short circuit oxygen
diffusion, respectively.
FICK'S first law is for the above conditionms:

AC

&x
at =t Deper T (12)



|
where:

%% - determines the rate of oxide growth

AC « represents the concentration difference of oxygen ions
across the oxide film, and

12-- gives the volume of oxide per oxygen ion.

¥.

Combining equations (10) (11) and (12) yields:

2 .k [t + -D-B-'—ti (1 "“t)] (13)
b 4 = p DL.k -

which expresses the growth of oxide governed by short eircuit and lattice
diffusion, As reported, this equation takes account of the oxidation
kineties of metals of subgroup IQB previously represented by a logarithmic
and cubic equations separately, over the temperature range 300° - 600°C,

As previously illustrated, maﬁy metals oxidize to form thick scales

by a parabolic relatiomship. WAQNERClZ)

set forth the working hypothesis
that diffusion in oxide, halide and sulphide phases may generally be inter-
preted as migration processes of ions aﬁd electrons whereas migration of
"electrically neutral atoms or molecules maybe neglected. Under the assump-
tion that the various particles migrate independently of each other it is
possible to calculate the ﬁobilities of ions and electrons in the tarnish
layer either from electrical data or from self diffusion measurements
involving isotopes. WAGNEqHéfived the following equétion for the formation

of a scale:

u(x )
. 1
_-Eeq [;gﬁ" j 7 (t + & )%Pdp ] = (14)
= kt/Ax g ’
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where: ﬁgq/A is the rate of migration of metal ions or non metal ions,

4% is the thickness of the scale, e is the electronic charge, Z, is the
valence of negatively charged non metal.icns. L is the chemical potential
of non metal, p(xt) and n(x°)) are the chemical poteatials of non metal
at the gas/scale and scale/metai interface, respectively, 6 is electrical
conductivity, and t,, &, and ty are the transference numbers of metal
ions, non metal ions and electrons, respectively. The conatant\kr, has

been named "rational rate constant",

The"rational rate constant''may be expressed also.as:

(1) %
' 1 . .
kr = Ceq r l, (-Z-; D1 ,+ DZ") dlin a (15)
a(x)

where: € = Z.C =|Z I C. 1is the concentration of metal or non metal

eq 171 2 2
ions, a, is the activity of non metal, a(xl) and &(x*L) are the activities
of non metal at the gas/scale and scale/metal interfaces, respectively, and
Dl* and Da* are the self-diffusion coefficients of metal and non metal.

With respect to metal oxidation reactions, this theory has been
applied to the scaling of copper at 1050°C and to scaling of iron in the
temperature range of 800 - 1100°C., The agreement between the experimentally

determined values of kp and those calculated from the above equations is

good,
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2,3 Oxidation Rate as Function of Temperature:

The temperature influence on surface reactions as kinetic proceases

may be expected to approximate to an ARRHENIUS equation:

k = A,exp -~ Q/RT (16)
for which the experimentally determined values of k fit the equation
in log k vs. 1/T plot as a straight line,

There are however, some notable exceptions which still await
explanation. For example, the reaction of oxygen and zinc - displays

(20)

anomalies with respect to temperature , Or as in the case of reaction

(10) or niobium(10)

of oxygen with cadmium for intermediate temperatures,
vhere it was found that the oxidation rates decrease with increasing tempera-

ture, Since activation energies Q@ , cannot be negative these effects

4
cannot be explainéd by a uniform kinetic process.
It should be mentioned that no unambiguous physical meaning has yet
been given to the constant A in equation (14). Moreover, the dimensions
of A vary with the oxidation-time law for which the equation is applicable,
GULBRANSEN(EI) considered EYRING'S reaction rate theory(aa) for
diffusion processes involving the presence of a transition state at the top

of the energy barrier between the initial and final states of diffusion to

derive an expresaion correlating the parabolic rate constant with temperature:

k = -lch?' '] exp - AF+/RT (17)0
This expression may be reduced to:
2 :
Fp = 25%2_ exp AST/R . exp - OH'/RT (18),
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Here:
d =~ is the closest cation distance in cm,
k,h « are Boltzman's and Planck's constants, respectively

* - are the changes of free énergy, enthalpy and entropy,

oF*, aHY, a8
_respectively, for formation of activated complexes,
and the term:
exp - AF+/RT « gives the number of activated complexes as a function
of the free energy barrier and the absolute temperature.

Obviously, equation (18) is related through the parabolic rate constant

' k.p to the thickness of the oxide film. Also, comparison of equation
(18) with equation (16) shows that in this theory A is slightly
depenéent on temperature, It is almost impossible at the present time to
check any considerations regarding A" and especially as* by means
of experimental oxidation data, and future &evelopments along this line
will require further arguments and much more accurate experimental values,

. The successful approach to the fundamental problem of the mechanism
of oxidation probably will continue along the theoretical line presented
above, As already mentioned a particular rate law may transform from one
form to another with the time of oxidation, There is also some evidence
that the rate-law which is followed depends on temperature.

(23)

In a recent study by KOFSTAD y 2zirconium was oxidized under a

condition of linearly increasing temperature., It was shown that between
650° ang 950°C the cubic rate-law was obeyed, and between 950% and 1100°%

the parabolic rate-law fitted the data best,.



13
2,4 Oxidation Rate as Function of Oxygen Pressure:

The oxides of metals are classified according to their lattice

defect structures, Metals forming oxides of the p-type must, when
oxidizing according to WAGNER'S mechanism, show a certain dependence on
pressure. To the first approximation a relation can be found by applying
the mass-action equation to the interaction of oxygen with the oxide,

For example, for oxidation of copper the interaction of.oxygen with

cuprous oxide may be expressed as:

b, =cuo+2ct

3% 2 g *2°9%

The concentrations of cation vacancies and electron defects (holes) are

equal, i,e,

c(ou’y ) = C (@) (29),
Using the ideal mass action law we obtain:

1/2 = const (20)

(Po)™ /[oten®yy ]2 . [c(@)]2

under the assumption that the activity coefficients are unity,
Equation (19) combined with equation (20) yields:
(@) = cleuly) = comst. (Po)® (21),

Since the diffusion rate depends directly on the number of defects, the
oxidation rate of copper would also depend on the 8-th root of Po2 .

(2l) confirm that the

Actual experimental values of WAGNER and GRUENEWALD
parabolic constant, kp s for oxidation of copper is a linear function of

the 7-th root of oxygen pressure at 100000. giving thus approximate agreement.
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Similarly, following the same reasomning, it can be shown that
the concentration of nickel vacancies in nickel oxide may be expressed
by equation:

C (@) = c(iily ) = const, (Poa)l/e' (22)
which again was confirmed by WAGNER and GRUENEHALD(ah). These considera=-
tions“élso apply to metal sulfides. In the case of iron sulfidization in
gaseous sulphur a close chgck of pressure dependence as predicted by the
defect structure of FeS was obtained by HAUFFE and RAHMEL(aﬁ).

If the surface compound is of an n-type semiconductor such as
ZrO2 or Ti0,, the mumber of defects at the oxide~gas interface may be
expected to be negligibly small at moderate teamperatures and pressures,
and consequently the oxidation rate should be nearly independent of the
partial pressure of oxygen. This has in fact been confirmed at certain
pressure ranges for several metals forming n-type oxides at temperatures
where oxidation is parabolic, e.g. for reaction of zirconiwm with oxygen
by GULBRANSEN and ANDEEW'28) vy cuszcciorr‘®, vy HusseY ana smELTZER(Z?)|

and for oxidation of titanium by JENKINS(ag).

(29) discuss more fully

In a most recent investigation VEST et al
the defect structure of mon&clinic zirconia at 1000°C. They found, from
electrical conductivity measurements, that gt low oxygen pressures and at
compositions far removed from stoichiometry,2r02~x, the conductivity may
be due to completely ionized oxygen vacancies., The lattice defect equation

for thisvconsideration is

lo == 1 -
202.......2Zr02*0n + 2e.
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Accordingly,
Cle) =& (Pc.a}"v6 (23).

However, at high oxygen pressures, for compositions removed from stoichio-
metry in the reverse sense, Zr02+x. the conductivity may be attributed to

the formation of completely ionized zirconium vacancies. That is,

i zH-
o] ZrO2 +Irg ¢ L@

2~
hence

c(@® )oc(poa)l/5 | (24),

At a composition near stoichiometry zirconia was shown to be an amphoteric

semiconductor, at a given oxygen partial pressure.

2.5 Reaction of Zirconium with Oxygen:

Although the elevated temperature oxidation of zirconium in dry
oxygen has undergone extensive investigation in the past decade, the
literature is replete with controvercy as to the set of kinetics best
-deseriptive of the extended reaction., The proponents of the parabolic
rate law appear to be offset by a similer number of authors reporting a
cubie oxidation process,

BELLE and MALLETT(Y?) sng CHARLES et a1¢%°? nave shown that during
oxidation of zirconium in the temperature range 350°~950°C the results
vere best fitted to a cublc ecuation, WESTERMAN'Y? found that zirconium
and Zircaloy 2 oxidize in oxygen and water vapor at comparable rates
according to the cubic rate law. in the temperature range of 600° - 800°C
and under a pressure of 25 mm Hg. Regardless of temperature and enviromnment
zirconium did not exhibit a transition in oxidation kinetics in tests of

25 hr, duration,
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PEMSLER(ja)'in a recent investigation has shown that the dissolution
of oxygen in zirconium in the temperature range 840°-975°C obeyed diffusion .
kinetics and remained parabolic for sufficientythigy samples. The film
growth confdrmed to a parabolic rate growth after approx, 9 hrs; the initial
rate growth could be expressed best by a quadratic equation., The over-all
weight gain curves could be fitted to the parabolic relationship after an
initial period of more rapid reaction.

HUSSEY and SMELTZER 33 gbtained similar relationship for the
temperatﬁre range of 400°f850°C. These investigators report that the
oxidation-kinetics of zirconium at long times obeyed a parabolic rate equation
which was best described in terms of a diffusion model for both the oxide |
and metal., From microhardness measurements, they determined the diffusivity‘
of oxygen in alpha-zirconium, as: D = 28,8 exp (-53,#00/RT);AH

DEBUIGNE and LEHR(34) conducted measurements on oxidation of zirconium
in the temperature range of 6000-85000 aad found that to a good approximation
a parabolic relationship was satisfied. Based on the assumption of a
diffusion controlled reaction, they derived a matheﬁatical tfeatment for
evaluating the diffusivity of oxygen in alphazirconium. The calculated
value was siown to be: D = 22,4 exp (-59700/RT) for temperatures higher‘
than 700°C, For temperatures lower than 650°C they assumed from the
discontinuity in the slope of the Arrhenius plot of D vs, 1/T ¢hat grain
boundary diffusion became preferred.

KELRNS and CHIRICO$(35) employing hardness measurements have determined

the diffusivity of oxygen in alpha=-zircouium for the temperature range
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622°-840°C, They report that the average value of diffusivity based
on their oﬁn results and those of PEHSLER(BG) end MALLETT et al.(37)
can be expressed as: D = 5.4 exp (~S0800/RT),

At present, the diffusion coefficient of oxygen in beta-zirconium
biS not known, To a good approximation the value of oxygen diffusivity
reported by MALLETT, ALBRECHT and WILSON3?) 1.e. D = 0,0453 exp (-28200
4+ 2400)/RT  for the case of beta-Zircaloy 2 may be taken into consideration.
For justification of this recommendation the reader is referred to a study
by PEHSLER(ja),

All of the above mentioned investigators report the formation of
gray zirconium dioxide only, during the reaction of zirconium with oxygen.

(18,38,39) that after

There is, however, some evidence in the literature
prolonged . exposures white oxide commences to appear and the oxidation
rate of zlrconium increases accordingly.

(40) (43) have shown that b@th oxides

ARONSON and SARKISOV et al.
possess the same monoclinic structure and that during conversion of white
oxide into gray oxide the color changes from white to gray as oxygen is
being removed, and that the reverse process is also true. Both authors
observed a slight difference in the position of lines on x;ray and electron
diffraction patterns, However, they did not attempt to determine
quantatively the changes in lattice parsmeters of the respective cell.

SAUR et a1'*®

explain the change of color in terms of optical properties
associated with the physical state of the oxide, i.e. with the thickness

of the oxide layer. Their arguments do not appear to be very convincing,
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cox(“3) discusses the wide variatien in stoichiometry of ZrOa. He points
out that none of the studies of non-stoichiometry of Zroa in the literature
can be accepted without reserve and that the pretransition gray oxide

formed on zireonium is hypo-stoichiometric. It is difficult to give precise
deviations from stoichiometry without stating the specific conditions of
examinations. Generally, the reported value is from Zroa‘x where: x < 0,001
to Zrol.9 for temperatures up to 1500°C. There is no evidence of hyper-
stoichiometry for zirconium oxide formed during the reaction of zireonium

with pure oxygen.

2.6 Reaction of Zirconium with Nitrogen:

The reaction of zirconium with nitrogen has been described by

 GULBRANSEN ana ANDREW'26)

(bh)

in the temperature range 400°-825°C and by
DRAVNIEKS at 860° to 1050°C. Both investigators showed that the
reaction obeyed a parabolic relationship and that the reaction rate was
much slower than with oxygen. They also report that the zirgonium-nitrogen
reaction is nearly independent of pressure in the range of 15760 mm Hg,
MALLETT, BELLE and CLELAND*3) investigated the zircomium-nitrogen
reaction over a wide range of temperatures (975° - 1640°C) at 1 atm and
found that the reaction conforms strietly to a parabelic law and the para~
bolic rate constant in (ml/bma)z/sec could be calculated to give: kp =
5.0 x 103 exp E—48000 + 1500)/RE?, They also determined the diffusion of
nitrogen from the gaseous phase into beta-zirconium containing 0.015 wt.%

hafnium, The samples were degassed in vacuum and then heated in nitrogen.
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Layers were removed and analysed for nitrogen. The values obtainéd could

be correlated by the equatiom: D = 1.5 x 10‘2 exp!k;30.700 + 1000)/RT&_
In the above investigations it has been assumed that the scale

consists of zirconium nitride. In all likelihood this nitride would

corréespond closely to ZrN,

2.7  Reaction of Zireconium with Nitrogen-Oxysen Atmospheres:

Even small amounts of nitrogen in the presence of oxygen have a
deterémental effect on corrosion resistance of zirconium, The deleteriocus

effect of nitrogen according to LOEVENSTEIN and GILBERT(kG)

could possibly
be explained by the replacement of scme oxygen atoms in the oxide lattice,
the exchange being in the ratio 2/3; that is, 2 ¥~ ions would replace
302— jons. Therefore, in an n-type oxide the presence of nitrogen would
increase the number of vacant oxygen sites, Since the parabolic rate
constant is directly related to the concentration of vacancies, this increased
concentration would inerease the oxidation rate in the parabelic range.

" HAYES and BOBERTSON''”) oxidized zirconiun samples in air. They
found that the scales formed were blue-black at first, and turned white
later. Samples completely covered with white scale were obtained in 24 hrs,
at 700°C and 4 hrs., at 800°C. The weight increase followed first a parabolic
law and deviations towards more rapid scaling kinetics occurred after -
formation of white oxide,

Similarily, PHALNIKAR and EALDUIN(BB) report that black scales preceded

the white scales during oxldizing zirconium in air, Before the advent of
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white scales a guasl parabolic law of oxidation was obeyed, this was

followed by a sharply increased rate for tests below 1050°¢,

2.8 Reaction of Zirconium with Water Vapor-Oxygen Mixtures:

The scaling behaviour of high-purity zirconium in water vapor at
25mm pressure and 600°-800°C was investigated by wESTERMAN(Bl). The kinetic
curves were best fitted by a cubic rate law, No deviation from this rate-
relationship occurréd even at long exposures, up to 25 hr., duration., When
compared with the oxidation rates of zirconium in pure oxygen under the same
conditions, the scaling rates in water vapour were slightly slower.

Data available in the literature and concerning the combined effect
of water vapour and oxygen on zirconium are indeed very scarce. The only
reported investigation is that by AMBARTSUMYAN et al;(hg). They investigated
the simultaneous influence of oxygen and steam on zirconium at 450°C and test
durations up to 810 hr. The oxygen pressure was 380 mm Hg, and the remaining
380 mm Hg. was due to steam. The rates of scaling under the influence of
the mixture were about the same as the rates of scaling of zirconium in steam
at 760 mm Hg. However, the behaviour of Zr -11.0% Nb and Zr-2.5% Wb alloys
was quite different, The alloys oxidized much faster in the mixture then in

pure steam, under the same conditions.

2.9 Reactions of Zirconium with Gases other than Nitrogen and Oxygen:

HALL et al.(ug), and MARTIN and REES(BO) have developed a theory

based on statistical mechanics to account for the solubility of hydrogen
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in zirconium as a function of hydrogen pressure, The good agreement between
the experimentai evidence of solubility and theoretical predictions and
between the observed and evaluated values of heats of ZrR2 formation provide
satisfactory justification for the theoretical basis of their interpretation.
They also explain the fact that the saturation solubility decreases with
temperature in terms of order-disorder phenomenon in the metal lattice,

The negative influence of hydrogen on oxidation resistance of
zirconium is of a secondary nature, Hydrogen may form a hydride under the
oxide layer and detach the oxide which would otherwise protect the metal
subastrate, Provided no hydride is formed, hydrogen in solid solution has
no direct effect on corrosion as réported by LOEVENSTEIN and GILBERT‘“G).

Zirconium is attacked by carbon dioxide and carbon monoxide more
strongly than by oxygen but less than by water vapour, at 600°-1000°¢C,

When the pressure was 0.6 mm Hg and the temperature 986°C the following

(51): oxygen, air,

sequence with regard to attack was found by DRAVNIEKS
water vapour and carbon dioxide, HUSSEY and SMELTZER(BI) in a'recent study

on the reaction of zirconium with carbon dioxide and earbon monoxide at 850°C
found that the kinetie curve for zirconium-carbon dioxide reaction exhibited
three distinct parts: an initial decreasing rate, an intermediate rapid
increasing rate, and a final decreasing rate. After about 16 hrs. the weight
gain was to a good approximation the same as for the zirconium-oxjgen reaction
and conformed to the parabolic law. The oxidation kinetics of zirconium with
carbon monoxide wére in the form of continucusly deoreasing rate curve and

up to about 16 hrs, the weight gain was approximately the same as for oxygen.

At times in excess of 16 hrs. a transition to more rapid oxidation rates occurred.
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MALLETT, ALBRECHT and BENVET?P3) found that the reaction of iodide
zirconiun with water vapour at a pressure of 33 mm g and for the temperature
range 500°—600°C obeys a cubic law and that only a single-phase oxide could
be seen under the microscope, which means that adsorption of hydrogen by
the metal must have been negligible,

Due to corresion problems in nuclear reactors, a considerable amount
of work has been carried on the oxidation of zirconium and several of its
alloys in steam. This work does not directly relate to the present study

and the reader is referred to recent review articles on this suhject(jl’su'ka'ssz



CHAPTER III

Theory for Parabolic Oxidation and Nitriding of Zirconium

3+1 Differential Model for Two-Solid Phase Oxidation and Nitriding:

Oxidation and nitriding of zirconium at temperatures less than
86200, theAallotropic transformation temperature for alpha to beta zirconium,
takes place by interétitial dissolution of the gaseous reactant in the alpha
nmetal phase up to the saturation limits and simultaneous formation of the
scale, Provided that scale growth and oxygen solution in the metal are
géverned by lattice diffusion of oxygen this giveé rise to 3 solid two-
phase diffusion system. A diffusion model applicable to this type of system
has been advanced by WAGNERP®) \nere one of the phases (metal phase) is
treated as an infinite plate.

The appropriate diffusion model for oxidation or nitriding is shown
schematically in Fig, la . For concurrent scale growth and gas dissolution

‘the total rate of oxygen or nitrogen uptake is:

i(é‘f),-n cI-cn) (

dt <) (25)

II(quce X'x>E

where:
d& [ _
and the concentration of the gaseous reactant at any point in the

-2’ -
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metal phase is given as am error function relation:

b
©, =€, +B; | 1=t ) m] (27)
Theé?ore: >
Ye Pyg
3¢
GPyee = B[V - om - S5 (28).

Substituting equation (26) and (28) iato (25) yields upon integration:

_ D
om I _ I I ¢ § /2 o,
— =2 |(cy - C3 )yeﬁ'I'I + BeyYD /n exp Yg » t (2
where:
I 13
2 (Cpp = CF ) v, ¥ Dpp = Ky(goate) (30)
and
28, {D/r - e ¢ (31)
1 T EXp = Y Dy = %plmetal) .
Therefore:

Am . 1/2
kT (kp(scale) + kp(metal))'qi;' _g K (total) * ¢ (32)

is consistent with the parabolic relationship, equation (2), and accounts
functionally for the sczling of a metal forming a itwo-phase semi-infinite
diffusion couple,
In these equations: € is the scale thickness at time ¢ ,
x is the distance from the scale/gas interface, DII and BI are
diffusivities of oxygen or nitrogen in the oxide or nitride scale and metal
respectively, C%x and Cix are oxygen or nitrogen concentrations in

the scale and metal at the metal-scale interface respectively, and BI
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and Ye are constants. C_  and C_  in equation (27) are the
concentrations of oxygen or nitrogen initially in the metal and at any
distance x> € , respoctﬁely.

Combining equation (26) with (30) one can evaluate the parabolic
rate constant f;om the movement of the metal-scale interface, providing
the values of gaseous concentrations at this interface ére known., These
can be obtained from the appropriate zirconium-oxygen phase diagrams,

e.g. by HANSEN®??, The movement of the scale-metal interface or in
other words the thickness € of the scalé for a given time .t ; can
be measured microscopically.

The binary zirconium-oxygen and zirconium-nitrogen phase dlagrams
are shown in Figure 1 c¢,d. to the temperature of 150000. Zirconium
exhibits an exceptionally large solubility for both oxygen snd nitrogen,
the solubility limits being(larger than 20at %. It is to be noted that the
solution of oxygen or nitrogen into the metal increases the temperature
for stability of the alpha phase, Accordingly, the above discussed two phase
solid diffusion model for oxidation or nitriding of zirconium is applicable
only to the allotropic transformation temperature of 862°C. If appropriate-
diffusion data are available, these data may be employed with concentrations
from the appropriate phase diagram to evaluate the parabolic oxidation or
nitriding constants.
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3.2 JIntegral Model for Twe-Solid Phase Oxidation and Nitriding

The total oxygen or nitrogen uptake at a given time, t > O is

equal to:
Am Am Am
Tiotar = Tscate * Tzr-a”

If the oxide is treated as a finite plate of uniform oxygen cencentration,

integration over the respective fields of fig, 1la yields:

€ cI *© o SCII
im . 11 j ja f 1 (53)
(7f)tota1 = . dedx + dedx + . dedx 33
o GI € ¢ oC
o o

and when making use of equation (27):

(48) =X -c)E +B - ){ erfe £ ﬁsdx (34),
A "total 11 o BI £ 5% 2V Blf 4

Let: ’5‘ = -é-v’érl-r— then dx = 2 V‘D‘?I . dg.mwhifi;h when

substituted into equation (34) and taking into account equation (26) gives
upon integration:
D
Am I Voo 11
which is the explicit expression for a two-phase diffusion model i.e, below

the alpha-beta allotropic transformation ( ~ 862°C).

Here, the values for kp‘ s are given by:

I I [ S
(kp)scale =2 (CII - CI ) T& DII (36)
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which is the same as in equation (30), and

D.
" 11 11 (37
() o1 pnamzr = 2 [BI VD; derfe Ye V5 + (C17=C )y, JTE;J

Thus, we are able to evaluate again the total parabolic rate constang and.

compare it with the experimentally pbtained value,

3.3 Differential Model for Three-Solid Phase Oxidation and Nitriding

At temperatures above the alpha~beta allotropic transformation
temperature of zirconium, dissolution of oxygen or nitrogen into the metal
stabilizes the alpha solid solution phase, Fig. 1¢,d, Accordingly a supere
ficial scale and an intermediate of the stabilized alpha phase are formed
on beta zirconium during oxidation or nitriding. It is possible to extend
the previously presented diffusion princip}as to these more complex systems.

The diffusion model governing formation of three solid phases
during reaction is shown in Fig, 1b, Let us retain the same notation as
for the two-phase model, with the following supplementary designations:
the alpha/beta interface will be ¥ , the thickness of the alpha phase

will be denoted as n , ci% and Cil

will represent the gas concentra~
tions in the alpha phase and beta phase at the phase boundary ¥ , respectively,
Let Do indicate the diffusivity of oxygen or nitrogen in the beta phase :

and C° the initial amount of oxygen or nitrogen in the metal.

For the situation shown, equations:

(G,)aaco-rBI erfc(-i-\%‘n-;f) ‘€<x'<?' (38).'

X
(c)a =C, + B erfc ( 3-175:% ) x> ¥ (39)



express the variation of gas concentration in each of the given metal
phases for the implied conditions of x.

The mass balance at the interface & is:

3¢ I _II, de ac
"D 0= €1 - 1) @& - Pr GPx- £ 40 (ko)

and at the interface ¥ :

ac 1 II, a¥ ac
=Dy (GEhevo =T =G0 T - Do Gxewmo (k1)

Correlation between equations (40) and (41) is found to be:

| ¥ |
A %) 4 (42),

ox

aC oC
(-a-;)xaw—O g(ﬁg)xz £+0 + j
(3

Differentiation of equation (38) with respect to x gives:

62C BIx ] 2

X
= exp - "'Er- (43)
ox2 2 VDLt Dt t
Substituting this into equation (42) and after solving the integral one
obtains:
B 2
ac ac 1 £ o
(32 x=90 * F3'x= 40 * VIDT X (exp - ot - P T iyt ) (b,
Substituting this equation into equation (41) yields:
0.5 e S S ,;—-52 - oxp - oy a(ci-cihEE | p (2
I'dx %= £+40 Ynt xp DIt zp hDIt YT Yo dt o 0x x=¥+0
(45),
which when solved with respect to: -DI(%%) xe £ +O‘ and combined with equation
(40) gives:
B. /D 2 '
3c I 11,86 oI II,8¥  “1'°1 £ 1
_DII(ax)x-: £-0 (CII‘CI )-5; + (CI'co )TET * Yt (exp~ EDIt = 8Xp- EDIt) *

B VD @
Ry (46)

s
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where the last term of this equation has been obtained by differentiation
of equation (39) for x=¥,
Since the total amount of oxygen or nitrogen Am per area A

taken up by the sample in time t is egual’ to:-

a ,hm ac

=, D/ | (48)
4y J—I J'-\

It =Yy VD/ Ve (49)

substitution of these three equations into equation (46) gives the total

gas uptake:
2
- D
Am I .II I II, — Y Y11 2
22 [‘cn‘cx 7, ¥Dpp ¢ (Cp - Cghvy Dy« By ¥Dy/n (ewp~ =57= - expoyy )
+8 VD /x - :{-*12-!-)-1: Ve (50)
(1] o exp Do ‘
Obviously, equation (50) reduces to equation (29) for €«x < ¥ and becomes
an explicit expression for a two phase system,
Similarly to equation (32) applicable to two-phase diffusion,
equation (50) can be expressed as: ;
Am /2 1/2
A~ (kp(seale) + kp(anphase) * kp(B-phase)) t - k'p(total) ¢ (51)
wvhere:

I I, o '
2(Cry = Oy v ¥ Dpy = ko (oxide) (52)



I _.II 2 2
2 (67 - C )y VD + B VDi/n (expey” Dp;/Dy ~ exp-y) =

p{a-phase)
and
2
2B, Y Do/ eXp = Yy DI/Do * “p(p-phase) (54),

Experimental evaluation of equation (50) follows the same patterns
as those outlined already for the two-phase model and will not be discussed
again, The experimental check on the applicability of the derived equations

for a three-phase system will be given in Chapter 8.1.2.

3.4 Integral Model for Three-Solid Phase Oxidation and Nitriding

Consider again the zirconium-oxygen or zirconium-nitrogen equilibrium
phase diagrams (Fig. le,d) and the associated diffusion model at temperature
above 862°C and time, t > O, as shown in Fig, 1b ., The total gas uptake

would be:

am Am Amy
2 total = A scale * ) zmatpha * T ze-veta (55),

or upon integrating the appropriate fields and meking use of equations (38)

and (39):
- /2 ¥ DIt
Am I 11 x 11 I 1
{A)total = (CII-CI YE + BI erfc(m)dx + (CI -CC° YE - (Co -Co)'
E/ZVDIt
(Y- E€) + B j erfc(——mx dax + (X L ¢ v (
o 5 - 56).
v/2 Dt ° ° °

Let: ‘f = -E-Tg;r, therefore dx = 2.\/DIt -d’s‘

(53)
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x VD ©
and \S-' = E—WF‘, therefore dx = 2 Dot - d’g".

Substituting these terms for the integrands and dx's of equation (56)
one obtaing: '

eBDt(fd- fd)ZBDt ferdaE’,
” éw A AR J,::-'—i ¥

as part of equation (56). With the aid of this expression, integratien

of equation (56) gives:

Am ]
(A)total [ TI O)Y 1 + B ﬁ; (ierfe YJDII'/DI-j‘erfc Y?) +

+ B YD - ierfc vy V Dy/D ]‘l? (57),
where the movement of the interfaces £ and ¥ has been given.'in terms of
relationships (48) and (49).

Equation (57) is the final expression for the total gas uptake by
a system consisting of three phases, It is immediately apparent that this
expression reduces to two-phase diffusion system, viz. equation (35), for
the condition €< x < Y.

Finally, the values of the parabolic rate constants for the appro-

priate phases are:

ko(ecale) = 2(cy,cy )Y' 11 (58)

which is, of course, identical with equation (36) derived from a two-phase

oxidation model;
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- (€7 = € )vy V DI'] (59)
and

. 5T 11
kp(veta~zr)™ 2 [ B,V Dy iderfe v, VDy/Dy + (G = C vy ‘F-D;] (60).

Thus, following the outlined already procedure we are able to calculate
the total uptake of gas and compare this evaluation with experimental
evidence., Comparison of the two three~phase models reveals that the expres=-
sions for kp's for the scale are identical. In the appendix, Problem 1, it
has been shown that the identity between the remaining terms for kp's

exists also,

3,5 Supplementary Restriction on Diffusion Processes:

Should the oxidation or nitriding phenomena be a purely diffusion

controlled reaction, then according to KIDSON(ﬁg) the following has to
hold:

€=3, °Vt
and -

n =Bt

Therefore, at a given temperature, T,:

¥n = B /Bﬂ = constant | (61)
vhere:
£ and n - are the thicknesses of the scale and alphe-phase at time

t , and
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| By » Bﬂ - are constants for the respective phases.
The plot of equation (61) vs. Yt should yield a straight line and any
deviation from linearity can be interpreted eilther by the experimental

error involved or in terms of some other process associated with the

diffusion phenomenon,

3,6 Limitations and Asgumptions Relevant to Models:

1. From the expressions for(kp's of the oxide it follows that we
approximate our calculations by neglecting the error function curve of
phase II, This assumption is necessary because we do not know the value
of Gs. The small gradient (CB-C§I)AE - should not introduce anm appreciable
error,

2. For a kinetic system the value of gas concentration in the
alpha-phase at the & interface should lie batween C%I and C%I. Similarly
the value for the beta~phase at the interface ¥ should be between C:I and
c%. This deviation from the equilibrium values arises from the fact that
a small degree of supersaturation is needed in order to forﬁ.and to continue
the growth of the appearing new phase., We neglect these deviations,

3. The mathematical treatment deriQad above is only valid for the
condition where the volume of the forming new phase (II and fS is exactly

equal to the volume of the disappearing phase.



4.1 Introduction:

Various methods have been employed for investigating the oxidation
rates and for examining the nature of oxidation products formed on metals,
The simplest and most direct methods, gravimetrie, manometric, volumetric,
electrometric, have been commonly used. Descriptions of these methods can
be found in texts dealing with corrosion., It is therefore not the object
of this secticn to review these procedures.

In this experiment the volumetric method has been chosen as a
procedure for measuring the oxidation and nitriding rates. By adopting
this method it was expected that larger samples than those used in gravi-

metric measurements could be utilized,

4,2 Volumetric Apparatus:

One of the apparatuses used for determination of gas volumes

adsorbed by zirconium specimens at various temperatures and gas pressures

(62)

combines basically two concepts: that used by JENKINS for measuring

(63)

oxidation rates of titanium and that utilized by SMELTZER et al. for

estimation of amounts of oxygen adsorbed b& silver catalysts,

- 36 -
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Essentially the whole arrangement is comprised of four main parts:
equipment for determinations of large volumes of oxygen adsorbed together
with the furnace assembly and its control , oxygen supply system, air
admittance system, and an assembly for measurements of small volumes of
gases consumed by the métals.

Fig. 2 is an over-all picture of the apparatus and Fig. 3
represents a schematic diagram of main components,

A suitable prepared specimen was placed into a demountable silica
chamber (2). Since it was suggested by DALG&ARD<6h) that zirconium may
become contaminated by silicon at high temperatures while in contact withad
silica~glass tube, the sample was supported at both ends by platinum wire
wrapped around it., To decrease the "dead" space of the reaction chamber
an evacuated silica tube (3) was placed conéentricaﬂy inside the glass
tube (2}, thus increasing the sensivity of the apparatus. The "desd"
volume between these two tubes was calibrated by the amount of water
displaced at room temperature and turned out to be: 58 ce. A water-cooled
joint (4) was incorporated in order to maintain a good vacuum seal at the
operating temperatures from 750% to 1000°¢, |

The furnace (1), which was positioned arcund the reaction assembly
by vertical slide, consisted of two independently controlled heating elements.
The inner, 36 x 2 1/2 in. in diemeter closely wound Nichrome coil acted as
the main heating source, The puipoae of the outer coil, which was concentri-
‘cally wound at both ends on the fop- of the first one, was to extend the
uniform temperature zone, This somewhat superfluous precaution appeared to
be justified when one considers the large‘effect of the SORET-type diffusion
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Fig., 2 General view of the volumetric apparatus.
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of oxygen or nitrégen in zirconium, RIECK and BRUNING(és) have demonstrated
that either of the gases moves quite readily under the influence of a
temperature gradient to that part of the metal which has the lower tempera-
ture.

The uniform temperature zome was 2 1/2 in. in length at 850°C
with the temperature variation of % 2.3%C within it, The fluctuation of
temperature was limited by the sensitivity of the controlling BRISTOL
indicator. The temperature of the adsorption cell was measured by two
standarized chromel-alumel thérmocouples, cne of which was placed very
close to the gpecimen in a cavity purposely designed for this reaéon,
es shown in Fig, 3 .

The glass~chamber (2) was connected by means of a capillary tube
to the mercury manometer (5) which in turn was joined with the calibrated
250 ec. glass-burette (7). To permit burette readings in rapid successions
(at constant pressure) the manometer was equipped with sealed-in electrical
contacts (6) and these were connected to the relay winding (R) as shown
in Fig, &4a .,

A vater jacket (8) placed around the burette prevented excessive
changes of gas volumes due to variations in the room temperature. The
water temperature was controlled by the inserted thermometer (9) and the
rate of water flow was regulated accordingly. A high resistance thin wire
(10) was vacuum sealed into the burette with the intention of continuously
recording the movement of mercury colummn on the basis of resistance changes.

Mg, Ub shows the electrical circuit diagram designed for this purpose,
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where {RB) represents the high-resistance Nichrome wire (10), (I) the
indicator and recorder, and (Pl) and (Pa) are the parallel connected
sensitizing potentiometers, A standard dry cell of 6,3V was used as
the current source. Since the direct readings taken from the gas~
buretter with the accuracy of C,25cc. ’of‘oxygen displaced were more
precise than those registered by the recorder (I), thé present
sensitizing circuit was inadequate., It should be replaced possibly
by a Wheatstone bridge-type balancing arra@gement or sdmevother
controlling equipment,

The whole assembly was evacuated by BALTZER'S oil diffusion
pump (16) coupled with a rotary mechanical 'DUO-SEAL' pump (17). To
obtain a better vacuum by hindering the '"back-streaming" of hot vapour
molecules of oil and by condensing the water vapour, the watér#cooled
trap (15) and a liquid-air trap {14) have been incorporated into the
system. A standard Mcleod gauge (12) was utilized for measuring vacuum,
Pressures ranging from 6 x 1077 t0 5 x 1072 mn Hg could be achieved
depending on the degassing time and type of oil used, Container (13)

. served as a= vacuum reservoir,

Chemically pure, medical grade oxygen was used as environment
for the oxidation studies and prepurified nitrogen for nitriding kinetics.
Before entering the system the gases were passed through the expansion
trap and cold~trap (18) and through purifiers (19) containiﬁé silica-gel

for removing moisture and (20) containing phosphorous pentoxide for
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x;emoving the residual water vapour, Since: there is evidence in the
literature, as alluded to in Chapter II, about the detrimental effects
of hydrogen and water vapor on the kinetics and mechanism of zirconium
oxidation these excessive precautions were justified. The admitted
oxygen or nitrogen was- stored in cylinder (215 of such volume that

it permitted the use of the same gas for 4-5 experimental runs,

Laboratory air, passing through dust remover (22) and moisture
adsorber (25) containing magnesium perchlorate, exerted pressure om one
side of the U-tube (26) filled with vacuum oil., The pressure difference
ocould be adjusted at will in two ways: either by the position of the
mercury bubbler (23), which was covered with a cotton stopper to prevent
the harmful particlescof mercury from contaminating fhe surrounding, or
by evacuating the right-~hand side of the U~tube by the mechanical pump
(36). Moisture-free air enters the automatically operated mercury valve
(27). In the case of a gap between the mercury level and the upper wire
connection (6) as shown in Fig, 3 or Fig, k4a and for the position of
the double pole-double throw switch (clas in Fig. La , the solenocid (28)
becomes energized and lifts plunger (29). Mercury in (27) levels up and
exposes the porous plug (30) to air which when passing through it "breaks"
the vacuum in container (11) and raises the mercury level in burette (7).
Simultaneously the gap between the mercury column and the electrical
contact is closed. The cycle repeats itself while the gas is being displaced
by the oxidizing zirconium sample. To hinder "overshooting" of mercury in
the automatic pressure manometer a damping volume (31) was incorporated into

the glass circuit,
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Part (32) of this apparatus was designed for the use of fine and
short-time measurements, A drop of dibutyl phthalate (33) moves along
the calibrated capillary tube (34). The movement is brough about by
' the decrease of pressure due to the adsorbed dxygen or nitrogen., On the
other 'side of the drop a constant pressure iz maintained by manometer (5).
The dibutyl phthalate drop is replaced from time to time from container
(35) shown as detail A-A at the bottem of Fig. 3 . The motion could
be read to the accuracy of 1 mm which corresponds from the calibration

data to 0,02 mg of gés displaced.

4,3 Procedure:

An attempt is not made to give exact descriptions of the separate
parts or to delineate in detail the operating instruction. Omnly a super-
ficial and approximate description of the operating procedures will be
outlined in this section.

After obtaining a suitable vacuum, approx. of 1 x J.O"6 mm Hg, the
furnace was positioned around the reaction cell, At this time the tempera-
ture was 6° to 10°C above the test temperature. The positive deviation
from the testing temperature was maintained purposely in order to equalize
the temperature distribution across the cell in the shortest time possible,
During this period, which was about 8 min., the final outgassing operation
takes place by heating the walls of the oxidation vessel. When the tempera-
ture decreased to the required value e.g. 850°C, 950°C etc., it was

maintained at that wvalue,
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The pressure in manometer (5) was adjusted to the desired value,
e.g. in the present case to 400 mm Hg, by admitting the proper amount of
mercury to the manometer with the aid of stopcock (f) and (g) and mechanical
pump (36). The mercury level in cylinder (7) was raised by admitting air
through the mercury valve (27) to previously evacuated container (1l1).
After closing stopcocks (b), (d) and (e) oxygen or nitrogen was let in
from bulb (21), To compensate for the known volume of the'reaction cell an
additional amount of gas was admitted, 4

Since the mercury le§el in bufette (7) may be initially below its
Q0" reference mark the mercury colﬁmn could be raised 6ither by edmitting
air from manifold (38) or through valve (27). It is obvious that the first
alternative 1s not recommended because the air contains meoisture which may
effect the subsequent readings. To open the val;e (27) while connections
{6) are short-circuited the switch (8) in Fig. 4a has to be thrown to
energize solenoid (28) and purified air may then pass the pefbus plug (30).
When mercury has been brought close to the "O" reference mark, openiig of
stopcock (b) eliminates the excess of pressure mentioned before and permits
to take subsequent continuous readings. |

Where fine measurements are required, one can make use of part (32).
Closing stopcocks (b) and opening (a) and (c) puts it into operation.
Reversing periodically the three-way stopcocks causes movement of the dibutyl
phthalate drop back and forth providing again opportunity for taking continuous

readings,



b, b Gravimetric Apparatus and Procedure:

The oxidation kinetics of zirconium in oxygen-water vapour environ=-
ment were determined by usiné a gravimetric assembly containing a McBain
type spiral spring balance, The equipment used was very similar to that
described by AKRAM and SHELTZER(lS).’ Cathetometer measurements of spring
elongation were reproducible to 0,15 mm and this corresponded to a reprcdu—'
ciblity of 0,5 mg for a specimen weighing 1.6-1.8 gm. In most cases the
thickness of specimens used was the same as for volumetiric measurements,

i,e. 2.0 mm,

For injecting water vapor into the system, an attached bulb containing
de-aerated distilled water was immersed in a bath maintained at the appropriate
temperature, By altering the temperature of the bath it was possible to
A change the concentration of water-vapour in the gaseous surrounding.

The apparatus was capable of maintaining a residual pressure of 2076
mm Hg., Prior to admitting oxygen the specimens were subjected to vacuum of

10"6

mm Hg, for a period of 12 hr, at room temperature, The furnace at the
predetermined temperature of 8500 or 950°C was then drawn over the reaction
tube and oxygen admitted to a pressure of 400 mm Hg, The type of oxygen
used and the purifying system were the same as already déscribed for the

volumetric measurements, Temperatures were controlled to + 2.5°G.

k5 Material and Preparations:

Pure zirconium from the VAN ARKEL process was used in this investiga-

tion, It was supplied in cold relled and vacuum annealed conditior by A,E.C.L,
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the composition of the metal is recorded in Table 1 in theléppendix.

Samples for oxidation and nitriding tests, approx. 2 x 1 x 0,2 cm,
were prepared by wet-abrasion on 220, 320, 400 and 600=-grit silicone-carbide
_papers followed by final polishing on 8 and 1 p diamond laps and acetone
washing and careful drying; The averages of three measurements of the
sample size were taken as basic values fc? further calculations, MHost
samples were weighed before and after the oxidation or nitriding test,

To prevent local excessive overheating at edges and hence possible
structure changes, specimens for microscopic examinations were cut under
an air-blast. For the same reason and in order to avoid a gap between the
mgtal and mountiﬁg material, whenever microscopic measurementé of oxide
thickness had to be taken, mbst samples were cold mounted in BHYSOL self=-
setting eppoxy resin and prepared for metallography by using methods
advised by EVENs(éo). Final polishing was performed on rotating wheels
impregnated with 8-micron and l-micron diamond dust, followed by vibrator
polishing with gamma alumina-oxide solution, Whenever edge preservation
was of importance, e.g. in oxide and nitride thickness detarm;nations, the

procedures outlined by CPREK(sl)

were adopted.

Measurements of the nitride thickness were made using a filar
micrometer eyepiece on normal sections of tﬁe polished specimens. To delineate
distinctly the boundary between the mount and specimen, the nitrided surface
was coated with dyed "Eastman 910" adhesive diluted in "GA~1A" accelerator
and allowed to harden for 2-4hr., and cold mounted afterwards., Dark-blue

recorder ink was used as an dye. The zirconium-nitride although quite thin
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covered the metal substrate uniformly; no appreciable edge or corner
effects coul& be observed., The thickness of the alpha-phase was measured
by projecting it on a metallographic glass-screen.

S8ince zirconium possesses a hexagonal structure and anisotropic
surfaces can be readily prepared, the polarized light renders a high degree
of contrast between areas of different orientationsand thus delineates
clearly the grain boundaries, Accordingly, it was expected that application
of polarized light techniques would be suitable for examination of the metal
and scale structures.

X-ray deéterminations were made of scale constituents, To dissolve
metal beneath the gray oxide, samples were subjected to the chemical etchant:
45 ml H,0, 45 md Hﬁoj(conc.) ‘and about 10 ml HF (52%) for 2-4 hr, and
rinsed in distilled water afterwards, The residue was ground to powder and
prepared for X-ray examination by conventioﬁal technigues, White oxide or
nitride powders were obtalned by scratching the surface of heavily scaled
samples,

In order to determine the nitrogen concentrations in nitrided
zirconium specimens, hardness profile. in the metal substrate beneath the
nitride layer was determined with a Relchert microhardness indentor using

the standard 124° diamond under a 30 gm load,



CHAPTER V

Reaction of Oxymen with Zirconium, Results

5.1 Introduction

Results of oxidation tests from volumetric measurements at 850°
and 950°C will be presented in conjunction with static weight~gain deter-
minations, metallographic observations and miecroscopic measurements, All
values of oxygen uptake are expressed as weight gains of specimens,
mg.O/bma.
' In one set of experiments, the temperature 850°C wvag chosen because
our aim was not only to test the applicability of equations (29) and (33)
_ to the oxidation kinetics of alpha zirconium but also to reach the '"breakaway
point" in the shortest possible time, Reasons forchoosing the temperature
950°C for the second set of experiments were twofold: to shpy the applicability
of equation (61) to the oxidation kinetics of beta zirconiuﬁ énd to minimize
the time to the "breakaway point" for a better definition of the expected
deviations in the kinetic curves. Also, verification of equations (50) and
(59) could be gained,

The upper range of this test‘temperature was limited by the reluyctance
to allow the formation of the tetragonal modification of Zroa. Although

the zirconium-oxygen equilibrium phase diagram by HANSEN(57) shows that the

a-ll-gc-
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transformation occurs at approximately 1000°C, DIETZEL ana TOBER(66) report
that the monoclinic structure prevails up to 950°C only. GELLER and
YAVORSKY(67) mention that the transformation takes place in the range from
983° to 1039°C, and MURRAY and ALLISON(GS), who made a thorough study of
the transformation under constant-heating-rate conditions by means of
differential thermal analysis and by a dilatometric method, extend the
possible range of transition to 950° - 850°C on cooling and from 1100° -

1190°C for the case of the forward transformation.

5,2 Oxidation Measurements at 850°C;

Fig, 5 shows the oxidation-time relationship. The plot of uxygen

uptake in mg per unit area in emz vs, square root of time , hrsl/a

)
is a straight line indicating that oxidation behaves parabolically within
the experimental time. The oxide was dark grey and no white coloration could
be seen on the surface and edges or corners of the sample, Similarly, Fig. 6
gives evidence of parabolic oxidation up to approximately 160 and 300 hr;
thereafter a not well defined deviation from the parabolic relation occurs
and the oxidation rate somewhat increases.

Since it was possible that plastic deformation of the metal might
have an effect on the oxidation kinetics,asample designated as "run IV was
normally prepared and bent to approx. 30°. From the graph it ma:,; be seen

that this degree of plastic deformation did not have a pronounced influence
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on. the oxidation rate. Both specimens from the above two tests exhibited
some white oxide on edges and corners,

Fig., 7 represents oxidation data for samples with thicknessess
approx. half of those normally used, i.e. 1 mm, From tﬁe oxygen penetratiﬁn
curve one would expect that if white oxlide formation is a function of oxygen
concentration in the metal, then the time interval to the "breakaway point"
should be shorter for samples with smaller thicknesses, Indeed, it is
evident from this graph that deviation from the parabolic relationship starts
at about 120 hr, which is approx., 0,5 of the time required for regular
samples, viz, ?ig. 6 . White oxide formation on edges of these samples
could be well distinguished.

Table 2 in the'appendix summarizes the experimental conditions under‘
vhich each sample was tested together with calculated equations for the
continuous curves. These equations were computed by the "least aqﬁares“

method.

'2,2 Q;;dation Measurements at 22900:

For clarity of presentation, the oxidation data are presented in
en arrangement based upon the visual surface properties of the oxidized
specimens, Fig. & represents the topography of oxidized saﬁples.

Based on visual appearance they have been divided into three groups. The
Roman numbers correspond to the test number and the Arabic numbers indicate

time , hrs , for which the sample was oxidized. The upper row shows the
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formation of thick white oxide scale, those in the.middle illustrate the
example of transition from gfay to white oxide, and those at the bottom
exemplify the éurface appearance of samples covered with gray oxide only.
Fig. 9 shows the plot of oxygen uptake vs. time for specimens
ldisplayed in.thé upper row of Fig., 8 and undergo%ng breakaway oxidation,
Here, the parabolic relatlionship is followed by a liﬁear dependence, This
behaviour was found when samples were pre-annealed p;}or to oxidation in a

-1y

vacuum of 5 x 10 "~ mm Hg.

Figs. 10 and 11 represent data for the transition state., The
’dashed.lines represent interpolated parabolic relations éalculated by the
"least squares" method. From these graphical representations and from those
at 85000, it can be postulated that deviation from striét}y parabolic oxidation
eommences.whenever white oxlide begins to appear. Furthermore, the formation
of this oxlide was found on specimens pre-annealed prior to oxidation in a
residual vacuum of 10”2 mm Hg, viz. Table 2. The above findings imply that
degassing (vacuum) of a system prior to oxidation must be controlled precisely.

The results from volumetric measurements, under fhe restricted

-6 mn Hg prior to oxidation are

experimental conditions for annealing at 10
given in Figs, 12 and 13 , During oxidation exposures to 100 hr, only
mimite amounts of white oxlde formed on edges and corners of these samples.
This can be seen from the macrographs in Fig, 8 .

Table 2 in the appendix summarizes the test conditions and some of

the values calculated from data obtained at'950°c,
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5 & Static, Gravimetric Measurements:

In the series of oxidation tests at 950°C each sample was weighed
before and after oxidation., The weight gain (Am)w per unit afea, A, vs.
time has been plotted in Fig., 14 . To a good approximation the parabolic
oxidation relationship is cbeyed and after the initial period of deviation
the curve satisfies the eguation: (am) /A = (4,43 £ 0.27) x 1072 V¥ g0/en®,
for time, t, expressed in seconds., Within the experimental reproducibility :
these results agree with those from the volumetric method, The values from

the gravimetric determinations are given in Table 3 in the appendix.

E.Q Microscopic Measurements and Metallography:

The results in this section and the metallographic premiseé are
pertinent to measurements and cbservations at room temperature on the oxide
scales and zirconium-Oxygen solid solution phases formed at the oxidation
temperatures of 850° and 950°¢.

According to HAYES and KAURMANN'69) the peritetic beta~zirconium
phase cannot be retained at room temperature even by quen;hing. It seems
reasonable to adopt an alternative nomenclature for the resulting beta-
rhase. We shall call this new phase the "transformed beta", which in appear-
ance resembles a scrratedslike alpha-phase. The author does not wish te
apeculate whether the zirconium-oxygen solid solution (approx. 2-7 at. % of
oxygen) transforms to the new phase by a martensitic process or whether

the resulting "transformed beta" phase forms by nucleation and growth,
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Fig, 15 shows the thickness measurements of the oxide scale
as a function of time for exposures to approximately 300 hrs at 850°C.

(33, 34, 70) are included in

Also, results from three other investigations
this figure. The growth of scale obeys a parabolic relationship and the
parabolic constant is recorded in Table 5, Microscopic examination of the
scale showed it to be compact and of uniform thickness.

Fig. 16 shows the growth of oxide with time, at 950°C, The
topography of these specimens was shown in the bottom row of Fig, & ,
where the Arabic numbers (i.e, time in hrs) correspond to the letters (a-g)
in an increasing order., It can bé seen from these pictures that voids
develop in the oxide luyer. These voids tend to hinder the oxidation of
the underlying metal, A tentative explanation of their formation end their
influence on corrosion rfﬁe will be discussed later, The faint visibtle lines.
in the metal substrate a#e cracks, Whether they form on cooling or during
the oxidation test has not been established explicitly.

Fig, 17 shows the alpha metal-oxygen solid solution layer over=-
lying the beta~metal phase here shown as "transformed beta', after an oxidation
exposure at 950°C. It is a%parent from this photomicrograph that the thickness
of the alpha-phase may be readily measured,

The thickness measuremenis of the oxide layers deéicted in Fig. 16
and the thickness of the alphaezirconium phase together with the sum of both
values have been plotted in Fig. 18 . These parameters are also tabulated
in Table 4, in the appendix. In Fig. 19 a plot is shown of the thickness
ratio of the alpha and oxide layer., After approximately 30 hrs this ratio
attains a constant value,
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: 3 o - .
iz, 16 Growth of Zirconium dioxide with time, at 950°C, Magnification 250x,



Fig, 17

Boundary between alpha-metal-oxygen solid solution
and transformed beta-zirconium (lower part). Oblique
illumination. x150, Magnification of reproduction
1o,
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Fir., 20 represents pictures taken under polarized light conditions
at the University of Toronto by courtesy of Dr, W. C. Winegard, Pictures
(a) and (b) show the cross sections of gray oxide and match with pictures
(d) and (c) in Fig, 16 respectively, which were taken under biight-light
11lumination, Pictures (¢), (d) and (e) repreéenf what was'called the
"transition" state and correspond to specimens shown in the middle row of
Fig, 8 , in a proper sequence. Here the formation of double oxide scale
is apparent. Finally, picture (f) shows the edge effect and the formation

of white oxide on the expense of gray oxide is clearly evident,

5.8 Xeray Neterminations:

Debye~Scherrer photographs of gray and white oxide obtained by
employing nickel filtéred copper radiation for exposures of approx., 26 hrs,
are shown in Fig, 21 . Both oxides exhibit monoclinic structuresand the
same plane spacings (d), within the experimental error,

" Some of the values obtained are given in Table 6, (appendix),
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Fig, 20 Cross section of Zirconium samples oxidized at 950 C, Polarized light
200 x,



(a) (b)

Fig. 21 X-Ray powder photographs of Zirconium Dioxide.

Filtered Cu radiation. Camera dia, = 10.4 cm.
(a) Grav oxide. Corresponds to sample XVIII, 76 hr.
(b) White oxide. Corresponds to sample VII, 12 hr,

Straumanis method,



CHAPTER VI

Reaction of Mitrogen with Zirconium, Results

6.1 Static, Gravimetric Measurements at 750° - 1000°C:

The zirconium~nitrogen reaction has not attracted the interest of
nany investigatofs. Although data available in the literature describing
the kinetics of nitriding are limited, those published agree that the‘
reaction obeys a parabolic relatiomship. Since the Pilling-Bedworth ratio
for zirconium nitride (1.05) is more favorable than that for zirconium
dioxide, it was decided to investigate this system more fiQQrousiy with
respect to the application of the previously derived diffusion equations.

Fig, 22 represents the weight~gain vs, time relationship expressed
by equations caloulated by the "leasf squares" method, The walues for these
equations are recorded in Table 7. A plot of weighte-gain as a function of
temperature, %K, is shown also. The dashed lines were obtained from
extrapolations of the appropriate rate equations, The parabolic nitriding
rates demonstrate that the reaction is probably a diffuaiﬁn controlled process,

All samples for the nitriding tests were preparedA by the same
procedures as already described for the zirconium-oxygen reaction. Values
of the gravimetrié results together with the final results from continuous

volumetric measurements are listed in Table 8,
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6.2 Volumetric measurements at 850° qgQ_950°C:

Fig. 25 shows the nitriding rates at 850° and 950°C from
continuous volumetric measurements. To duplicate the repPoducibility
three nitriding runs were performed at 950°C. The small deviations for
runs at 950°C is within ﬁhe accuracy of the technique., Comparison of
these determinations with those of Fig, 22 shows that both types of
measurements give the same results to a good approximation. The appropriate
values for the parabolic equation at each temperature are recorded in

Table 7.

6.3 Microscopic and Metallographic Examinations:

Fig. 24 shows the obtained values for the thicknesses of nitride
and alpha~phase and Fig, 25 1s a plot of the sum and ratio of these
thicknesses, Table 9, in the appendix lists the values used and Table 10
gives the equations of the curves,

Fig, 26 demonstrates the metallography of nitrided zirconium samples.
Picture 26a shows the topography of typical ZrN, which under normal visual
inspection appears goldish in colour. Picture 26b 1s the nermal cross
section of the nitride layer. It will be noted that in this case we do not
find voida, which were typical for the oxygen-zirconium s}atem, Fig. 16 .
Picture 26c represents the alpha-beta interface. This picture has been
taken under oblique illumination purposely, in order to reveal distinctively
the boundary between the two phases and under low magnification in order to

show the smoothness of this boundary over larger distances,
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(a.)

(b.)

(c.)

.

ig, 26 Metallography of Nitrided Zirconium; cooled from 950°C,
(a) Topography of zirconium nitride, 100x, Reproduction 2x.
(b) Zirconium nitride film and underlaying alpha, 400x
(c) Alpha-beta (lower part) interface., 250x, Oblique illumination.
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6,4 Microhardness Measurements:

To calculate the uptaké of nitrogen by the metal, it follows from
equation (31) that one has to know the value for diffusivity, Dy, of
ﬁitrogen in alpha-zirconium., A review of the literature reveals that-this
value has not been published; the only value reported is that of‘SAMSONOV(71)
for diffusion of nitrogen into alpha-zirconium powder compacts. This
author reports Dy = 7.47 x 1072 exp (-1000/T) for the range of 500° - 600°C,
The density of a compact was only99.6% of the theoretical value;and obviously -
such data for DI cannot be very reliable. It was decided, therefore, to
determine the diffusivity by the avallable techniques.

The microha;dness method is a commoﬁly employed tbchniquo(72).

The depth of the microprint depends on concentration and usﬁally the miecro~-
hardness of pure metal is smaller than that of a solid solution in which
the metal serves sz a base and increases with increasiﬁg poncentrationkof
the dissolved substance, It is most convenient toc use this @gihod at low
concentrations,

TEROO(?B) has shown that the hardness of zirconium is very sensitive
to small amounts of oxygen, while GEBHARDT Qnd SEGHEZ%I(7A) found a large
and linear dependence between the microhardness ot tantalum solid éolution
énd the concentration of nitrogen, for the range of 0.0 - 2,6 at % NZ/

From relationship:

C(X) = co + BI er:n ’ 5_%1?‘ . . (62)
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it is possible to evaluate the value for D providing that the variation
of hardness, H , vs. concentration , C(x), of nitrogen is known, This

we do not know, except for the initial nitrogen content, Co. However, we
can gain information from the values of H's resulting from extrapolatiocn of
hardness curves to the aipha-beta interfaces and from the measured surface
hardnesses for éamples nitrided at different temperatures, bccausé the
equilibrium concentrations at these boundaries are given by the nitrogen-
zirconium phase diagram e.g, by DOMAGALA and HcPHERSON(75) or HANSEN(57).

Fig, 27 and 28 show a direct plot of hardness (D.P.N,) vs,
distance , x, into a sample from the nitride-alpha zirconium interface, for
different nitriding times and temperatures. Each value piottod.xrepresents
the average of three readings taken from the same indentatioﬁ. The dashed
verticai lines in Fig, 28 represent positions of the alpha-beta boundary |
end were drawn on-the basis of microscopic cbservation, see Table 9,

Equation (62) implies that the concentration gradients for different
times become coincident on a normalized graph of C{x) vs. x/AfT". 1f the
concentration of nitrogen in the metal is proportional te its hardness a test
may be made of this relationship by plotting: H(x) vs, x/{t . Figs. 29
and 30 show this test at different temperatures., It is apparent from these
tests that the above relationship is valid within the accuracy in measuring
hardness as a function of thé identation size,

As illustrated by the plot in Fig, 31 , there is a linear relationship
between hardness and nitrogen eoncen;rafion in the metal. Assuming this

relationship between hardness and nitrogen concentration, equation (62) may be
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plotted as (H(x) - H_ }/H(0) - ﬂo vs. /¥t . The linear plot of & hardness
gradient should pass through the mid-point at x/VE = O, and at a given
temperature the hardness gradients should become coincident on probability
paper irrespective of nitriding time. Pigs. 32 to 38 show such plots,
If the linear correlation is properly fitted to the experimental
data then only one reading of (H(x) - Ho)/H(O) - B, for amy chosen value

of x/ Yt 1is necessary to solve,

ert sy = 1- 86 - 8] o) -8, . (6

directly for D., at a given temperature. An alternative method is to take

slopes for each experimental value to obtain the individual Dx's by virtue

of equation (63), and take the average as the reliable value for diffusion

of nitrogen into alpha zirconium, at a fixed temperature. The diffusion

constants calculated in this way are summarizéd in Table il,in the sppendix,
Having obtained Dy = £(T) we make use cf the Arrheniﬁé relation to

cbtain an expression for the diffusion constant., This relationship is shown-

in Fig, 39 . Utilizing the "least squares" method, the diffusion comstant

in the temperature range 750° - 1000°C may be expressed as:"@x(cnz/éec) =

0.15 exp [(-5#100 + 2000)/R§L

6.5 X-ray Determinations:

So far, it was assumed tentatively that the nitride formed during the
nitrogen-zirconium reaction corresponded to the chemical formula: ZrN, The

only justification for this premise was the golden-yellow colour of the surface
}
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(44)

film formed. This is in agreement with observations of DRAVNIEKS and
MALLETT ot al. . However, ELINSON and PETROV(7®) report that the scale
on zirconium 1s composed of the following nitrates: ZrO(N03)2 . 2320,
ZrZO}(N03)2 . 5H20 and Zr(N03)4° 5 H20 when the metal is exposed to nitrogen
atmospheres., The contents of oxidizing impurities in the atmospheres were
not reported,

X-ray analyses illustrated by the powder pattern in Fig., 40 shows
that the yellow-film formed upon heating zirconium in nitrogen is ZrN
(f.c.c.; a, = 5,56%) thus verifying the a priori assumption. Some of the
data resulting from structure determinations are given in Table 12 of the
appendix, Accordingly,the results reported by ELINSON and PETROV for formation
of nitrates upon scaling of zirconium in nitrOgen\atmospheres must be

associated with the unitnown contents of oxidizing impurities.



Fig, 40 X-Ray powder patterns of Zirconium Nitride,
Cu radiation. Straumanis method; Camera dia,
Sample nitrided for 72 hr, at 950°C,
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CHAPTER VII

Reaction of Zirconium with Gas Atmospheres. Results

7.1 Ritrogen-Oxygen Atmospheres, 8§Q°C:

The combined presence of oxygen and nitrogen gave weight gain vs.
time curves as shown in Figs., 4la,b , for several atmospheres., The run
in air has been included for comparison, During isothermal runs in nitrqgen-
oxygen environmentsor in air, zirconium followed approximately a parabolic
rate until time.waa reached after which a very rapid rate sét in., Hereafter
the point of change of rates will be called the "breakaway" or "transition"
point, |

Since runs in pure oxygen and pure nitiogen exhibited no increase
in the scaling rate &uring exposures of 100 hours, these experiments established
that the simultaneous presence of the two gases caused breskaway, even if
present in small amounts. Also, it is observed that small additions of either
gas increase the scaling rate constant, (approx. kp)' when compared with
the values of kp's‘for reaction in pure oxygen or nitrogen. The dashed lines
indicate approximately the weight changes accompanying the post-transition
period, ToAfix accurately the breakaway point would require contimuous self- '
récording equipment., The numerical equations for the parabolic range of

curves represented in Fig, Ula,b are summarized in Table 13 of the appendix.
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The times at which the increase in scaling rate sccurred have been
plotted as a function of nitrogen mole fraction in Fig. 42 , The strong
dependence of atmosphere composition on the deviation time is readily apparent
particularly at low bonqentrations of either gas where the time required
for the upswing increased appreciably.

It will be noted that the deviation times for air and the oxygen-
nitrogen atmosphere do not coincide; the breakaway point in alr occurs after
longer time. The reason for this behaviour is not ¢lear. The fact fhat the
oxygen-nitrogen atmosphere consisted of pure, dry gases as contrasted to air
contaiﬁing moisture does not afford an explanation for the difference in
time deviation to the tramsition point., Moisture has been reported to apcelerate
the scaling rate of zirconium in air, by HAYES and ROBERSON(77); :

Scaliﬁg in atmospheres of various oxygen-nitrogen compositions produced
microstructures essentially similar to those observed in air, A series of
typical structures obtained for specimens past the onset of the rapid scaling
rate is shown in Fig, 43 ., An example of the surface appearance is provided
by Fig., U3a , where both white and gray oxides coexist., The microstructures
reveal three distinct regions: 1. the alpha-zirconium core, 2. a fine filigree
of a yellow phase c1ose or at the scale-metal interface, and 3. the.scale,
Before the appearance of the white scale, the scale was gray.and compact,
However, after the advent of the white scale a number of fissﬁres vere observed
almost parallel to the scaling surface.

It is evident from these-photegraphs (especially Fig, 43¢) that both

vhite and gray scale have the same colour when viewed under a microscope with
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bright>1ight illumination. Due to multiple reflectiom, there is a difference
in colours under polarized light. The white scale is cracked. These cracké
are perpendicular to the scaling surface and terminate at the junction between
the gray and white scales as shown in Fig, 43b,c .

An attempt was made to identify the yellow phase at the metal-scale
interface, Powder filed from selected areas of samples exhibiting the presence
of this phase was analysed by X-ray techniques. The only diffraction lines
found were those of zirconium dioxide. To investigate the solubility of
nitrogen in zirconium dioxide, 11.12 gm of this oxide from Fisher Scientific
Co. Ltd. was reacted with nitrogen at 850°C for 66 hrs. in a static atmosphere.
The weight loss was about 30 pg and the colour of zirconium dioxide changed

from white to grayish.

7.2  Water Vapour-Oxygen Afmospheres:

To investigate the influence of water as a gaseous impurity on the
breakaway behaviour, several specimens were oxidized at 950°C in oxygen
contaminated with water vapour frbm a source maintained at 25°C, The vapour
pressure of water at this temperature is 23.8 mm, Bg., The extremely rapid
reaction rate is shown by the kinetic data reported in curve 2, Fig, 44 ,
For comparison éurve 1 {one of seven runs)-Shows the oxidation kinetiecs for
specimens reacted in pure oxygen, which followed a parabolic rate equation
for periods up to 96 hrs. Since the reaction rate was extremeiy rapid with
this amount of water vapour at 95000, additional experiments were performéd

at 85000. A specimen was oxidized for 50 hr, in oxygen and water vapour was
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then admitted to the reaction tube from a source maintained at 5°C, The
.vapour pressure of water at this temperature is 6.5 mm. Hg, The rate of
reaction is given by curve 2 in Fig. 45 . The breakaway occurred after .
80 hr. Again, curve 1 represents the kinetic behaviour for zirconium
oxidized in pure oxygen.,

Metallographic examinations revealed that massive amounts ofv
. porous oxide were forméd due to more pronounced deviations frém parabolic
behaviour when specimens were expoeeﬁ in oxygen atmospheres containing
water vapour. This is demonstrated by Pig., 46 , Fig. 46a is a cross
section of a specimen which was covered with areas of thick white oxide
scale, Microscopic observations disclosed also that, in some places fingers
of oxide penetrated into the metal, Fig, 46b ; wﬂ;lst in others the oxide
scale penctration was in the form shown in Fig, 46¢ . There was no evidence
for presence of an additional hydride phase in the scale or at the oxide/
metal interface. The two types of porous scales distinguished from these
experiments, were similar to growths reported by PEMSLER<78). In the first
case cracks in the oxide and metal essentially perpendicular to the surface
resulted in the formation of oxide fingers., On the other hén&. eracks
essentially parallel to the scale-metal interface caused the formation of the
broader hemispherical penetration of oxide. It was impossible to determine
for these latter growths, the role of water vapour in #heireaction mechanism
and whether the cracks were initiated in the oxide or metal. In specimens

cooled from 850°C precipitated zircomium hydride needles were observed in

the central regions of the samples, showing that hydrogen diffused into the
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Fig. 46 Metallography of Zirconium Specimens Oxidized in Oxygen-Water Vapor

Atmospheres,

a, Oxidized at QSOOC, showing the massive oxide scale formed.
Curve 2 of Fig., 44 (x40),

b. Oxidized at 850°C, shows fingers of oxide penetrating the metal,
Curve 2 of Fig, 45 (x150),.

c. Oxidized at 850°C, shows a defect produced in the oxygen rich
surface layer, (x150, polarized light).
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metal during oxidation in oxygen-water vapour mixtures. The observed

zirconium hydride needles were similar in appearance to thése reported

(60)

by EVANS for a Zircaloy-2 corroded in water at 300°C,’



CHAPTER VIII

Discussion

8,1 Kinetics of Zirconjum=Oxygen and Zirconium-Nitrogen Reactions:

8.1.1 Two-Phase Oxidation (850°C):

The volumetric determinations of the oxidation kinetics at 850°C
obeyed a parabolic relationship for exposures extending to several hundred
hours as shown in Figs. 5 and 6 , It is possible to demonstrate that
this behaviour is consistent with the diffusion model for two solid phases,

The measurements of oxide thickness were also consistent with the
parabolic growth rate for exposures as long as 200 hrs. This agreement is
shown in Fig, 15 where the present results in conjunciion with those
‘of other investigators have been plotted in form of § parabolic relationship,
From here, it follews that the parabolic rate constant for oxide growth
is:

2y, V Dyy = 0,645 x 107 cm/éec.l/z (64),

The densities of zirconium and zirconium dioxide are 6.5 and 5.83 g/cms
'respectively; and the concentrations of oxygen in zirconium dioxide and in
the metal saturated with oxygen are 25.3 and 6.75 wt. % respectively. Conseque-

ntly, the concentrations of oxygen at the oxide-metal interface are:
I II
cII = 1,47 and CI

= 0,43 9 gO./emB. Substituting these values, together with
the value of equation (64) into equation (30) one obtains:

(k) orige = 0666 x 107 £0. /ensec /2 (65).

- 107 -
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The parabolic constant for oxygen solution in the metal can a;so

be evaluated, Taking the average value for diffusivity of oxygen in alpha-

zirconium from four investigators(53’Bh‘35’36) as DI = (7.9 :_3.5) ® 10'1°cm2/sec,
By can be calculated from equation (27) and is:
BI = O.""39 bad 901 X 10.‘4/1 - erf 0011“' = 0-503 (66)

where: 9.1 x 10'# gQ/cm3 is the initial oxygen concentrationm, Co. of the

as-received metal, Consequently, we can evaluate from equation (31):

( Jpotar = (1-47 £ 0.2) x 1075 g0/cn® sec?/? (67).

The values of equations (65) and (67) may be substituted into equation

(32) to give the total uptake of oxygen:

Am -5 ,1/2 2
N A)total = (2.14 + 0,3) % 10 t g0/cm (68),
As illustrated in Table 2 this value 1s in good agreement with the experimental

evaluation of the parabolic rate constant at 85000:

k, = (2,02 + 0.1) x 1077 g0/cn® sect’/?,

Another way of calculating the total oxygen uptake is by means of the

integral model, Here, the value of (kb) remains the same as before by

oxide
virtue of equation (36), For (kp)metal we have from equation (37):

U petay = (157 £ 0.1) x 107 go/ensect/2 - (69)
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end combining it with equation (65):

(43,

T totay = (224 £0.2) x 1070, 2 go/bmz (o,

Again, this is in fair agreement with the experimental data.

We may therefore conclude that the oxidation kinetice of ziréonium
at 850°C for exposures of several hundred hours may be correlatéd with the
diffusion model for growth of the oxide scale and concurrent solution of
oxygen in the metal, Oxygen dissolution in zirconium accounts for a large
portion of oxygen consumed during the oxidation process., From the ratio
of equations (67) or (69) to equations (68) or (70) respectively, the fraction

of 68,6 - 70.0% was calculated for oxygen dissolved in the metal,

8,1,2 Three-Phase Oxidation (950°C):

Tﬁe uptake of oxygen per unit area vs. time obeyed a parabolic relation-
ship for exposures up to 100 hr at 950°C as shown in Figs. 12 and . 13 .

There are sufficient data for the diffusivities of oxygen in the alpha
and beta phases-ef.ziroonium and for oxygen saturation limits at the interfaces
to allow us to evaluate by mnnup.of equations (50)and (57) the overall parabolic
oxidation constant from the knqwn growth ratéa of the oxide and alpha phases.
The diffusivity of oxygen in alpha-zirconium at the temperature concerned has
been reported by PEMSLER'®?, DAVIS et 21(7?’, and by KEARNS and CHIRICOS(3S),

The average value of these three investigations, Dy = (4,5 + 1.8) x 109 en/sec,
will be employed in this calculation. For the value of oxygen diffusivity in

beta-zirconium we shall use D = (k.2 x 2.6) x 1077 cn®/sec, the only reported
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value for diffusivity of oxygen in the beta phase of Zircaloy~2, by
MALLET? et al,(37),
The density of beta-zirconium can be calculated from the lattice

parameter of the b.c.c., structure by means of equation:

d = 2M/NA a3 = 6,35 g/cl'n3 (7)

where:
d - density of beta-zirconium
H ~ molecular weight

NA -~ Avogadro number

a = 362 % - lattic paramcter of beta—zirconium(hé)

Taking the concentrations of oxygen at appropriate interfaces from the oxygen-

(80)

zirconium equilibrium phase diagram by GEBHARDT et al as 1.5 and 0,18 wt.%

II

o' = 0,0114 g0/cm,

we can evaluate Ci = 0,0554 and C
As a Tirst consideration the total oxygen uptake will be evaluated
from expressions arising from the differential model, viz, section 3.3.

For oxide growth, equation (52):

(k) o yig0 = (0-582 £ 0.06) x 1070 g0/ca? sec™2 . (72),
vhere: -5 1/2 T
2v, v D7y = 0.57 x 10 cm/sec from plot in Fig. 18 and Cyp end
Ciquu&l 1.45 and 0.439 gO/cm3 respectively, from HANSEN(57).

By means of equation (38), for the condition x = € , the constant
B, ies

‘BI = 0,438/1 ~ erf (0,285/6.71) = 0,460 (73),
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In order to evaluate the parabolic rate constant, (kp)alpha' we require
the value of Y?V DI . This can be obtained from the slope~intercept

equation from Fig, 18:

2 VI, =17.46 x 107 en/sec’’/? (78

Consequently, the parabolic rate of oxygen dissolution in the alpha-zirconium

phase in terms of equation (53) is:

(kp)alpha = (3,61 + 1,32) x 10~ so/cmasecl/a' (75)
where the value of (YY)Z = 1,696 as obtained from equation (74) has been

employed.
Finally, we calculate the value of B , from equation (39) for
x =¥,

Bo = 0,0105/1 - erf (8.73/64,8) = 0,0124 (76).

For the rate of oxygen dissolution in beta-zirconium from equation (S54) one
obtains:
- 2
(“p)beta. = (0.89 £ 0.59) x 10 5 g0/en sect/2 (77).
Therefore, the total oxygen uptake during oxidation of zirconium at

950°C from equation (51) is:

(42

) eay = (5:08 £ 2.0) x 100 . /2 go/0y® (78),

This value is to be compared with the experimental value of:

(é.:*.)expt = (1.7 £ 0.2) x 1077, 12 o 042 (79)
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teken as an average of seven determinations; see Table 2 in the appendix,
Within the asccuracies of the determinations, the evaluations are in agreement
and offer support for the interpretation of the oxidation kinetics by the
assumed diffusion model. It should be remembered that the employed value
for diffusivity of oxygen in beta~zirconium, Do’ was that given for beta-
Zircaloy-2.
As a second consideration, the total uptake of oxygen will be

evaluated in terms of equations arising from the integral model, section 3.4,

By virtue of equation (58) the value for (kp) remains the same as that

oxide
given above, Similarly, the constants BI and Bo remain unchanged, For
(k.p)alpha we have from equation (59):

4 ' -5 2 172
8 aipha = %) p1pna = (3-16 £ 0.65) x 107 go/ea’sec™® (80)

and from equation (60):

Am - . -5 2 1/2

G 78 beta = (k.p)beta = (0,87  0.66) x 10”7 g0/cm"sec (81),
Combining egquations (72), (80) and (81) one obtains for the total amount of

oxygen:

(48

) otay = (162 £ 0.2) x 1077 ¢1/2 go/cn? (82)

which is in good agreement with the experimental datas,

It is interesting to note that:

Am Am iy
(4B rma * Bt / Ay, ey = (3.16 4 0,87/ h,62 = 0,87 (83,
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Consequently, oxygen solution in the metal accounted for the larger portion
of consumed oxygen, 68% of it being confined to stabilization and growth .
of the alpha solid solution layer. Since the oxygen‘distribution among the
oxide, alpha and beta phases is in the ratie 12.6: 68.5: 18.9, equation (79)
may be employed to caleulate the weight, W, of zirconium dioxide formed

per unit area!

, (-})Zro = (2.28 + 0,1) x 1070 ¢M/2 g2r0,/cn (8%)
2 |

with fhe assump£1on that stoichiometric oxide is formed only,

Although diffugion accounts for the oxidation kineties, several anomalies
were evident which indicate that the diffusion model only provides a partial
understanding of the reaction mechanism, The ratio of the thickneases of the
diffusion layers according to this medel should remain constant independent of
time., As illustrated by the plot in Fig, 19 , this restriction is valid for
long exposures, but during the initial period of oxidation the oxide scale is
thicker than predicted, The factors accounting for this behavicur are not
obvious as, also, those leading to the formation of small voids at the metale~
oxide interface, as shown in Fig. 16 ,

As a closing remark to this section it should be indicated that the

gravimetric measurements from Fig, 14 give:
(4B = (4,43 + 0.27) x 107 tY2 " zo/cn? (85).

Within the experimental precision, this value shows good agreement with the

value from velumetric measurements, viz, equation (79),
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A direct comparison of the calculated values to the experimental

determinations is recorded in the following table:

TABLE I
Comparison of Calculated and Experimental Values of k 's
for Zirconi en Reaction
T:mp. Method of (kp)total (k )e, t.
c Determination Eo/cmamclfz kascalculated
950 Experimental,- (4,7 + 0,2) x l()'5 -
volumetric,
Eqn. (59) (4,62 + 0,2) x 10™2 1,02
Eqn. (50) (5.08 + 2,0) x 10~ 0.93
850  Experimental,- (2.02 + 0,1) x 1072 -
volumetric ,
Eqn. (35) (2.24 + 0.2) x 10~ 0.90
Eqn. (29) (2.14 + 0,3) x 10~ 0.9%

In a recent investigation, PEHSLER(SI) oxidized zirconium spheres of
1.7 cm diameter to suppress the effect of edges on oxidation kineties. By
using ecalculations similar to those presented here he was able to show that
oxygen solution in the metal at 840°, 910° and 975°C complies with the diffusion
controlled dissolution., Also, the rates of growths of oxide thicknesses at
840° and 910°C conformed to the parabolic relationship after initial periods
of more rapid growths. A remarkable deviation from this relationship was
cbtained at 975°C. This discrepancy was explained in terms of the orystallographic
change of zirconium dioxide from a monoclinic to tetragonal structure as already

alluded to in section 5.1.
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8.1,2 Zirconium~-Nitrogen Reaction (?50°~ 1000°C):

The calculations for the zirconium-nitrogen reaction follow the
same pattern as already discussed for the zirconium-oxygen system and
therefore there is no need to duplicate them. The final results obtained
and the intermediate values involved are given here in a tabulated form
for the convenience of checking, We commence with the necessary values
of nitrogen concentrations at the appropriate interfgces and in the metal,
The C's values correspond to the designations given by the diffusion model

in Fig. 1.

TAELE 11

Nitrogen Concentrations Relevant to the Diffusion Models.

Temp, , °c Nitrogen Concentration Nitrogen Concentration Reference
gﬁ/ém3
1000 ciI = 48 at % = 12,42 wt.% ciI = 0,880 BansEn$S?)
C§I =23 at % = 4,38 wt.% ciI = 0,285 "
c§ = 1.0 wt. % ci = 0,065 DOMAGALA et a1'52)
ciI = 0,071k wt. % ciI = 0.00453 "
C, = 0.0001 wt. % c, =0.635x 10"  Analysis - see
Table 1, appendix
950 cix = U8.25 at % = 12.57 wt.% cix = 0.89 gansen®S7)
cil = 22.75 at % = 4.32 wt. % c§1 = 0,281 "
c§ = 0.8 wt. % el = o.05 DOMAGALA ot a1 02



TABLE IT {Cont'd)

_ Temp,

850

750

o

Nitrogen Concentration

Q
#

0.05 wt. %

c = as above

(2}
[}

48,75 at % = 12,76wt%

cI =2 22,5 at % = 4,26 wt %
c = 0,40 wt %
™" = 0,02 wt %

C = as above
= 49,0 at % = 12.85 wt %

GII = 22,25 at % = 4,21 wt %

co = 0,0001 wt %
ciI = 49,25 at % = 13,0 wt %
G%I = 22,0 at % = 4,15 wt %
Co = as above
cix = 49.5 at % = 13.5 wt %
il

T = 21,75 at % = 4,08 wt %
C = as above

Nitrogen concentration

gN/em3

30’-0 w318

it

#l

=

as above

0,905

0.277

0,026

= 000127

u

L)

as above
0.91

0,274

0.65 x 10™2

0.92
0.27

as above

0.956
0,268

as above
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Reference

DOMAGALA et al(sa)

Analysis

HANSEN 7

”n

DOMAGALA et 2182

"
Analysis

—c N

Analysis

aansen'57)

"
Analysis

-

Anelysis
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TABLE III

Intermediate Values Obtained from the Diffusion Model for Zireconium-Nitrogen Reaction

Temp.
°c

and Ref,

1000

Ref.

950

Ref.

900

Ref.
850
Ref.

Ref,
750

Ref.

D, Yy D B
cmz/sec ¢:.m/x-3e¢:1/2
0.832 x 1077 0.835 x 1072  4.67 x 107
(45) or 2.6 Fig., 25 eqn. (39)
0.5 x 10~7 0.588 x 10  3.26 x 10~
(45) or a;s Fig. 25 eqn (39)
0.284 x 1077 0.5 x 107 1.3 x 107
(45) or 2.6 Fig. 25 eqn (39)

-—— - -

- - - -

v - -

L L a—a L]

—ete - -y

(rg)®

0,917

-

1,05

1.97

Y D1 Dy B,
cm/sxe;::]'/2

0.425 x 160 7.6 x 1071 o0.301

Fig. 24 TFig. 3%er 6:# eqn. (38)
0.33 x 1000 3.28 x 107 o0.301

Fig, 24 TFig, 39 or: 6.4 eqn. (38)
0,253 x 10°° 1.27 x 102 0.299

Fig. {( 24 Fig, 39 or 6.4 eqn. (38)
0.175 x 1078 4.6 x 10712 0,302

Fig. 2b Fig. 39 or 6.4 equ (27)
0,10x10° 1.39x10 0,208

Fig., 24 Fig. 39 or 6.4 eqn. (2‘7) ‘
0.08 x 100 o.h2 x 1672 0,272

Fig. 24 TFig. 39 or 6.4 egn. (27)
©

LT
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In the above summary the following values have been used for conversion

of N, wt % into gN/cmB:

7.09 g/cm3 « density of ZrN, Handbook of Chemistry and Physics(83).

6.5 g/cm3 ‘- density of alpha~zirconium(8h)

6.35 g/cm3 ~ density of beta-zirconium, from X-ray data.

The reported . intermediate values (Table III) at different tempera-
tures have been obtained from the differential model and from the experimental
evidence given in Chapter>VI.

| Having obtained all necessary data we can evaluate the parabelic
constants for ihe nitride, alpha~zirconium and beta~zirconiuvm and eompare
them with the experimentally determined value of the total parabolic rate
constant, Such comparison is made below in Tablz IV énd includes values
calculated from both the differential and integral models discussed in -
Chapter I1II, |
TABLE IV

Comparison of Caloulated and Egggrimeﬁtal Values of

k 's for Zirconium-Nitrogen Reaction,
Ww

Temp. ] y '
& Eqn LR (k)zralpha  Fplzr-veta Kpltotal  Kptotal
gN/cmasecl/2 gN/cmasecl/2 gﬂ/cmzsecl/2 caleulated experir
mental
1000 51 0.506x0° 2,98 x 10 1,51 x 10 4.796 x 1070 4. 24x1070
from
55 idem 2.586 x 1078 -

1.515 x 1070 4 607x20°6  Fig. 22



TABLE IV {cont'd)

Temp. Egn.
OC.
950 51
55
g0 5t
55
gso 27
33
oo 29
33
o0 29
33

0.222x10

(1)) oy

gN/cmasecl/2

O.hl&xlOfe

idem

0.293x107%.

iden
by

idem

0.13 x 1070

jdem
0.11 1(3"6

idem

(kp)

gﬂ/cmasec

6
6

1.28 xlo"6

1.151::10’6
6

0.728x10°6

0.393x107°
6

0.197x10~8
-6

1.836x107
1.64%x10"

0.730x10"

0.394x10"

0,202x10

Zr-alpha
1/2

(k)

p Zr-beta
1/2

gN/cmasec

0. 825x10‘6

O.823x10-6

«6
-6

0, 249x10
0, 249x10

| 1.822x107

(kp)total

calculated

3,073x1070
6

2,878x10"
6
1.696x10'6
-6
-6

0,952x10
0.95 x10
0.523x10"°

6
6
6

0.524x10"
0,307x10"
0.313x10"
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(k)

kp total

experimental

2.73x10.6

from
Fig. 22

1.65x10'6

from
Fig, 22

0. 8&6:;10‘6
from

Pig, 22
0. 4273078
from
Fig, 22
0. 29::1'0“6

fron

Pig, 22

Considering the errors arising from boundary concentrations (phase diagram)

and those inherent to the values of D's, we conclude that the agreement

between the calculations based on diffﬁsion parsmeters and the data obtained

from kinetics experiments is good.

Within the experimental exposure periods employed in this investigation
the ratio of the thickness of alpha~-phase to the thickness of zirconium nitride

remains constant as required by equation (61).

Fig. 25 .

and 1000°C overlap and for this reason they have been drawn dashed.

This has been indicated in

As a result of experimentsl precision the straight lines at 950°




8,2 Metallography and X-ray Analyses:

The present metallographic examinations imply that the transformation
of compact gray oxide into white oxide for zirconium samplés reacted in
atmospheres containing oxygen may take place within the oxide phase, viz,

Pig. 20c,e,f , and that formation of a duplex scale, Fig, 204 ,
consisting ofvgray and white oxides‘with a well defined boundary between
them may be regarded as a specific case. XQray powder patterns of gray and
vhite zirconiun dioxide showed no essential differences, both‘oxides were
moneclinic with approximately the same lattice spacings, Furthermore, the
initial white oxide formed does not necessarily have to be porous and to
glve rise to a marked deviation from parabolic oxida?ion kinetics, viz,
Figs. 10 and 11 .,

The presence of perpendicular cracks in the oxide is‘evident from
both Figs, 16 and 204 . The genesis of them can be attributed to the
oxidation process at the elevated temperature and it is unlikely that they
formed during cooling to room temperature, This is evidencéd by the formation
of white oxide within the cracks as shown in Fig, 20d , However, we cannot
conclitde unequivocally from the present evidence whether these cracks originate
in the oxide, at the metal~oxide or oxide-oxygen interfaces.‘

No exact explanation may be made of the voids present in the gray
oxide—formed on zirconium in oxygen atmospheres as shown in Fig. 16 . The
voids appear to originate at the metal-oxide interface and bééome embedded in
the scale as oxidation continues, In general a1l voids were located at approx.
the same depth beneath the oxide surface and the number of voids produced in

any specimen was insufficient to affect the parabolic kinetic data.
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We cannot advance a specific mechanism accounting for the formation
of voids. It is the author's opinion that these pores are associated with

the Kirkendall effect\td’

and are presumably formed by the condensation of
excess oxygen vacancies., Oxygen vacancies are formed at the metal-oxide
interface by the formation of oxide from the metal and, also, by removal -
of oxygen from the oxide and its solubility in the metal, Although the
degree of supérsaturation of vacancies is low and the probability that few
of them will condense to form a void is small, they will nevertheless tend
to collect into macroscopic pores because by doing so total elastie energy
of the stress system is being decreased., This elastic stress of the system
around tﬁe advancing boundary may be brought about by the occurrance of volume
changes assocliated with the diffusion process.

Similar formations of pores have been found in 50/50 Au-Ag diffusion

(86) .14 by MALLETT and ALBRECHT'S?) ip 7r-2.5 wt % Sn and

couples by SEITH
Zr « 1.5 wt % Sn alloys. Most recently, PEMSLER(BI) confirmed the formation
of voids during oxidation of zirconium in the temperature range 975°C to
1100°C; however, the oxide formed on samples exposed at 910° and ahoéc was
quite similar and did not exhibit the formations of voids, |

Microscopic examinations of the zircomnium nitride-zi:conium interfaces
did not disclese voids similar to those for zirconium-éxygen system, even at
magnifications of 1000X with the immersion objeotive. The interface appeared
to be smooth and flat as illustrated in Fig, 26b .

Scaling in oxygen~nitrogen atmospheres produced microstructures aimilaf

to those observed &n air., As shown in Fig, U3 the scale thickness becomes
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- non-uniform indicating a strong localized attack. An interesting feature

observed in these samples was the presence of thin filigrees at the metal-
metal scale interface, This phase was observed cnly.in places where the
localized attack was pronounced; where the scale was compact and uniform
this phase could not be distinguished viz. Fig., U3¢ .v

‘In the present investigation it was not possible by X-ray analyses
to identify the phase composing these filigrees. It was shown also that
zirconium dioxide does not react with nitrogen at 850°C to fbrm a8 oxy -
nitride compound, Although it may not be definitely concluded, the author
is of the opinion from the metallographic evidence that this phase is
zireonium nitride,

The possibility that this phase was stable at the reaction temperature
or had decomposed from solid solution during cooling to room temperature was
investigated by examining the structure of the specimen quenched in liquid
nitrogen from the feaction temperature, The filigrees were éﬁill present,
viz, Fig. 43d , suggesting that they formed and were stable at the
scaling temperature, Since the mutual diffﬁsivitiea of nitrogen in zirconium
dioxide and of oxygen in zirco#ium nitride are not known it is impossible
to establish definitely whether this phase is the cause or tﬁé effect of
localized scaling, Bhe author is inelined to believe in the first alternative,

The cross—sections of zirconium semples scaled in oxygan—water vapor
atmospheres exhibited localized structural defects as shown 1n Fig., 46 .

Fingers of axidplpanstrating into the metal substrate were commonly observed.
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Because of their large size it is difficult to associate their formation
with the grain boundaries of éhe metal, Wherever these defects formed the
outer scale was severely damaged indicating that low resistance paths for
ﬁhe diffusion of reactions species was necessary for penetration into the
metal, These low resistance paths could possibly be associatéd with cracks

in both the scale and metal.

8,3 The "Breakaway' Phenomenon:

The definition of this expression has been given in Chapter 7.1.
(18,88,89,90,91)

From the review of literature and from the obtained oxidation
and scaling kinetic data shown in Figs. 6;»7; 9; hla,b; hk; 45 it e
evident that a trénsition from a relatively slow parabolic reaction rate to

a somewhat faster relationship exists and that oxidation time is not thé only
factor which governs this phenomenon,

Some investigators e,g. KOFSTAD and OESTHAGEN(BQ) and COX(gl) express
the post-transition oxidation rate by a linear relationghip éﬁd attribute'the
increased oxidation rate to the formation of white oxide scale. This explana-
tion is only partially consistent with the present experimental observations.

A comparison of data from Fig. 9 (which corresponds to the gurface appearance
of samples displayed in the upper row of Fig. 8 ) with the oxidation kinetics
given by Fig. 7,10,11 (for samples shown in the middle row of Fig. 8 )

leads to the conclusion that the post-iransition period cannot be expressed by

a simple linear relationship unless oxidation is very rapid. Moreover, for

such a case there is no satisfactory evidence for a single breakaway point.
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Nevertheless, it follows from the present investigation that the formation
of white oxide may give iiee to increased oxidation rates., Confirmation of
this can be found by comparing the oxidation data of Figs, 10, 11 with the
metallography of the oxides in Fig, 20c, d,e . Having concluded that the
deviation from parabolic oxidation may be detected by the presence of white
oxidé, the differeneés are examined between the gray and white oxides.

The viewpoint is adopted that the gray oxide represengs hypo~stoichio-
metric, thermodynamically unstable form which with time transforms towards
the stoichiometric, thermodynamically stable conpositioﬁ of ZrOa. The color
ofjoxide changes simultaneously. The transformation takes place irrespective
of the physical state and shape of the metal., Certain factofé. however, may
accelerate the transformation rate of éray oxide into white oxide.

~

8.3,1 Effect of Stress:

Since the volume of oxide is larger than the volume of consumed metal
the oxide could be under large lateral stress., Some form of mechanical
breakdown of the oxide layer can be expected and the purely diffusion controlled
oxidation kinetics become violated, The mechanical breakdown assumes a form
of shear-cracking where cohesion is weak, giving rise to low resistance paths.
Such a breakdown of the oxide scale is demonstrated by Figs. 16,43,46 .

Where the adhesion is weak and cohesion strong one can expect separation of
the oxide from a metal substrate. Confirming evidence of such a case was
shown by the occurrance of véids at the metal-oxide interface, viz. Fig. 16,

Obvioysly, both mechanisms for crack formation cam cooperate concurrently.



125

It is also possible that cracking of both oxide and metal occurs,
Oxygen enrichment in the metal beneath the oxide scale may enhance the
cracking of the metal due to its embrittlement, This viewpoint has been

(92)

advanced by LEFAR and DEBUIGNE 9%’ and by O'DRISCOLL et a1$9) | Tmis type

of cracking could account for areas of localized rapid oxidation and break-

away., Possible example of this behaviour is shown in Fig. 46a .,

8.3.2 Sample Thickness:

Inspection of the oxidation curves of Fig. 6 and Fig, 7 shows
that there is a relationship between the time interval to the breakaway point
and the thicknesses of the specimens. Breakaway occured at shorter times
with thinner specimens., The data were reproducible only in the parabolie
range; in the post-transition period the deviations were irregular indicating
localized oxidation. Here again an unequivocal explanation cannot be preseanted
for this behaviour,

The shorter time to the breakaway point for thinner sgmples could be
agsociated with the factor that the sample ceases to be a seéi-infinite plate
for oxygen diffusion from a plamar  source. When the oxygen gradients from
opposite faces meet, the concentration of oxygen in the middle of the‘sample
increases., The oxygen gradient becomes less steep as oxidation continues and
less oxygen is taken up by the metal., Because the oxide scale is in a non-
stoichiometric condition at its outer interface, more oxygen may become avail-

able for the tramsformation of gray to white oxide. The fact that PEMSLER'S(BI)



126

data for oxidation of zirconium spheres of 1.74 cm in diameter at 840°C
for 600 hrs do not indicate the transition point is: compatible with the

given interpretation.

8.3,3 Influence of Atmospheres:

As illustrated by Figs. H4la, b the weight change as a function
of time obeys to a firast approximation the parabolic relationship in the
pretransition region for samples reacted in oxygen atmospheres containing
nitrogen and water vapor. The onset of breakaway oxidation was associated
with the transformation of gray to white oxide,

The sealing rate of zirconium reacted at 850°C in oxygen-nitrogen
atmospheres (starting with 10% nitrogen)was higher than in pure oxygen or
nitrogen. Increasing the ratio of nitrogen to oxygen the scaling rate
inereased up to the nitrogen mole fraction of 0,7 and decreased thereafter.
The initial increase in scaling rate can be explained in terms of the defect

equation for zirconivm dioxide i.e. at the oxygen-oxide interface:

0, +2 E]Oa' + be” = 202’ (86)

where: C]Oz- represents an oxygen ion vacancy in the oxide lattice, Oz' is
an oxygen ion in the oxide lattice and e is en electronm.

The replacement of oxygen atoms in the oxide lattice by nitrogen atoms
is at a ratio 2/3, that ie 2 will replace 309", Therefore in a n-type
oxide the presence of nitrogen would increase the nmumber of vacant oxygen
-aites and consequently the oxidation rate would increase also. A tentative

mathematical proof is given as Problem 2 in the appendix.
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The decreasiﬁg scaling rates for nitrogen mole fractions in excess
of 0,7 as well as the variation in time to the breakaway point as a function
of nitrogen content in the atmosphere could not be easily explained.

The reaction of zirconium in oxygen-water vapour atmospheres complies
with the parabolic.scaling kinetics for exposures up to 5 hr at 950°C and to
80 nr at 8$O°C.' The parabolic oxidation is followed by a breakaway point
and much faster scaling. This has been illustrated by curves 2 in Figs, Uub
and 45 ., Oxidation curves for zirconium reacted in pure oxygen have been
incorporated for comparison. The initial ?eriod of scaling, curves 2, is
about the same as for reaction in oxygen,curves 1, WESTERMAN(gh) found for
zirconium reacted in water vapor at 800°C and for 20 hr that the scaling rates
were about the same as in oxygen.

Apparently solubility of hydrogen in the non-stoichiocmetric gray oxide
in the early stages of oxidation does not markedly influence the defect structure
of this oxide and the diffusion rate of oxygen through the initially formed
scale.,

DOUGLASS(95) investigated the effect of alloying elements on the post-
transition oxidation rates of zirconium tested in steam at 400°C, It was
found that both tin and niobium increase the post-transition corrosion rates,
and that no suitable mechanism accounting for the breakaway could be advanced.
. Similarily, the present investigation indicates that for zirconium oxidized
in oxygen atmospheres containing nitrogen or water vapor we cammot offer a

unique and simple explanation for the breakaway phenomenon.
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CHAPTER IX

Conclusions,

The oxidation of zirconium at 850° and 950°C and the reaction of
zirconium with nitrogen in the range of 7500 to 1000°C obey a
parabolic relationship. .

The nitriding éud oxidation kinetics are consistent with the
theoretical evaluations based on the diffusion models,

The diffusivity of nitrogen in alpha=-zirconium in the temperature

range of 750° to 1000°C is:

D = 0,15 exp (-541C0 /RT).
This value was obtained from traverse microhardness measurements
of nitrided zirconium samples,
The parabolic oxidation kinetics of zirconium are followed by deviations
towards more rapid oxidation rates. These deviations could be attributed
to the stoichiometry of the oxide, cracking of the scale and to the
geometry of the specimens, The smaller the thickness of a plate specimen
the shorter is the time to the breakaway point.
Nitrogen-oxygen mixtures enhance the scaling rate of zirconiwm at 850°C
and decrease the time interval to the breakaway points when compared with

the influence of pure oxygen. The reaction of zirconium with oxygen-water

- 128 -
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vapour atmospheres at 850° and 950°C conforms to parabolic scaling
kinetics and is followed by a more rapid rate after the breakaway
point, The influence of these atmospheres on the transformation from

non-stoichiometric grey oxide to white oxide remains undetermined.




CHAPTER X

Recommendation for Future Work

Our calculations based on the diffusion model were approximated by
neglecting the varistion in concentrations of oxygen and nitrogen within
the oxide and nitride phases, because the diffusivities of oxygen in non-
stoichiometric zirconium oxide and of nitrogen in zirconium nitride are
not knowh, It should be possible to evaluate these diffusivities and the

values for m;s from the kinetic data and the knowndiffusivities of these
species in the respective alpha-zircénium phases,

Since the volume ratio of nitride formed to zirconium metal consumed
is close to one, it would be easier to develop.: a mathematical treatment for
the zirconium-pitrogen system first, For zirconium-oxygen system this ratio
is about 1,52 and onme would have to consider a moving boundary problem which
takes into account the difference arising from the excess of zirconium oxide
formed, The method derived by CARSLAW and JAEGER(96) could be helpful here.
The concentration of oxygen in zirconium dioxide at the oxide/oxygen interface
could be taken as that corresponding to the stoichiometric ZrO,. The value

2

of ¢otained in this way could be compared with the value of

D :
02-*’Zroz—x

De ;_ 720 determined from the experimental work under progress in this labora-
2 2

tory. The difference between these two seperately determined values could

be sxplained in terms of congentration dependence of the diffusion coefficient.



APPENDIX
. PROBLEM 1

Consider first the simpler case; show the identity of equation (54)

and (60) i.e,

2 | I
2B, v D/m  exp - v, Dy/D =2 Bo\rﬁ; ierfe 7\1!") D;/D  + 2(C" - Cc)'ryfﬁ;
(1).
S8ince by definition:
| ierfe x = m—-l—- exp (-x%) - erfe x
the R.H, side of equation (1) transforms to:

2 II o
2 B VD /n exp-yy -DI/DO -2 BOY?V Dy erfc Y‘I'v DI7‘5° + 2(?0 -Go)v?V Dy (2),

Reducing the appropriate terms leaves:

1T | ' II _‘ ,
C," = C + B (1-erf ¥/2VDE) 2 C° (3)

which is a solution of Fick"s second law for x = ¥, For reference see JOS‘I‘(SB.)

Equation (3) shows that the two terms for kp's for the beta phase are identical,

Similarly, we can show the identity of equation (53) and (59) i.e,

L & 2 2
2(Cy = G )vg VDp + 2 ByVDy/n (oxp = ¥, - Dpy/Dy = exp =vy)

II 11 g
= 2 By V—ﬁg (ierfc ch DII/DI - jerfe 7‘1') + 22(0I 'co)Yg_vsII - ?_(Co -Co)waﬁ;
e (%) “

which when applying the ferfc x definition given above, reduces to:

- 131 -
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1 ) ' II
2 Cp 1, VD] = 2By v, VD] erfe vy = 2By v YDy erfe v VDyy/Dp + 2(C7=C )y, Dy +

+ 2 cO V\lt‘f—n; (5).

Trom here it follows that:

c§ =G+ By(1 - ert ¥/2 Dt )= ci for x = ¥ )
and .

¢ +B (1 -erte /2VDt)=CE for x =¢ )

I~ Ve BT I I ‘

Hence we have proved that, not only the expressions of kp's for the beta-
phase derived from the three-phase analytical and integral model are identical,
but alsoc that this identity must hcld for the parabolic rate constants

 obtained from the two-phase models, viz. equations (31) and (37) in the text.



Elements

Mg, Mn, Sn

Co, Pb, V

Fe

Hf

N, Ni

Cd

81

Zn

133

TABLE 1

Impurity Gontents of Zirconium

Analyses® (ppm) |

25
10
5
30
2.2

210

140
1.0
0.3

85
25
50

* After: AECL, Chalk River, Omt.



Run

II
I1I

v

Vil

XI
XII
XIIT
XIv
XvVi
LVIIX
Xv
VIII

XviI
X

NOTE:

Fig.

0

10
11

10
12

12
13
13
i3
15

Experimental Test Conditions

TABLE 2

Temp,
%

8s0
850

850
850

850
950
950
950
950
o950
950
950
250
950
950
950
950

Original
Vacuum
mm Hg,

b x 10'6

3 x 1077

5 x 1077
2 x 107

3.x 1672
S x .“1.0"+
b x 10'“
? x 1077

5 x 1072
3% 1077
5 x 1076
5x 10"6
2 x J.o‘6

5x 10'6

3x :i.()"6
6

5 x 10~
2 x 10

Leak Rate

(x )

mm Hg/min

0.25 x 10™°
0,13 x 1072

1.5 x

2.2 X

2.5 x%
2.4 x

1.8 x

1.9 x

1.5 %

For values of curve eguations time

and Am/A in mg. of oxygen per cm.2

10

-2

10~2

10

10

)

-5

-5

t,

p expt.

b
gO/bmasecl/L

2,03 x 10~
2.08 x 107

1,96 x lQ'5

~7.67 x 107

~7.58 x 1077

~5.78 x I!.O"5
4,76 x 10~
b,62 x 102
.77 x 1077
4.6 x 1077
4,7 x 1072
L,65 x 102
4,92 x 1077

134

Remarks

kp-for parabolic
relation only
ditto

sample thickness
1/2 of Run, II,III
VI,

ditto

0 Ok + 4,6 VE
=0.2 + 4,55 VT
= 0,h + 3,46(F
=2,5+ 2,8 vt
= 2,06 + 2,77%
3,19 + 2,86 V¢t
2,31 + 2,76V%
1.4 « 2,82/t
2.35 + 2.79/t
1.56 + 2,95/%

Y

" 1 v

»|E5=8 = [E>[E=5 >[5~ {E>(5 =~ &~

has been given in hrs,



RON

XV
XIv
VIII
XViil
XvViI

ROTE:

TIME Weight in mg
hrs
Before After Gain

Oxidation  Oxidation (am)
16 1/2 2983.2  307..3 88.1
25 2967.4 3074.6 107,2
L2 28840 2998 . 4 114, 4
59 2891.0 3018.7 127.7
76 3213.5 3574,9 1614
93 3850.0

Index (w) means: gravimetric determinatien.

TABLE 3

Weight Measurements (950°C)

2645, 2

04,8

Area (A)

5.989
5.480
5.280
5.892
6.765

135

15,03
17.9
20,87
24,15
27.b
30,3
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TABLE 4

A

Microscopic Measurements (950°C)

RON TIME TRICKNESS THICK., OF METAL, um RATIO
hrs oF “'3
GRAY OXIDE a~-phase P-phase ‘
»

1 2 3 4 5 6
XvI 8 23.5+25  0,982:0,030 1.452 12.0¢2.1
xv 16 1/2 27,9 + 2.5 0,412+0,020 1,115 14,8+1.4
X1v 25 32.3 + 2.0 0. 567+0,028 0.900 17.5+2.0
VIII b2 34,6 + 1,7 0.663+0.020 0.662 19.341.2
IX 59 38.0 + 1.6 0,722+0,020 0,485 20,3+1.2
XVIII 76 43,7 + 1.8 0,915+0,018 0.154 20.9841.3
XVIX 93 47,8 + 1,8 1,018+0,020 0.089 21.341.1
NOTE:

1) Measurements given in columns 3 and 4 are averages of 20 values

2) Measurements in column 5 are averages of 10 values.
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TAELE S
Microscopic Measurements (850°C)

Oxidation Time Gray Oxide Thickness, Reference

hrs. microns
6 10,0 + 2,0 " HUSSEY snd SMELTZER>)
16 21,0 + 2,0 mooom

24 23.0 + 2,0 U

48 33.0 + 2,0 " n "
6 . 15,0 £ 0,6 DEBUIGNE and Lert3")
2h 20.0 + 0.6 " noow

174 5h, 8 VALLWORK et a1,7®)
96 40,0 " "o

200 . 59.0 " "o

250 65.0 " now

16 19.9 + 1.0 Present investigation
18 20.6 + 2,0 " n

36 24,0 + 2,0 " "

48 30.4 + 1,6 " n

72 34.8 + 1.6 " "

117 W5 + 1.6 " "

Equation of the line shown in Fig, 15 is:
€ =23.38+38 (t



TABLE 6
X-Ray Powder Data for Gray and White Zirconium Dioxide

Specimen: Zirconium dioxide, gray oxide Description: Oxidized in pure oxygen for 76 hr at 950°, Run XVIII

Radiation: Cu Filter: Ni A 1,542 % KV: 28 mA: 1h Exposure Time: 26 hr.
Q: 88,02 pm Correction factor: 1,0045
Line ] S (0) Data for §STM
uncorr, 2 sin © _powder file
(5,-0))  deerees a® =zt 1
(am) ca;:g:) 8 intensity

1 17.98 8.99 0.1562 b, 926 F

2 24,78 12.39 0.1245 3.59% M

3 28.58 14,29 0.2469 3.122 V.S,
b 32.08 16.04 0,2763 2,790 v.s.
5 34,88 17. 44 0,2997 2,572 S.

6 35.88 17.9% 0,3080 2,530 M,

7 39.48 19.74 0.3378 2,282 F

8 1,88 20,94 0.3574 2.157 F

2 46.18 23.09 0.3921 1,966 F
10 50,28 25,14 0, 4249 1,814 F

1 51.18 - 25.59 0.4319 1.785 K

12 55.18 27.59 0.4361 1.665 F

13 56.58 28.29 0.4739 1.627 F
14 58.58 29.29 0.4892 1.576 W

get



TABLE 6 c¢ont'd

Specimen: Zirconium dioxide, white oxide Description: Oxidized in pure oxygen for 12 hr at 950°, Run VII

Q: = 87,78  Correction factor: 1,004

Line 8 5 (©) Data for ASTHM
uncory., 2 sin © pouwder file
(5,-8,) (gegrees a (® 1
(mm) c:ggf;a) intensity
1 17.75 8.875 0,1543 L 997 M
2 24,98 12,49 0.2163 3.56h 5
3 28.99 1k, ko5 0, 2504 3.079 V.
b 32.31 16.155 0.2782 2.771 V.S,
5 35.42 17.7 0,3042 2.535 s
6 36.08 18.04 0.3097 2.489 M
7 39.74 19.87 0.33%9 2,268 F
8 by, 64 20,82 0.3554 2.169 M
9 k2,65 21.32 0.3636 2.120 M
10 46,47 23.23 0,3944 1.955 M
11 47,07 23.53 0.3992 1,931 S
12 50,43 25.2k 0.4264 1.808 F
13 51.69 25.85 0. 4360 1.768 M
14, 55.50 27.75 0. 4656 1.656 M

F-Fair, V.S, - Very Strong, M - medium, S5 - strong, W - Weak; G~doublet

641
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TABLE 7

Line Equations for Zirconium-Nitrogen Reaction

Temperature : Line Equations

%, Gravimetric Technique - Volumetric Technigue

1023 Am/A = =0,022 + 0,174 ¥ € -

1073 sm/A = 0,025 + 0,0286V ¢ -

1123 tm/A = 0,038 + 0,0507 V¢ Am/A = 0,014 + 0,051V ¢t

1173 Am/A = 0,027 + 0,099 V © ~ - |
. om/A = =0,01 + 0,158 V¢~

1223 Am/A = 0,021 + 0,158 V¢ Am/A = 0.02 + 0.152 VT

Am/A =

‘“0.0l + 00156 r?
1273 Am/A = 0,001 + 0,254 V ¢ - |
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TABLE 8

Weight Measurement (750°- 1000°C)

Temp, Test time Welght=-Gain Area

°% hrs AW, mg A, cmz (QK!)U (éf)v' mg/cm2
1000 9 2,280 2,964 0.768
25 3.32 2,637 1,261
36 3.2 2,237 1.530
950 25 1.86 2.217 0,842
36 2.18 2,234 0,976
49 2.58 2,158 1.196
48 2,34 2,412 0.97 0,95
72 3.21 2,264 1.40 1.38 and 1.35
900 25 1.61 3,084 0,522
49 2,06 1,705 0.720
81 1.97 2,142 0.918
850 25 0,75 2,425 0.295
36 0.85 2,452 0,346
49 0.81 2.193 0,369
64 1.06 2,303 0,460
71 0.91 2.186 0,17 0,426
81 1.29 2.k22 0,535
800 36 0.79 3.929 0,206
64 1,00 k,082 0.245
81 1.1 b.164 0,267
100 1.4k 4,064 0,322

Cont'd



1h2

TABLE 8 Cont'd

Temp. Test time Weight-Gain Area. oWy AWy 2
°c hrs oW, mg A, &n® e Xy wefon
750 49 0.38 3.888 0,098
102 0.65 3.901 0,166
244 o0 KoK 0,173
169 0,82 L, 00 0,206

Legend; 1, subscripts (w) and (v) - denote static-gravimetric and volumetric
measurements.
2, Measurement of area has been based on average of three readings

across the diagonals,
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0%~ 1000%)

Microscopic Measurements (75
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_ Temp.
°K,
1023
1073
1123
173
1228
1273

TABLE 10

1hd

e Bouations for the Thicknesses of Zirconium-Nitride and

Alphe~Phase as & Function of Time

Thickness (n) of
alpha-phase, ¥

Thickneas (€ ) of
zirconium pitride, p

- . E = -0.06 + 0.096 r‘E
- & = 0.1 + 0.12 ﬁ_
- €= 0,09 +0,21V¢

n=178 +5,690 V¢t
‘082027"'6079W
=230+ 94 Vi

€=0.19 + 0,28V ¢
€=0.12 + 0,407 ¥ ¢
£=0.29 + 0,501V ¢t

Thickness(n) + (€)
B

(e+7)
(€+ 1)

1,66 + 6.01V¢
3.41 + 7,05Vt

L]

L]

(£+n) = 2,13 + 10,03/¢

i
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TABLE 11

Microhardness Measurements and Diffusion Data

Temp. °C

and d; @ X3 H(x); DPN H(x)-Ho H(x)-145 5
time kg/mme H(O)-H_ = 1665-145 .50 Dj em”/sec
750°C 34 1/2 o 1665=H(0) 50 - 13

102 hr, 52 3.3 930 25,8 3,52 x 10
61 6.75 530 12,6 h,76
103 11,7 186 1.35 3.81
112 16.7 157 0.4 5.37
114 18,0 152 0.23% 5.49
118 26.6 k2 - -
116 32,2 147 - -
113 36.6 p L% - -
118 50,0 142 - -
116 60,0 147 - -
750°C 34 1/2 0 1665=H(0) 50 - 413
144 he, bl 3.3 1019 28,4 3,20 x 10
90 10.0 2Ll 3.25 2.8
89 12.0 249 3,42 4,16
93 15.5 228 2.73 6.27
107 18,0 172 0.89 5.57
115 20,0 149 0,13 4,30
118 21.6 142 - -
118 23.4 142 - -
116 26.6 147 - -
117 33,0 144 - -
118 36.5 142 - -
117 46,5 14k - -
H{x) - 14
1706 = 145 20
800% 34 o 1706=H(0) 50 - -12
64 hr, 5] 3.3 1174 33,0 1.21 x 10
50 6.75 789 20,6 1.47 \
63 10,0 Lg7 11,3 1,47
87 13.3 261 3,2 1,20
108 16.7 169 0,77 1.03
112 20.0 157 0.38 1.22
119 30,0 139 - -
118 36.5 142 - -
116 40,0 147 - -
116 k6,5 1h47 - -
117 56.5 147 - -



850°¢
6“ hr.

34
50

100
100
113
114
118
120
117
117
116

39
50
97
93
106
113
117
115

117
117

. 118

117

34

k9
52
78
88

98 .

109
118

115

119
117
117

TABLE 11 (cont'd)

0 1706sH(0)
789
453
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137
1hh
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147
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8

3

147

TABLE 11 (cont'd)

38 3.4 1366 39,2 2,63 x 10”
L3 6.7 1174 33.0 3.96

H1 3.3 1174 33,0 6.10

48 13,5 * 856 22,8 5,49

62 20,0 513 11.8 L, 97

89 30,0 249 3,46 . 4,67

96 33.25 214 2.21 4,67
110 40,0 163 0.577 4,33

115 46.5 149 0.125 4,08

118 53.3 142 - -

116 56.5 147 - -
116 60,0 147 - -
117 73.5 144 - -
118 83,5 142 - -

34 0 1706=H(0) 50 - 12
§ 5 1174 23.0 7.19 x 10
47 10 893 24,0 11.1

62 20 513 11,8 15,8

70 25 402 8.25 18.0

72 30 381 7.55 24,2

26 [} 214 - -
104 50 182 - -

110 70 163 - -
116 90 147 - -
117 140 144 - -

3h 0 1706=H(0) 50 - 1
s 10 1233 34,8 1.88 x 107
57 20 629 18.7 1. 44

59 25 566 13.5 1.45

65 30 Le7 10.3 1,61

74 40 351 6.6 2.00

96 50 214 - -
105 60 179 - -
114 100 152 - -
116 130 147 - -
116 © 150 147 - -

H(x) - 14
1765 = 1450

33 1/2 0 1765=H(0) 50 - Ty
39 10 1297 35.6 2,86 x 10
Lo 15 1118 30,0 3,16

46 20 932 24,2 3.16



1000°C
25 hr,

1000°C
36 hr,

55

93
102
109
118

33 1/2
39

49
55
61
6k
97
107
108
112
117
116

33 1/2

b
51
53
56
59
98
106
109
113
116
116

33 1/2
39

k7
51
59

101
105
112
118
117
117

TABLE 11 (cont'd)

30
35
50
80

100

140

0
10
20
25
30
Lo
45
60
80
90

120
150
190

0
10

652
466
205
189
166
4]

1765=H(0)

1279
974
822
652
530
481
209
172
169
157
1hh
146

1765=H(0)

1366

1019
759
702
629
566
205
175
166
i5h
146
146

1765=8(0)
1297
1067
1019

893

35. 6
25.6
20.8
15.6
12,4
1003

3

~J Q0 ~3
L L]
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-

T EACEY
e
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TABLE 12

X-Ray Powder Data for Zirconium Nitride

Specimen: Zirconium Nitride Deseription: Zirconium reacted in pure nitrogen
for 72 hr, at 950°C, Run 5
Radiation: Cu Filter: Ni A=1.562 8% Kv: 28 mA: 20

=

Time: 24 hr, @ = 104,225 Correction factor: 1,0025

]

Line mcoir 5 e Data for ASTM powder file
(s,-0,) (orge a (B mtznsity
(eam) camera)
1 34,65 17.368 0,2985 2,582 s
2 40.05 20,075 0,3432 2,246 8
3 57.8 28,972 0, 4843 1.592 8
b - 68.9 34,536 0.5669 1.360 M
5 72.45 36.316 0.5923 1,3017 F
6 81,78 h2,997 0,6818 *1,1308 W
? 95.58 47,909 0.7420 1,0391 F
8 98.98 49,613 0.7617 1.012 F
9 112,18 56.230 0.8318 0,927 W
10 122,78 56.530 0.8342 0,92k W



AMir at
400 mm Hg.

TABLE 13
ations for Reaction of Zirconium in Nitrogen

Atmospheres at 82"0 .

=i&00mmﬂg
° K

Line equation

. Mm/A = 0,3, +310 V t

Am/Agool'.'Bo& V_E—
Am/A = 0,3 + 4,10 V ¢t

Am/A =1,0+ 3,05 V 1

Mm/A = 1,0 + 2,70 V£~
am/A = 0,7 + 2,45 | ¢
Am/A = 05 + 2,37 V t
dm/A = 0,1 + 2,24 £
/A =02 +1,67 V t

om/A = 0,2 + 2.96 V ¢t
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PROBLEM 2

The zirconium oxidation process can be pictured as oceurring by

the formation of an oxygen ion vacancy at the metal-oxide interface:

he

Zr(metal) = 2r)" + 200°" + ke (1)

where: Zr{metal) represents a zirconium atom in the metal lattice and

Zr:* is a Zrh* ion on a lattice site in the oxide, In order for parabolic

oxidation to proceed.t:oa' and electrons must diffuse through the oxide to

the oxygen-oxide interface where they are consumed in the reaction:

2 2-
02+200 +4e=zo£ (2)

for which the equilibrium constant in terms of concentrations is:

L 2
k= 1/p02 (ce) (€502-) (3).
Since, from mass action law:

{Cc ) =1/2 (C) (W),
oo2” e
we have

k = 16p, (cwz_)6 (5).

Assuming the ionie c¢onductivity, tc , to be a linear function of concentration

of oxygen vacancies:

. (1%2)'1/6 6).

From the theory of parabolic scaling, equation 1k, follows that generally

oxidation of a a-type semiconductor increases as ionic conductivity increases,

kpzfcﬂ'u), .
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If 28" ions may replace 30°" joms in the zirconium oxide lattice,
we have in terms of the electronic balance:
2-

0

C =2C -C
e 00> §

(7),

2-
vhere: C;B- means concentration of nitrogen in oxygen sites., From equation (3):

k' = 1/16 p_- (1 - 002_ /2¢C )"- (c )6 (8)
°s ¥ no® mo®
for the equilibrium comstant. Again assuming CU =} (C 2_) we have:
0o
' -1/6. %" -2/3
=k p a-¢% s2¢ ) (9)
o 2 02 N}- Do2-

which can be compared with equation (6) if we assume that k, = k, for

small enough concentrations of nitrogen. Then :

CU = {1 - Co
GE, ¥~ 00%"

shows that the scaling rate increases when the concentration of nitrogen

Du
/2C y2/3 (10)

ions in the zirconium oxide phase increases,
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