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An investigation is reported on the oxidation kinetics of a Zr-2% w/o
Nb alloy in the temperature range 650° - 1000% in pure oxygen atmospheres.
Weight gain data is presented for rectangular piate specimens in the range
6500 - 9919C, The kinetics were determined continuously using thermogravimetric
techniques and may be represented by a parabolic relationship followed by
essentially linear kinetics over the range 650° - 8850€, while over the
range 937° . 991°C, parabolic kinetics is foliowed by a breakaway transition
to an increasing reaction rate. In the low temperature range the parabolic

rate constant has been calcuilated to be k{ = 20.8 exp (- ELQ“ ) and in the

high temperature range kp = 0.22 exp (- gggﬁgi,

The latter part of the investigation was focused on the oxidation
of Zr-2% w/o Nb at 1000°¢ in pure oxygen for periods extending to 23 hours.
The morphological development of the oxide scale and metal substrate during
parabolic oxidation was investigated and is supported by kinetic, X-ray,

electron micro-probe and metallographic observations. Spherical specimens

(i)



were used to minimize edge effects and hence extend the period of parabolic
behaviour, The observed microstructures are discussed with reference to the
Zr-Nb-0 phase diagram,

A qualitative discussion pertaiﬁ%ng to observations related to the

breakaway phenomenon is also presented.
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CHAPTER I

Introduction

In the rapidily advancing field of nuclear technology, zirconium
and its alloys have assumed a significant role. The development of zirconium-
base ailoys is being forced by the demands for sironger and lighter sections
of more corrosion-resistant materials having low neutron absorption cross
section for structural use, such as pressure tubes, in nuclear reactor sys-
tems. In the development work on zirconium-base alloys for application in
water reactors, alloys containing afobium are receiving increasing attention
with respect to having the best combination of strength, ductility, corrcsion
resistance and neutron economy.

In this investigation, the behaviour of a Zr-2% w/o Nb ailoy oxidized
in a pure oxygen atmosphere in the temperature range 650° - 1000°% is reported.
The study may be divided into two parts: the ¥irst part consists of Kinetic
data compiled over the entire temperature range using rectangular piate
samples while the second part is Pocused on the morphoiogicai development
of the oxide scale and metal substrate at 1000% and is supported
by kinetic, X-ray, electron micro-probe and metallographic observations,

A brief outline of the Tundamental principles and theories
pertaihing to high temperature oxidation is given as well as a review of other
investigations of zirconium, nicbium and zirconium-niobium ailoy oxidation,
This is followed by some experimental resuits vrom the author's investi-

gation and an attempt has been made to explain the vesults on the basis of



these theories and principles. Direct comparison of results with other investi-
gators is difficult due to differences in experimental conditions; however,
any agreements or disagreements between experimental observations are

qualitatively discussed,



CHAPTER II

Review of Literature

2.1 Introduction

Metal oxidation pertains to the reaction of a metal with oxygen to
produce a reaction product consisting of one or more oxides, This reaction
is of a more complex nature than it appears. It was not long ago that
mechanisms of metal oxidation were based on the simple concepts for dif-
fusion of metal or non-metal ions through the oxide lattice. dowever,
investigators during the past two decades have shown that other factors
such as the structures of the metal and oxide, mechanical properties of
the oxide, nucleation, oxide compositions and oxygen solution in the metal,
etc., may influence the process of metal and alloy oxidation, Consequently
simple metal or oxygen ion diffusion through the oxide lattice only determines
the rate of oxidation in a few idealized cases.

It is the purpose of this chapter to briefly summarize the principles
of metal and alloy oxidation. A more thorough description of the topic

may be found in many standard texts(192:3)

2.2 Oxidation of Metals

2.2,1 Structure of Oxides

An understanding of the nature of oxides is necessary before dis-

cussing oxidation mechanisms, Practically all oxides are semiconductors,

)



and electrical conduction may occur either by positive holes (p-type semi-
conduction) or by electrons (n-type semiconduction). Wagner proposed
that oxide semiconductors are not of exact stoichiometric composition, but
may contain an excess of cations or anions, Consequently, oxides may have
cation or anion vacancies or ions in interstitial positions in the lattice.

A metal deficit (p-type) oxide is one having vacant cation sites
and electrical neutrality is maintained by the formation of higher valence
cations or positive holes. The model for a metal excess (n-type) oxide
is one in which there are metal ions in interstitial positions or anion
vacancies in the lattice and free electrons, The validity of these modeis
has been demonstrated by means of electrical conductivity measurements on
the oxide.. The defect equations generated from the models relate the con-
centration of the defects to the oxygen pressure, Since the conductivity
is proportional to the defect concentration, its dependence on the oxygen
pressure may be experimentaily verified.

The fact that an oxide may exhibit & variable composition range
is important when considering metal oxidation reactions. The nature of
the defect structure of the oxide which occurs in a particular case partially
determines the oxidation rate. For an oxide layer growing on a metal, an
oxygen pressure gradient and a defect gradient exists across the oxide, A
concentration gradient across a single solid phase causes diffusion of
ions via interstitial or vacant lattice sites. Thus a knowledge of the
defect structure and the nature of the diffusing species is necessary in

order to understand the oxidation mechanism,



(%21

2.2.2 Oxidation Rates

Reaction rates and corresponding rate equations for the oxidation
of a metal are functions of a number of factors such as temperature,
oxygen pressure, surface preparation and pretreatment of the metal. Although
interpretations of oxidation mechanisms cannot be made from rate equations
alone, these equations can be used to classify the oxidation behaviour
of metals and thus Timit the interpretation to a certain group of mechanisms.
The number of possible mechanisms may be reduced or the proper one may be
deduced by correlation with other studies. Kinetic data obtained from
metal-gas studies are most often compiled in the form of weight gain per
unit area, A%-, as a function of time, t. In many cases, the increase in
weight can be related to the thickness of the oxide film if the deasity and
molecular volume of the oxide are known.

The rate equations which are most commonly encountered may be
described as logarithmic, parabolic or linear; these represent only limiting

and ideal cases and deviations from these rate equations may occur

Logarithmic rate equations,

Ara

Direct logarithmic: (iﬁﬁ = Kéog . log(a.t + to) (2-1)
1

Am)-a-xﬂ . log t (2-2)

Inverse logarithmic:

are characteristic of the oxidation of a large number of metals at Tow
temperatures (below 300°- 400°C) where the thin film range exists (about 100 ).
-7Yis the weight grain per unit area, t is the time and K] 0g and Kii are
the rate constants; a, B and to are constants, The model for the thin film
range is based on the hypothesis, originaily proposed by Mott(ﬁ), that a

strong electric field exists across the oxide film, and this field is



responsible for pulling anions or cations through the oxide phase. The
electrical charge distribution arises from electrons passing from the metal
to the gas/oxide interface. The passage of metal or oxygen ions into the
oxide then determines the reaction rate. Thus at Tow temperatures and for
very thin film thicknesses, the ions do not simply diffuse through the
film under the influence of a concentration gradient.

The parabolic rate law was first formulated by Tammann(s) and, in
an independent inVestigation by Pilling and Bedworth(s). The rate of

oxidation is inversely proportional to the film thickness:

dx o k7, (2-3)
dt X

or, on integration:

x% = kyt + ¢ (2-4)
In terms of weight gain,
(éﬂgz =Kt+c (2-3)
A p p

where Kp is the parabolic rate constant, and cp is & constant of integration.
The parabolic relationship can be derived ¥Trom Wagner's theory of oxidat€0ﬂ{758}u
As a rule, high temperature parabolic oxidation indicates that a diffusion
process is rate determining, Such a process may include a uniform diffusion
of one or both of the reactants through a growing compact scale or a uniform
diffusion of gas into the metal.

In some cases, kinetic data for metals exposed to oxygen have been
found to follow a cubic rate ilaw, which is intermediate between the logarithmic

and the parabolic relations:



This relationship can be theoretically derived and expiained by the
Mott-Cabrera mechanism(4) for metal deficit oxide films but fails to
explain the cubic oxidation of metails forming n-type oxides such as

titanjum and zirconium, However, the same data can be approximated by

other rate laws.,

The simplest rate expressicn is the linear equation, where the

thickness of the film has no influence on the rate

Linear oxidation may be described by:

dx

at  *

which on integration gives:
= <
X kgt ¢

In terms of weight gains:

Amy
(T) = KLt + CL

where KL is the linear rate constant and = is the integration constant,

of uptake of oxygen.,

(2-6)

(2-7)

(2-9)

A linear relationship signifies that the surface or phase boundary reaction

is the rate determihing step, If the oxide is non-protective with no
barrier-between the gas phase and the meta]@éu?facé; the linear.law is
expected to hold. Metals which have a tendency to oxidize at a linear

rate usually have porous or cracked oxides and generally have a low or

high volume ratio of oxide formed to metal consumed, generally known as the

Pilling and Bedworth ratio., If this ratio is less than unity, the oxide may



be under tension which could be relieved by the development of cracks, An
oxide exhibiting a larger volume than the consumed metal would tend to be
of a compact structure and the Kkinetics would be diffusion controlled, If
this ratio is exceptionally high, porous or cracked scales may result due
to the effect of high compressive stresses in the oxide, However, it
must be pdinted out that the Pilling and Bedworth rule is only used as

a rough guide since there are exceptions to the rule.

Oxidation reactions are frequently found to follow a combination
of rate laws, This may mean that the oxidation reaction occurs by two
simultaneous mechanisms, one predominating during the initial stages
while the other predominates after extended oxidation, or, that changes
may take place in the rate determining mechanism as a result of changes
in the nature of the oxide scaie. For example, at high temperatures, a
combination of parabolic and lincar oxidation kinetics may occur giving
rise to paralinear oxidation. This may occur as a result of a compact
scale growing initially at a parabolic rate, transforming at a iinear
rate to an outer porous and non-protective oxide layer, Observations of
(9)

this type of kinetics has been reported by Smeltzer and Akram for the

oxidation of zirconium,

2.2.3 Oxidation Rate as a Function of Temperature

Surface reactions, being kinetic processes, may be expected to

obey Arrhenius's equation,

k=A" exp'Q/RT (2-10)

where k is the oxidation rate constant, A is a constant having the same
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units as k, Q is the activation energy required for oxidation, R is the gas
constant and T is the absolute temperature. The experimentally determined
values of k, when plotted on a Togarithmic scale against the reciprocal

of the absolute temperature often yield a straight line, where slope is
simply related to the activation energy by a factor of R"]. The exponential
temperature dependence of the oxidation rate is uphald for many systems,
There are, however, a few exceptions where the rate is independent of
temperature, For example, the oxidation ofniopbium at high temperatures is
not well reproducible(io) and hence no simple Arrhenius relationships can
be attained. As a rule, the activation energy remains constant as iong as
the same rate-determining mechanism prevails, and changes in the temperature

2
11,12)
9

dependence may therefore signify changes in the oxidation mechanism

2.2.4 Oxidation Rate as a Function of Pressure

In metal oxidation studies, determination of the oxygen pressure
dependence may aid in the interpretation of oxidation mechanisms, If
adsorption is the rate controiling step, then the reaction exhibits a large
oxygen pressure dependence. At Tow oxygen pressures, the oxidation rates
are found to be proportional to PO 2 suggesting & dissociative reaction .

2
on the surface, with an adsorption equilibrium established on the surface.

o:(gg) 2 20, (2-11)

If the reaction is controlled by solid state diffusion, interface
reactions are rapid compared to the rates of diffusion., Wagner's theory'
assumes thermodynamic equilibrium at the gas/oxide and metal/oxide inter-

faces, and the oxygen pressure dependence is determined by the defect



structure and the dissociation pressure of the oxide. If the dissociation
pressure is negligible compared to the ambient oxygen pressure, parabolic

oxidation is independent of oxygen pressure for n-type oxides and propor-

tional to Pl/" for p-type oxides, where n Z 2 and is a function of the
2
defect structure of the oxide, The independence of oxygen pressure on the

oxidation rate for n-type scales has been shown by Hussey and Sme?tzer(]3)

and Gulbransen and Andrew(]d) Tfor the reaction of zirconium with oxygen.
The number of defects at the 6xide/gas interface for ZrO2 may be expecfed
to be negligibly small at moderate temperatures and pressures, and con-
sequently the oxidation rate should be nearly independent of the partial

pressure of oxygen.

2.2.5 Mechanisms of Scale Formation (Parabolic Oxidation)

As oxidaiion proceeds beyond the point where electron field effects
can be neglected, parabolic oxidation is Trequently observed., The mechanism
for parabolic oxidation. has been described by wagner(y). The mechanism
is controlled by diffusion of reactants along a concentration gradient
in a semi-conducting oxide, Wagner derived an expression for the rate of
oxide growth in terms of the specific conductivity of the oxide, K, the
transport number of the cations, anions and electrons, Ter Tp and Tgo and
the decrease in free energy of the oxidation reactions expressed in terms
of the generated electromotive fcrce,'Eo, all measurable quantities, Con-
sidering the transport of both ions and electrons through the scale, the

resistance (both electroiytic and electronic) of the film was derived,

which when substituted into a form of Faraday's law gives:



o =
[

dn (o + TA) TekAE,

- (2-12)
dt 96500 ¢

where n is the g-equivalents of oxide, t is time (secs,), A is the area of
the film (cmz) and ¢ is the film thickness (cm). (2-12) is the simplest
form of the equation derived by Wagner, %%-is related to the parabolic

rate constant, kp, for an oxide M20, by the following:

| ,
Woe sy, (K

(2-13)

dt P

where Veq = vol, of 1 g-equivalent of oxide, Z = the valency of oxygen

ijon and M = atomic weight of oxygen. Theory and experiment can be com-

pared using relations (2-12) and (2-13) respectively. Since K can vary

with pressure according to the relation
K=k, pl/n (2-14)

0 0

(2-12) was expanded to inciude this pressure dependence. The expression

is:
an _ (At TdTKA g gg3 nt i/n  .diss . 25k
an - (P =P (2-15)
dt 96500 ¢ 23066 Z

]/n . - 3 e ol Ay - g e & d‘;ss & ) )
where Px is the gas pressure at the oxide surface, PX is the disso-

ciation pressure of the oxide (at the metal/oxide interface) and T is
the absolute temperature. |

Calculating the mobilities of ions and electrons and considering
that the chemical potential is a Tinear function of log Px, Wagner

obtained the following equation:



ot
o

H)'((s)
U T R LI QU g (2-16)
dt | 96500 N, Z, :

ux(m)

where Nis Avogadro's number, e the electronic charge, ”x(s) and px(m) are
the chemical potentiais of the anions at the oxide/gas and metal/oxide
intefaces respectively, and Zx is the valancy of the anionic species,

The expression in the brackets is called the rational rate constant, kr’
and using the fact that ion mobilities can be expressed in terms of self-

diffusion coefficients, an alternate expression for kr is obtained:

~

ac(m) . 2 ) .
k.= C, /' (0% + = D) din a . (2-17)
\/ (o
ac(s)
.ax(s) Z, _ 4 o
or kr = Ci U/ﬂ (E- D%+ D;) dln CH (2-18)
ax{m) k

where Ci = chc = Zxck in the concentration of non-metal or metai ions,

a, and a, are activities of the metal and non-metal species and Dg and’

D* are ‘the se]f-d1ffus1on coefficients of the metal and non-metal respectively.
Deviations from true parabolic relationships may occur as a result

of short circuit diffusion paths sucn as grain boundaries and disiocations

in the oxide, Smeltzer et ai.(?5) derived a rate equation taking this

effect into account by assuming that the fraction of total sites, f,

available for the diffusing species in short circuit paths decayed

exponentially with time, Their result

{

2 oa { 2 .
X“ =k .S exp(-kt)> J (2-19)
p KT ;



where x = the film thickness, kp = the parabolic rate constant,.t = the
D .
DE-and k = a constant agreed well with experimental data for
L

time, o
the oxidation kinetics of hafaium, titanium and zircowium,
Deviations from true parabolic behaviour such as paralinear

(16) pointed out that this type of

kinetics are also observed. Wagner
behaviour exists when a scale consists of a compact adherent sca]e_under-
lying a porous one, The observed kinetics are a result of the inner

oxide growing parabolically, transforming to a porous outer oxide at a
constant rate and therefore reaches a limiting thickness,

Transition from an initial parabolic or cubic rate to a more rapid
kinetics is often termed "breakaway ox%datioﬁ" and is commonly observed
during oxidation of zirconium and its a?10y5(17’18). No definite mechanism
of the oxidation rate transition is known; however, currently proposed

mechanisms have been classified into three groups(}g):

(i) changes in stoichiometry of the oxide due to oxygen saturation
induces fracture thus leading to breakaway transition.

(ii) transition attributed to crystalliographic changes in the
oxide,

(ii1) rate transition considered in terms of (a) mechanical failure
of the oxide, or (b) a change of the properties of the oxide due

to recrystallization of the metal,
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2,3 Oxidation of Alloys

The purpose of most studies of alloy oxidation is to imp}ove the
oxidation resistance of pure metals. A qualitative treatment on the
effect of alloying on oxidation has been given in reviews by Stringer(zo’

who classifies the effects into seven major categories, and by Bénard(ZT).

2.3.1 Wagner-Hauffe Model

The Wagner-Hauffe model is simple in principle and can be found in
practically all standard texts(]’2’3). It may be applied to metais which
follow the Wagner oxidation mechanism, Since the rate is dependent on
the rate of diffusion of defects, the oxidation rate is changed by altering
the defect concentration in the scaie by addition of foreign atoms.

Briefly the rule states that addition of an alloying element which exnhibits
a valence state higher than that of the base metal will decrease the
concentration of defects in an n-type oxide, and hence reduce tne oxidation
rate, For a p-type oxide, an element of higher valency increases the
defect concentration and thus the oxidation rate, For ionically conducting
scales, the slow transport of electrical defects is the rate controlling
step. Thus for cationic conduction by vacancies or interstitials, a higher
vaiency cation reduces the positive nhole concentration or increases the
concentration of electrons respectively and hence decreases or increases
the rate respectively. For anionic conduction by vacancies or interstitials,
a higher valency cation will increase the electron concentration or
decrease the concentration of positive holes respectively thus increasing

or decreasing the rate respectively. This modei is based on the assumption
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that the foreign ions are dissolved substitutionally on the parent oxide

and usually breaks down when the alloy content exceeds 2 or 3 wt., %,

2.3.2 Selective Oxidation

In selective oxidation, the least noble metal selectively oxidizes
and this phenomenon is favoured when the oxides of the alloying components
show large differences in stability. If the minor element is oxidized,
either a continuous layer of oxide forms at the alloy surface or the oxide
remains dispersed in the interior of the metal., The latter:is more commonly
termed "internal oxidation" and is a result of rapid diffusion of
oxygen in the alloy. If oxygen diffusion is relatively slow, the minor
element oxidizes to form a continuous layer on the surface.

When only the major element is oxidized, the minor element is
dispersed @ither as small metaliic particies in the oxide or as the layer
of metal just below the oxide. In the latter case, the enriched region
can act as a diffusion barrier and alter the stability of a planar metal/
oxide interface(zz). If oxidation is determined by the diffusion of metal
through the barrier, oxidation will be most rapid at the thinnest regions
making the metal surface more irregular. On the other hand, if the
oxidation rate is determined by diffusion through the scale, the interface
wiil tend to remain planar,

The factors determining the oxidation of alioys with a noble alloying
element were investigated by Wagner(23) using the nickel-platinum
system, With the aid of derived mathematical expressions pertaining to
the system where the noble element is practically unaffected by oxygen, the

dependence of oxidation rate on the composition of the binary alloy system

was discussed,



2,3.3 The Formation of Composite Scales

Unlike the systems previously described where only cne element
reacts with oxygen, most binary systems A-B are such that both oxides
could be formed resulting in the formation of composite scales, A
theoretical analysis of the diffusion processes in both the alloy and the
oxide phase during the oxidation of alloy phases leading to composite
scales has been given by wagner(23’24). In considering an alloy A-B in
which B is the less noble metal and no double oxides or spinels are formed,
three cases are considered. At low concentrations of B in the aiioy,
Né, A oxide is formed. As oxidation proceeds, B is enriched at the alloy/
oxide interface and the B oxide wiil begin to form when the concentration
of B reaches the equilibrium concentration of B, N;, in the mixture {(alloy +
A oxide + B oxide). For this mechanism Né is smailer than Ng. Similarily
for high concentrations of B in the alloy, N‘é, only the B oxide will
be formed. The formation of A oxide will begin only when the concentration
of A at the interface reaches the critical concentration N; = ] - Ng cor-
responding to the three phase equilibrium, For this mechanism Né’ is
greater than N;. At concentrations ranging from Né to N;' the A oxide

and B oxide will be formed simuitaneously. From Wagner the critical

concentration, Né‘, above which only the B oxide is formed is given by:
;’ &

» 7k _\ 2
NB . < ...P.) (2-20)
TGZB D .

where V = the molar volume of the ailoy, ZB = the valence of the B atoms,
D = the diffusion coefficient of B in the alloy and kp = the parabolic

rate constant for exclusive formation of B oxide., Below this concentration
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results in the simultaneous formation of both oxides.

2.3.4 Formation of Scales with Complex Oxides

When the oxides of alloying components react with each other to
form a more stable complex oxide, at least part of the oxide scale will
consist of the complex oxide. These more stabie forms may be double
oxides or spinels, Of the double oxides, the silicates are of importance
bacause they may form glass-like layers in which diffusion is slow, In
the case of alloy steels, spineis are frequentiy encountered upon oxida-
tion. The formation of compiex oxides have been extensively studied in
alloys containing Fe, Ni and Cr, Protective scalies on high temperature
oxidation-resistant alloys often consists of compiex oxides. It has been
demonstrated that diffusion rates in double oxides and spineis are often

appreciably - smaller than in the pure oxides.

2.3.5 Internal Oxidation

When oxygen dissolves in the alloy phase during oxidation, the less
noble component may form an oxide within the alioy. This phenomenon
has been termed internal oxidation. Internal oxidation requires that the
rate of diffusion of oxygen in the alloy be appreciably faster than that
of the alloying element, Oxygen diffusing down its gradient can react with
the less noble constituent to form its oxide., If the oxygen partial pressufe
of the oxidizing atmosphere is suficiently low, formation of an outer scale
can be avoided, However, at higher oxygen pressures, an outer scale is
formed as well as a subscale, There are two possibiiities in which this

may occur: the same oxide constitutes the scale and the subscale, or the
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solute metal provides the oxide for the subscale while the outer scale
consists mainly of the oxide of the solvent.

The first situation was discussed by Thomas(zs)

with respect to
the oxidation of alloys of nobie metals with Cu, Assuming that the various
concentration gradients are linear, that the internal precipitates offer
no resistance to diffusion and that the diffusion rate of oxygen and its
max imum so]ubilify in the alloy is independent of composition, Fick's
laws were applied and expressions describing the rate constants of parabolically
growing scales and subscales were derived, There waé agreement between the
calculated and experimental values. The second situation was discussed
by Rhines et a1(26) employing similar assumptions,

The various forms of internal oxidation nave been classified by

(27) (28)

Moreau and Bénard while Rapp pas considered in detail the kinetics,

microstructures and mechanism of internal oxidation in five alloy types.



CHAPTER III

Oxidation of Zirconium, Niobium and Zirconium-Niobium Alloys

3.1 Oxidation of Zirconium

The oxidation of zirconium has undergone extensive investigation over
the last twenty years due to the importance of zircomium alloys in nuclear
reactor technology. The Zr-0 phase -diagram is given in Fig. 1(a) and aids
in understanding the oxidation procedure. Below 8629C zirconium exists as
h.c.p. a-Zr which has a high solubility for oxygen (~30.a/0). Above 862°C
pure zirconium exists as B-Zr and exhibits a b.c.c. structure., The sciubility

of oxygen in g-Zr is much smalier and as a result, saturation of the g phase

with oxygen leads to the stabilization of a-Zr,

(RS

In generai, oxidation studies of a-Zr in oxygen have yielded data
(29-3

- 4
13,32-34,

) or a parabolic rate Taw'

aay
or rate laws intermediate to both of these(ia’°4’. Since no satisfactory

that corresponds to a cubic rate law

mechanism has been given to explain the validity of the cubic time relationship
for scales, it is probable that a true Wagner mechanism is cperative, and
reports of cubic oxidation may essentiaily be parabolic with initial deviations.
Other investigators(g’ss) observed paralinear oxidation rates after extended
exposures in the 800% - 850°% range, Wallwork et a1(3$) demonstrated that

the kinetics of parabolic oxidation could be accounted ?or by an oxide-

metal diffusion model based on scale growth and oxygen soiution in zirconium

at 850°C., The equation accounting for the 'mass bafance‘of'ékygen at the ﬁat&@/

oxide interface was solved assuming a linear concentration gradient in the
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scale and an error function relationship describing the concentration profile

of oxygen in the metal. Solution of the equation yielded:

: & YZD ?ﬂg
amd ooy (el - My /T o+ 2B, VTR exp I\ e (3-1)
I

Cil and C}I the oxygen concentrations in the oxide and metal respectively

at the metali/oxide interface,

DII and DI = the oxygen diffusion coefficients in ZrO2 and a-Zr respectively

t = time
BI and y = constants
Thus,
A
Am) 2 Jk_(oxide) + k_(metal)l /¥ =K /&~ (3-2)
A p o { p
J

where kp(oxide) and kp(metai} represent constants in the parabolic relation-
ship for oxide growth and oxygen solution in the metal,

Oxidation of B-Zr has been found to Tollow a parabolic rate(]?°34°36).
Due to the diffusion of oxygen intc the metal, & region of a-Zr is stabilized

(38) cxtended the two-phase model

beneath the oxide scale. Rosa and Smeltzer
for parabolic oxidation of a-Zr to account for the three phases present

during oxidation in the g-region. In an analagous manner, diffusion relation-
ships are derived from an oxide-metal modei depicting the growth of a scale
and an o solid solution respectively, with concurrent solution of oxygen in

the g-Zr substrate, Thus,

-

éﬂ§= k_(oxide) + k (alpha) + k_(beta)y vt = K /%
A P p p p
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Zirconia (Zroz) is the reaction product which is formed at all temp-
eratures. Lower oxides of zirconium are not known, Zirconia is known to
exist in three polymorphic forms: monoclinic, tetragonal and cubic. The
cubic is stable at very high temperatures. The low temperature form of
Zro2 is monoclinic which transforms to the tetragonal form at approximately
1000°C, The transformation is of a martensitic type and exhibits a hysteresis
loop. Some investigators have observed the tetragonal phase during oxidation
studies of zirconium. This phase may be stabilized below the transformation
temperature due to Tine. grain size, high compressive forces in the oxide and/
or high defect structures. Zirconia is accepted as being oxygen deficient
but the extent on the nonstoichiometry of ZV'O2 in equilibrium with oxygen
saturated zirconium is not fully known.

The oxidation process is generally beiieved to occur by the diffusion
of oxygen ions through the oxide via anion vacanéies. At the oxide/gas
interface, anion vacancies and electrons are consumed resuiting in the

formation of oxygen ions:
0, + 28" + 4" = 20 (3-4)

At the metal/oxide interface zirconium ions and oxygen vacancies are Tormed:

Zr = 7r* ¢ 20% + ge” (3-5)

Oxygen diffusion to the meta?}cxide interface results in the formation
of ZrO2 at the interface, a resuit which has been confirmed by marker studies.
From the data obtained by a number of experimenters, the parabolic
rate constant has an approximately constant activation energy of about 36vkcai/

mole over the temperature range 400 - 900“6. For those who report cubic



rate oxidation rates, the data suggests a change in the activation from about
37 kcal/mole below 600°C to about 47 kcal/mole at 600 - 900°C,

For a more extensive review of the literature pertaining to zirconium
oxidation, reference is made to the review article recently compiled by

Rosa(38).

3.2 Oxidation of Niobium

Not unlike zirconium, the oxidation of niobium has also been studied
I |
by numerous investigators, Hurien(“g) made a thorough study in the temperature
range 150° - 1000% with varying oxygen pressures up to atmospheric. Sheasby,

Wallwork and Smeltzer(40)

carried out investigations at 720° - 8259 while
work at temperatures greater than 1200%C has also been done(41).

The Nb-O phase diagram is given in Fig, i1(b). The main oxides of
niobium are NbO, NbO2 and szﬁs. Nb0 and Nb02 have negligible ranges of
solid solubility whiievaZOS exhibits a Timited solubility. b0 is a grey
oxide having a cubic structure while Nbﬁz is black and possesses a tetragonal

structure, Several modifications of sza» exist. y-NbZGS is formed from

5
oxidation below about 83005. At this temperature, a y-a Nb205 transition
takes place; both the y and « forms have been indexed according to a monociinic
structure,

Oxidation of niobium below 650°C involves a period of parabolic
behaviour followed by a breakaway transition. It is agreed that the para-
bolic region is a result of dissolution of oxygen in the metal and the formation

of suboxides, while breakaway is assocciated with szo5 formation, szos

is very porous and exhibits a Pilling-Bedworth ratio of 2.2 - 2.5, Above



650°C the oxidation rates are essentially linear, however, an initial
parabolic region is observed, Lower oxides of the form NbO and Nbo2 may
now form rather than the suboxides observed at lower temperatures(ag’gﬁ).
The initial parabolic oxidation may be partly due to compact Nbo2 formation
while again the linear oxidation is associated with the Tormation of porous
Nb, 0.

3.3 Oxidation of Zr-Nb Alloys

Kinetic studies on the oxidation of zirconium-niobium alloys has been
carried out to a limited extent, and only recently has the open Titerature
contained some information on the oxidation of these ailoys. The
only ternary phase diagram available is the 1500%C isotherm (Fig. 2).

Simms, Klopp and Jaffee(42) studied the oxidation of the Nb-Zr alioys,
containing up to 35 a/o Zr, at 600.- 1000%C in air, Nb,U: was Che primary
oxidation product but an adherent subscale (believed to be Kb0 or an NbO-
type oxide) was observed beiween the szos layer and the base metal.

Zmeskal and Brey(43)

studied the 0xid&ﬁiqn of Zr-Nb alioys in oxygen at
525°C to 1090°C at a pressure of 200 mm Hg, At 1090°C oxidation of pure

Zr and Zr-Nb alloys in the concentration range 60 - 90 w/o Nb was parabolic;
those in the 25 - 50 w/o Nb range followed a cubic law with the minimum
reactivity occuring in this range. At low Nb contents, the scales were
primarily monoclinic Zr02 with the mixed oxice, 627-02 . szog, to & lesser
extent; at high Nb contents the oxide was primarily szos with smailer
amounts of the mixed oxide, SZrO2 . szﬂs was detected at all compositions
but maximum formation occurred at ~50% Nb, The existence of orthorhombic

6Zr02 . Nb205 has been indicated by Rota and Coughanour(44);
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Rapp and Goldberg(45)

in a study of Nb-Zr alloys up to 40 a/o Zr
oxidized at 1000°C in oxygen, observed an external scale primarily of Nb205
with some GZrOZ-NBZO5 and an internal oxide of ZVO2 plateiets extending from
the unoxidized alloy to the outer scale. ZrO2 plateiets resulted from the
oxidation of a-Zr plateiets which were stabilized in advance of the internal
oxidation zone. The formation of GZrOZ ¢ szos was believed to be a result
of a solid-solid reaction between Nb, 0z and ZrOé. Linear oxidation Kinetics
were observed for these alloys, with increasing zirconium additions reducing
the rate.

Cowgill and Smeltzer(qﬁ)

reported the oxidation properties of a
Zr-2,7 w/o Nb alloy in both martensitic and Widmanstatten structures, of
which the martensite oxidized most rapidly, The initial rate was found to
be dependent on the -volume fraction of martensite present., The major
oxidation product was monocliinic zirconia, but the appearance of an extira
reflection in the X-ray anaiysis suggested the possibility of tetragonal
zirconia or the mixed oxide, 62r02 . NbZGS, being present as well,
Cowgill, Wong and Smeltzev(47} reported the oxidation properties of
a Zr-2.7 w/o Nb alloy in the temperature range 670° - 1000°C. Paraboiic
oxidation was initially observed whiie & transition to miore rapid Kinetics
followed, Oxidation was characterized by the formation of a region of
columnar a precipitates beneath the oxide scale, As above, the oxide was
predominantly monoclinic zirconia with tetragonal zirconia or 62r02 . Nb205
as well,

(18} observed parabolic kinetics for a Zr-2i% Nb

Nomura and Akutsu
alloy in the temperature range 600° - 850°C, Microprobe analyses showed

the Nb concentration in the alloy and the oxide were approximately the same.



(48) <tudied the oxidation of Zr-Nb alloys

Recently Guerlet and Lehr
in a CO2 atmosphere, Alloys ranging from 1 - 20 w/o Nb were oxidized at
750° and 900°C. The observed kinetics was intermediate between a cubic law
and a parabolic law. Due to the segregated substructure, they believed the
Zr and Nb oxidized simultaneously, which created multiphase oxide layers
containing principally Zro2 and szos. 6Zr02 ¥ szos was believed to have
formed as a result of a solid-solid reaction between the two oxides., The

amount of mixed oxide increased with increasing Nb content and decreased

towards the metal/oxide interface,



CHAPTER IV

Experimental

4.1 Intreduction

In the investigation of metal oxidation, reaction kinetics for the
oxidation process have been determined using various methods, Of these,
the most simple and direct are the gravimetric, voiumetric, manometric and
electrometric methods. A1l are reliable means for weight gain determinations,
and have been commonly used by various investigators in kinetic studies,

The thermogravimetric method was employed in this investigation
for measuring the oxidation rates of the alloy using samples with both
rectangular and spherical geometry. The experiments were carried out in
an ultra-high purity grade oxygen atmosphere at 760 mm Hg pressure. This
grade of oxygen was obtained from Matheson of Canada Ltd. and corresponded

to 99.99% 0,.

4.2 Apparatus

The assembly was essentially comprised of four main parts: the
oxygen supply system, the argon supply system, the reaction chamber and the
semi-microbalance assembly., A schematic diagram of the basic components
is illustrated in Fig. 3.

The main feature of the arrangement is the Ainsworth, Type RV,

semi-microbalance (1) which aliowed a continuous measurement of the weight

28
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Schematic Diagram of the Apparatus

Figure 3.
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gain, as the reaction products accumulated on the specimen surface with time,
The weight gains were recorded using an Ainsworth, Type AU-1, strip chart
recorder, _The balance assembly was capable of continuously measuring

weight gains up to 400 mg and the sensitivity of the instrument was such
that a change in weight of 0.05 mg could be detected;

The reaction chamber was a 30 in., muilite furnace tube (2) of
15/8 in, 0.D, positioned.within a furnace (3) consisting of a 20 in,
Kanthal heating element embedded in insulation. Power was supplied to the
element by a 2500 VA transtformer, and a 3 in, hol zone with a temperature
variation of x2°C.was maintained within the reaction zone. The reaction
chamber was connected to the balance assembly by means of a 25 mm diameter
glass tube (4) which was fused to the mullite at one .end while the other
was connected to the balance with a Flexible aluminum metal belilows vacuum
joint (5). The region immediately above the fused joint was air cooled (6)
such that the specimen could be quenched in this area.

The reaction temperature was measured with a Pt-Pt 10% Rh thermo-
couple (7) positioned outsice the muliite tube at the same level as the
specimen in the hot zone within the reaction chamber, This thermocoupie
was calibrated against another Pi-Pt 10% Rh thermocouple which was placed
in contact with a specimen and suspended within the reaction zone, Hence
the actual temperature of the sampie (i.e., the reaction temperature) could
be determined by using the measuring thermocouple (7) and the calibration
curve,

The fluctuation of the temperature (iZOC) was limited by the
sensitivity of the Philips recorder-controller, the thermccouple for the

latter (8) being positioned in a similar manner to that of the measuring



thermocouple (7).

The specimen (9) was suspended in the reaction zone by a 0.010 in,
Pt-10% Rh wire (10). The wire was attached to an iron rod (11) which in
turn was partially enclosed in a pyrex tube (12) that had a bore slightly
larger than the diameter of the iron rod, The entire tube, iron rod and
wire assembly was suspended from the beam of the balance assembly by means
of a nylon - thread (13). This arrangement aliowed the specimen to be raised
or lowered in the furnace by manipulating the iron rod with a magnet from
outside the assembly, Specimens were introduced and removed from the
assembly by meané of a port (14} located in the quenching area of the
apparatus.,

Commercially pure argon was used as a purging gas. Before entering
the system the gas was purified by first passing it through silica-gel (15}
for moisture removal and then through BTS catalyst (16) for hydrogen removal,
the catalyst being maintained at approximately 2509 with an electric
heating tape (17). A result of hydrogen removal was the formation of 50,
which had to be subsequently removed by further passage through silica gel (18)
and magnesium perchlorate (19) in that order, the latter necessary Tor removal
of residual water vapour., The gas then passed through a bubbler (20) of
dibutylthalate to a U-tube containing ascarite (21) for the removal of
C0, and CO. This was followed by passage through heated titanium chips (22)
to remove any free oxygen which may be present. The argon was then emitted
into the system through stop cocks (23) and (24).

Ultra-high purity oxygen was used as the oxidizing atmosphere and
any moisture present was removed by passing the gas through silica geil (25)

and then through magnesium percnlorate (26) for removal of residual water
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vapour, Any CO2 and CO was removed with ascarite (27). The oxygen was
stored in two large storage bulbs (28) having a total capacity of approxi-
mately 8 litres., The oxygen was emitted into the system through stop cocks
(29) and (24), and a mercury manometer (30) was located on the oxygen line
to fix the pressure of the oxidizing atmosphere,
The whole assembly was evacuated by a Balzers oil diffusion pump (31)

coupied with a Balzers two stage rotary vane pump (32). The vacuum was
measured from the port (14) using a Balizers ionization gauge (33) which

was fixed to the port with & ground glass seal,

4.3 Procedure

It is not the purpose of this section to give a detailed account of
the operating instructions but only an approximate description of the
operating procedures.

A metallographically polished specimen was placed in the assembly
through the port opening and was suspended from the wire by a platinum hook,
attached to the sample by a small hole. The port was then closed by connecting
the ionization gauge to the opening. The balance beam was then tared with
suitable weights and the microbalance was adjusted to record a suitabie
zero point and maintain the correct séns%tivity. The power supply to the
furnace was turned on and the air supply to the cooling coil around the
quenching area was opened,

The entire system was pumped out with the mechanical pump and this
was followed by the admittance of oxygen and argon into their respective

~lines, Argon was then admitted into the reaction chamber until atmospheric



préssure was attained. The reaction chamber was evacuated again with the
mechanical pump. The furnace and balance assembly were again purged with
argon and pumped down with the rotary pump for the final time. When the
pressure reached a sufficient level, the diffusion pump was turned on, and
the pumping was continued throughout the period that the furnace was coming

to temperature, A vacuum of less than 1074

mm Hg pressure was considered
to be sufficient.

Once the furnace assembly reached the proper temperature and a
suitable vacuum was attained, the specimen was carefully lowered into the
reaction zone by manipulating the iron rod with the magnet, The sample was
held in a vacuum for approximately 15 minutes to ensure that it would be
at the reacting temperature before the oxidizing gas was admitted, At the
end of that time, the vacuum pumps were isolated from the system and the
oxygen gas was admitted into the reaction cell, the balance beam being
released at the same moment such that the weight gains cou1é be immediately
recorded.

At the termination of the run the balance beam was arrested and the
specimen was quenched by rapidiy raising it into the air cooled portion of
the assembly, After a short time, the sampie was removed Trom the assembly
and was mounted and cross-sectioned for microscopic examination., X-ray

analysis was done on the reaction product to identify the form of the oxide.



4.4 Materials and Preparations

The Zr-2% w/0 Nb alloy was supplied by the Atomic Energy of Canada
Ltd, Material was made available in bar stock form as well ds 2 wmm thick
cold rolled sheet. Rectanguiar samples were prepared from the sheet while
material in the bar form was utilized for the production of spherical
specimens,

Rectangular samples for oxidation tests approximately 2 x 1 x 0.2 cm
in size were wet abraded on 220, 320, 400 and 600-grit silicon-carbide
papers, followed by final polishing on 6 and 1 micron diamond laps, lubri-
cated with kerosene. A1l six faces of each sample were polished toa 1
micron finish followed by an acetone washing and careful drying., The
specimens were then sealed in evacuated quartz capsuies and annealed at
1000°C for 1 hour and furnace ccoled, The area of each specimen was cai-
culated from values determined by taking the average of three independent
micrometer measurements of each sample dimension. Most samples were weighed
before and after the oxidation tests,

Spherical samples, used for Jater experiments, were turned out on
a metai lathe to a diameter of approximately 1 cm. This was Tollowed by
wet abrasion with silicon-carbide papers, as outiined above, oniy in this
case they were abraded by hand, due to the nature of the sample geometry.
Final polishing was done on 6 and 1 micron diamond lap with the aid of a
jig, shown in Fig. 4, which was constructed to facilitate the final polishing
stages of the spherical samples. The washing, drying and annealing procedures
for the spheres were identical to those for the plate samplies, as outiined
above. The surface areas were calcualted from the diameters of the spheres,

the diameter of each sphere being taken as the average value of ten inde-
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pendent micrometer measurements. All samples were weighed before and after
the oxidation tests.

The oxidized sampies were mounted in araldite self-setting epoxy
resin, a very hard resin which helped to reduce the surface relief which
arises in polished cross-sections due to various constituents of different
hardness. Polishing was initially carried out on 220, 320, 400 and 600-
grit silicon-carbide abrasive papers using kerosene as a lubricant, The
kerosene lubricant minimizes oxide porosity, due to the oxide chipping out,
which is induced when lubricated with water, Final po]i;hing;it the 6 and 1
micron stages was carried out on nylon polishing cloths impregnated with
diamond paste. Nylon, being & napiess cioth, also helped to minimize any
surface relief, For more detailed meta?iegraphic examination of the oxide
at high magnifications, it was necessary to carry out the final polishing
stages down to a % micron finish using silk polishing cloths, producing an
extremely flat and pore-free oxide cross-section.

For metallographic examination, the polished samples were etched
in an aqueous solution of 30 v/o H2564$ 30 v/o HN039 and 10 v/o HF,
Measurements of oxide thicknesses, etc., were made on cross-sections of
polished and etched specimens using a standard metallograpnic microscope
equipped with a filar micrometer eycpiece,

X-ray determinations were made of both the light and dark scale
constituents. The oxide was scraped off the reacted samples and ground to
a fine powder, Samples were preparec for the Debye-Scherrer powder method
of X-ray analysis as well as for recording X-ray scanning diffractometer
measurements, Nickel-filtered copper Ka radiation was used in the analyses.

X-ray diffractometer measurements were also done on the oxide at the metal/oxide
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interface. The metal was dissolved away from the oxide in the etching
solution at a slightly elevated temperature, exposing the underside of the
scale, which was subsequently examined with X-rays. This type of X-ray
examination was carried out only on material oxidized in the 3 region for
reasons which will be pointed out later,

Variations in the concentration of Zr and Nb in different phases
present in the underlying metal were qualitatively examined using an Acton
electron probe microanalyser. Samples for the micro-probe were prepared
using the polishing technique outliined previously to attain a Tlat surface.
The specimens were unetched and it was necessary to deposit a thin layer
of carbon on the surface to eliminate any build up of charge on the sample
due to the non-conducting nature of the oxide.

A Cambridge scanning electron microscope was used to a limited
extent to distinguish between various phases in the oxide and underiying
metal, which were undistinguishable under a conventional opticai microscope,
Samples prepared for conventionai optical microscopy were used, the different
phases being resolvable in the SEM due to the difference in reflectivities
between various phases and differences in the rates of attack by the
etchant producing a surface relief, The scanning electron microscope was

also used to examine the topography of the oxide scales,



CHAPTER V

Results and Observations

5.1 Introduction

The results of the oxidation tests are reported in this section
in basically twoparts.The first part deals with the experimental results
obtained in the temperature range 650°C to 99?06, using plate sampies.
The kinetic data are presented in the form of oxidation rate curves
determined from continuous weight gain measurements, From the Zr-Nb
phase diagram appearing in E]iiett‘s(ég) text (see Fig, 5), it is evident
that the above temperature range extends Trom the two phase, a + B, region
to the high temperature, B phase, region. The oxidation rate constantis,
are plotted in an Arrhenius type plot, to show the variation in the rate
of oxidation between the g and the « + 8 regions. Oxidation of the alloy
in the B region produced the formation of a unique columnar structure consisting
of plates of the a phase‘extending inwards into the metal substrate from
the oxide/metal interface. Further investigations were focused on the forwa-
tion and growth of the oxide and the corresponding columnar ailoy micro-
structure in the high temperature region. Subsequently the second part of
this section concerns the results cbtained Trom oxidizing Zr-2% w/o Nb
spheres at 1000°¢, Spherical specimens were used to extend the range of
parabolic behaviour by retarding the transition to breakaway, which is
promoted along the sharp edges of plate samples. The results of the oxidation

tests are presented in conjunction with continuous weight gain determinations,
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metallographic observations and microscopic measurements,

5.2 Ir-2% w/o Nb Alloy Prior to Oxidation

Fig, 6 is a micrograpn of the structure of a Zr-2) w/o Nb alloy
which has been annealed for 1 hour at 10600°%C and subsequently furnace cooled,
This structure is typica1 of the alloy samples prior to their exposure in
an oxidizing atmosphere at elevated temperatures. Furnace cooling material
from 1000°C resulted in the g=cooled structure of coarse acicular a-grains,

This structure is readily apparent from the phase diagram,

5.3 Oxidation Measurements at 991°¢C and 937°C

The oxidation rate curves for samples oxidized at 991%¢ and 937%
are shown in Figs. 7 and 8, These are plots of the weight gain due to uptake
of oxygen, in mg/cmz, versus the oxidation time in hours, The curves at
both temperatures exhibit a region of decreasing rate of oxygen uptake at short
oxidation times foliowed by a region of rapidly increasing oxidation rate
at longer exposures. Corresponding piots of the weight gain versus the
square root of the oxidation time are shown in Figs. 9 and 10, The straight
line portion of these curves indicate that oxidation behaves parabolically
during short exposure times; nowever, at longer times the curves exhibited
a breakaway transition leading to more rapid reaction kinetics., At 991°C the
parabolic region extended for approximately 2.5 hours as compared to
approximately 4 hours at 937°c. Table I gives the values for the parabolic
rate constants, kp, calculated by linear regression from the straignt line

portions of the parabolic plots. It can also be seen from the form of the

curves that after the transition, breakaway occurred at a Taster rate at



Figure 6.

Microstructure of the Alloy Prior to Oxidation
(Magnification 400X)
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937°C than at 991°.

After the oxidation tests, most samples were severely deformed due
to the long exposure times resuiting in the formation of gross amounts of
oxide, Al1 samples were characterized by the formation of a white brittle
oxide along the edges and corners while the remainder of the surface was
primarily covered by a grey adherent oxide. Although the majority of white
oxide was concentrated around the edge portions of the sampies, some was
observed at localized areas within the region predominantly covered by grey
oxide, Fig. 11 are micrograpns taken with a S.E.M,, of the surface of
a sample after oxidation at 99?°C, and are characteristic of the oxide
topography of samples oxidized at 937°C as well. The micrographs clearly
show both the grey and the white oxide forms that are present in these
temperature ranges, as well as the white oxide penetrating into the region
of grey oxide, The compact adherent nature of the grey oxide is cieariy
evident; in contrast, the wnite oxide is heavily cracked, with large Tissures,
running parallel to one another, The largest and deepest fissures were
concentrated in the scale along the edges of the sampies. The resulting
breakaway kKinetics occurred at a more rapid rate at 937°¢.

w0n o 2pala

5.4 Oxidation Measurements from S35%C to 650%C

Figs. 12 through 14 are the oxidation curves obtained for samples
oxidized in the temperature range 8857°C to 650°C., During the early periods
of exposure a continually decreasing rate of oxygen uptake was cbserved up
to a point at which there was a transition to a more rapid reaction kinetics,
Plots of the weight gain versus the square root of time yield straight lines

over short exposure times indicating that the oxidation rate behaves para-



Figure 11, Topography of Sample Oxidized at 991°C for 12 hours.
(Magnification 20X)
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bolically during the early stages of the reaction, Thesg plots are shown in
Figs. 15 through 17. From these parabolic plots it may be seen that the
region of parabolic reaction kinetics, for samples oxidized at 885°C, extends
up to approximately % of an nour before the transition takes place, while
the initial period of parabolic behaviour prior to the transition increases
up to approximately 3 hours for those reacted at 650°C, The paraboiic region
increases respectively with decreasing reaction temperature, The values
of kp were determined from the siopes of the linear regions of the parabolic
plots by the method of linear regression, These values are given 1in
Table I,

In the temperature range from 885%¢C to 750%C, the transition that
occurred was that from a parabciic rate at short times to essentially a
linear rate at longer times. From the reaction rate curves it can be seen
that the linear rate decreases with decreasing temperature. At 700%¢
and 650°¢ however, the transition was not to a linear rate but to periodic
variations in the uptake of oxygen which yielded discontinuities in the oxi-
dation rate curves in these regions. More of these discontinuities appeared
at 700°C than at 650°C, the duration of the oxidation tests being approximately
the same at both temperatures. In particular, there were approximately 3
times as many at the higher temperature.

In the entire temperature range from 885°¢ to 65006, the only
reaction product that was visible at the termination of all the tests was
the white form of the oxide, Fig. 18a are micrographs of plate samples which
are typical of the samplies oxidized in the low temperature range, Fig. b
shows the topography of the oxide scale for & sample oxidized at 885°C.

Severe cracking can be observed over the entire area, Smalier secondary
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Figure 18(b). Topography of Sample Oxidized at 885°C for 6 hours
(Magnification 33X)



57

fissures appear within the grain-like structure produced by the network of

larger initial cracks,

5.5 X-ray Measurements

X-ray analyses were carried out on both the white and grey forms
of the reaction product using the Debye-Scherrer powder method, The powder
patterns of both forms of the oxide were identical. X-ray measurements were
also obtained using the scanning X-ray diffractometer, CuKa radiation was
usad on samples of powdered cxide mounted on glass slides with a suitable
binding agent. The calculated d-spacing values along with the intensity
ratios are given in Tabie II, with corresponding values for d and the
intensity ratios for monoclinic zirconia, obtained from the A.S.T.M.

X-ray data file.

The calculated d-values obtained for this particular oxide compare
very well to those observed for & monoclinic structure with the exception
of one d-value, namely 2,970 R, which does not correspond to any monoclinic
refiections. Thus the reaction product is ﬁredam%nant?y monoclinic Zrﬂz,
but the reflection at 2.970 & suggests the possibility of some other form
of ZrOZ or a mixed oxide being present. I was aliso observed that the cal-
culated d-values were slightly larger than those reported for a monoclinic
structure,

The calculated d-values obtained for the oxide at the metal/oxide
interface for samples oxidized in the g-region appear in Table III. All

of the observed d-values corresponded to those observed for monoclinic

ZrOZ. The peak at d = 2.970 R.which was observed when-the stale was examined -
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in powder form was not present when analysed in this manner, The observed
intensity ratios did not all correspond to those given in the A.S.T.M.

Powder Data File for monoclinic ZrOz.

5.6 Oxidation Measurements at 1000°C.

Oxidation measurements at 1000°C were carried out using spherical
samples. Typical samples which have been oxidized are shown in Fig., i8c.
Since further stydy was to be focused on the metal substructure during para-
bolic oxidation, the spheres were used to retard the transition toc breakaway
kinetics which occurred after a period of short parabolic behaviour using
the plate samples.

The oxidation rate curve Tor & spherical sample oxidized at 1600°¢
is given in Fig, 19, the duration of the test being 23 hours. The form of
the curve is similar to those obtained for plate samples; a region of
parabolic oxidation behaviour followed by a transition to more rapid reaction
kinetics. However, it can be seen that the edge effect has been eliminated
and the paraboiic region extends for a longer period of time. From the
parabolic plot in Fig. 20 we see that the regicn of parabolic behaviour
extends for at least 12 hours before Dreakaway occurs. The kp at ?OOOOC,
calculated from the slope of the parabolic plot is given in Table I.

In the series of static oxidation tests at 1000%C each sample was
weighed before and after oxidation. Samples were oxidized for 1, 2, 4, 8
and 16 hours respectively, The weight gains per unit area were calculated
and are presented in Figs. 19 and 20 as well. It can be seen that the results
of the static tests agree quite well to the oxidation rate curve obtained

by continuous weight gain measurements.
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Figure 18(c).

2 hr, 4 hr,

Spherical Samples Oxidized at 1000°C
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Specimens oxidized for periods up to 1 hour exhibited a black compact
oxide, Those oxidized for longer times were covered with an adherent
grey scale, The only white oxide observed was that which formed after
breakaway at longer times, the white oxide being concentrated around the

region where the breakaway occurred.

5,7 Metallography and Microscopic Observations

The results and metalliography in this section are pertinent to
measurements and observations at roowm temperature on the oxide scales and
metal substructures formed at the oxidation temperature of 1000,

The basic characteristics which a Zr-2% w/o Nb alloy exhibits
during oxidation are an adherent oxide layer growing inwards in contact
with a precipitate region which extends into the g-phase of the ailoy.

Figs. 21 to 23 are a series of micrograpns showing the growth of the oxide
layer and the metal substructures with varying reaction time., The thickness
of the oxide varies from approximately 45 microns at 1 hour to about 105
microns at 8 hours to approximetely 220 microns at 23 hours. The growth of
the oxide is parabolic up to approximately 12 hours. From the micrographs
the oxide appears porous, but the voids arise through polishing and it will
be shown later that the oxide is quite compact.

In Fig. 21 we see that underiying the oxide layer there exists a
unique columnar structure of o precipitates penetrating from the metal/oxide
interface inwards into a martensitic wmatrix., The martensite matrix is a

result of the transformation that occurs when the samples are quenched from

the reaction temperature, this temperature being well into the g region,
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8 hr,

Figure 22, Cross Sections of a Zr-2% w/o Nb Alloy Oxidized at 1000°C
(Magnification 160X)
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16 hr,

23 hr,

Figure 23. Cross Sections of a Zr-2 w/o Nb Alloy Oxidized at 1000°C
(Magnification 160X)



The precipitates appeared to exist in the form of plates. To verify this
a "top view" of this columnar layer was observed by polishing away the
roverlying oxide layer exposing the precipitate region., By the comparison
of this structure as shown in the micrograph of Fig. 24 with those of the
normal cross sections from previous micrograpns, it should be evident that
the precipitates do exist as a-plates. Beneath the region of columnar
precipitation there is a region of isolated precipitation as well where
isolated plates of the o phase are present in the martensitic matrix.

At longer times the columnar layer grows inwards and the precipitates
begin to coarsen as shown in ?ig. 21 to 23.

Another interesting feature which is evident in Figs. 21 to 23, but,
more so in Fig, 25a, is that within the entire columnar region in the under-
lying metal fhere exists a region of fine columnar precipitation in the
vicinity of the metal/oxide interface. When observed at a higher magnification
as in Fig. 25b, it appears that the intercolumnar regions of the coarse and
the fine structures differ from one another since they both have different
etching characteristics. This is verified by examination of this area using
a scanning electron microscope as shown in Fig., 26. The intercolumnar
regions of the coarse columnar layer is simply the transformed g phase
whereas the material between the columnar precipitates of the fine structure
appears to be some form of oxide.

Figs. 27 and 28 are plots of the thicknesses of the alpha + oxide
zone versus time and the alpha + beta zone versus time respectively.

When the thicknesses are plotted against the square root of time, the
straight line which results indicates that the growth of these regiocns

is parabolic,



Figure 27,

“Top View" of the Columnar Precipitate Region
(Magnification 630X)

67



68

(a) 500X

(b) 800X

Figure 25, (a) Micrograph Showing the Fine Columnar Region
(b) Micrograph Showing Differing Intercolumnar Constituents



Figure 26,

Cross Sections of the Internal

Oxidation Zone
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As pointed out before, the superficial oxide scale does not exhibit
a high degree of porosity such as one might be led to believe from earlier
mitcrographs. A more detailed examination of the oxide showed that it
exhibited a columnar structure not uniike that of the underiying metal
substrate, Also, the columnar grains of the oxide were continuous with the
columnar region beneath the scale. The intercolumnar regions of the oxide
exhibited an oxide phase(s) different from that of the columnar oxide. The
structure of this oxide is shown in Fig, 29 where the columnar grains are
cleariy evident. A dark intercolumnar oxide appears near the metal/oxide
interface extending a short distance into the oxide, whereas farther away

~from the interface these regions appear lighter,

5.8 Electron Micro-probe Results

The electron micro-probe was used to determine the variations
in concentration within the columnar regions of the substructure and
oxide. Limitations on the validity of the results were imposed due to the
nature of the physical dimensions of the structure. The dimensions were
such that the particular area thet was being probed was smaliler than the
electron beam spot and certainly much smailer than the penetration zone of
the beam., As a result, the measurements couid only be discussed qualita-
tively due to the nature of the problem,

The structure was scanned both laterally across the columnar structure
and in a direction parailel to the o-plates, However, in the latter situation,
the results could not even be discussed qualitatively because of the scatter
in the counting procedure due to the problem ocutlined above. The results

of the lateral scan showed variations in the niobium content across the
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Figure 29. Cross Section of the Multiphase Oxide Scale Near the Alloy/
Oxide Interface
(Magnification 4800X)
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columnar structure., The peaks in the trace, indicative of a larger concentra-
tion of niobium, were generated from areas between the w-precipitates
indicating a niobium enrichment in the 8-Zr regions., Niobium enrichment in
these intercolumnar regions was also observed in the fine columnar region

and the oxide as well. A micro-probe trace indicating the niobium

segregation is given in the appendix.



CHAPTER VI

Discussion

6.1 Oxidation Rate as a Function of Temperature

The oxidation kinetics of a Zr-2% w/o Nb a116y is initially para-
bolic over the temperature range 650 - 1000%. This suggests that a diffusion
mechanism is rate controlling and in particular, the diffusion of oxygen
ions via anion vacancies through the scale to the metal/oxide interface
determines the reaction rate.

In the high temperature region of the study (937° - TOOOOC), the
initial parabolic region was foilowed by a breakaway transition leading to
a more rapid reaction kinetics. A brief discussion of some cbservations
associated with the breakaway phenomenon will be presented later. The
straight lines of the parabolic plats in the high temperature region do not
extrapolate to zero but indicate a weight gain of approximately 1 - 2 mg
at the start of the reaction. Rather than being the resuit of a more rapid
reaction rate at the very early stages of oxidation, the occurrence is
a result of the experimental technique at the onset ¢f the weight gain
determinations, Because zirconium has a very high affinity for oxygen at
high temperatures, the specimens acted as an oxygen getter when lowered into
the evacuated reaction cell at temperature, During the 15 minute waiting
period to ensure the specimens were at the reacting temperature, the
specimens picked up residuail oxygen from the system which was indicated by

a sudden decrease in the pressure of the evacuated chamber as the sample
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was lowered in position., Thus at tiﬁe zero, an initial weight gain would
be registered.

In the low temperaturz region (650°C - 885°C) essentiaily linear
kinetics followedva short region of parabolic behaviour. However, at 650°
and 700°C periodic discontinuities in the reaction rate followed the initial
parabo]ic'region. Over the entire low temperature range, the near stoi-
chiometric white oxide formed was heavily cracked and the periodic behaviour
in the reaction rate is probably a result of the periodic formation and
healing of fissures in the scale, Fig. 18b shows the surface of a typical
oxide surface formed in this temperature range having large cracks as well
as smaller secondary fissures, Bearing in mind that the Pilling-Bedworth's
ratio for zirconium metal is of the order of 1.56, it is likely that
sufficiently large stresses would exist in the scale such that cracks
could be easily initiated,

From the oxidation rate curves, (Fig. 14) it can be seen that -
the number of discontinuities in the oxidation rate at 700°C is larger
than at 650°C over the same period of exposure. At 750°C, a still larger
number of these discontinuities is observed but are barely detectable.
As their number increaseswith increasing temperature, they are unabie to
be detected within the working Timits of the assembly, Hence, from 750° -
885°C, the post-parabolic region of oxidation is described by a 1inear rate
even though the discontinuities may exist.

The parabolic rate constants are plotted as a function of temperature
in an Arrhenius form, over the entire temperature range investigated (Fig. 30).
Two straight line relationsnips result with.the discontinuity occuring between

885%C and 937°C. In the high temperature region (937° - 991°C)"Kp as a
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function of temperature can be described by the following expression:

K, = 0.2 exp(Z2% -3005 4) (6-1)

where Eact = 30 kcal/mole.
In the low temperature region (650° - 885°C), Kp as a function of

temperature can be described by the following expression:

p = 20,9 exp('38026 | (6-2)

where Ejor = 38 kcal/mole,

The discontinuity observed in the Arrhenius plot is attributed
to the B/a + B phase boundary of the Zr-Nb phase diagram. From the phase
diagram (Fig. 5), the 8/a + B transition for a Zr-2% w/o Nb alloy occurs
at about 840°C, and one would expect the discontinuity in the oxidation rates
to occur around this temperature rather than in the observed temperature
range of 885°'- 937%C. It must be remembered that the binary phase diagram
is constructed on the basis that the alloy phases contain virtually no
oxygen whatsoever and the solid line describing the 8/a + B phase boundary
in Fig., 5 is constructed on this basis, However, Wintcn and Murgatroy‘\SG)
have shown that the influence gf an impurity such as oxygen in Zr-Nb alloys
results in a shift of the 8/a ; 8 phase boundary. In particular, the dotted
line in Fig. 5 represents the g/a + B phase boundary for Zr-Nb alioys
containing about 1400 ppm 02. They have concluded that a Zr-2% w/o Nb alloy
with the above oxygen content is only fully in the g-phase above approx-
imately 925%C, The oxygen content of the samples used in this investigation

after the annealing treatment was approximately 1000 ppm, Thus the conclusion

that the observed discontinuity is a result of the 8/a + 8 phase boundary
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is justifiable when consideration is made with respect to the position

of the g/a + B phase boundary due to the residual oxygen content of the alioy.

6.2 X-ray Analyses

In the high temperature range, two forms of oxide were observed.
X-ray powder patterns of both the grey and the white oxides revealed
virtually no differences in crystal structure between the two forms., The
colour differences between the two oxides are due to changes in stoichiometry,
the white form being near stoichiometric. X-ray diffractometer measurements
provided a more detailed method for identification purposes. The main
reaction product'was identified as monociinic zirconia (Zroz)@ The extra
reflection at a d-spacing of 2,97 R was attributed to the presence of the
mixed oxide, GZroéoszos which nhas a strong reflection at 2,95 R. 1t is
believed that the extra diffraction peak is also a result of the mixed oxide
rather than tetragonal zirconia because certain cobserved peaks corresponding
to the monoclinic structure had larger intensity ratios (I/IO) than expected;
these particular peaks (see Table II) correspond to the more intense reflections
of the mixed oxide, GZrO2 . szos. The presence of GZrO2 ‘ Nb205 in oxides
formed on Zr-Nb alloys at high temperatures has also been confirmed by

(43) and Guerlet and Lehr(48).

Zmeskal and Brey
Examination of the oxide at the metai/oxide interface revealed

that only monociinic Zr'O2 is present, The observed intensity ratios do not

all correspond to those given in the A.S.T.M. powder data file (see Table IIIj;

however, this can be expected since the specimen was a solid oxide scale

rather than a powdered form, and the effect of preferred orientations would

alter the intensity ratios;. The absence of the extra reflection corresponding
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to the mixed oxide indicates that the latter is present in the oxide but
not in the vicinity of the metal/oxide interface. Thus in the oxide
adjacent to the metal/oxide interface only monoclinic Zro2 is present
whereas away from the interface both monoclinic Zro2 and the mixed oxide

62r02 . Nb205 exist.

6.3 Oxidation of a Zr-2% w/o Nb Alley at 1000°C

Oxidation of alloy spheres resulted in the extension of the period
of parabolic behaviour up to¢ approximately 12 hours due to the minimization
of the edge effect which is characteristic of réctangular plate samples., The
slight reduction in the value of Kb for the spherical specimens is attributed
to the non-existing edge effect, |

At short times (1 hour) & black adherent oxide was formed which
progressively transformed to a compact peariy grey oxide at longer times,

The white form of Zr()2 was only observed on specimens in the breakaway
region and was concentrated around the region where breakaway occurred.
As pointed out before, the colour changes are associated with changes in
stoichiometry,

The cross-sections of the oxidized samples are characterized by:

(i) a compact scale exhibiting a columnar morphology containing more than
one oxide and showing deviations in stoichiometry,

(ii) a zone of internal oxidation comprised of the a-Zr phase plus an
oxide,

(iii) a zone of internal precipitation whgre the a-Zr phase is precipitated
in a matrix B-Zr resulting in a columnar-plus-isolated-precipitate

two-phase zone,



(iv) and a region of transformed g-Zr extending to the interior of the
sample,

An idealized schematic representation of the above description
resulting from metallographic observations is shown in Fig. 31b. Fig. 3la
is the Zr rich position of the Zr-Nb-0O ternary isotherm at 1500%C as
constructed by Wyder and Hoch(S]), (The tie lines in the two-phase regions
have been drawn by the author for illustrative purposes only and are not
a result of actual determinations.) Since a ternary isotherm at 1006°C was
not available in the literature, the isotherm of Wyder and Hoch will be
used to qualitatively discuss the observed microstructures, assuming
that the two isotherms are relatively similar, differing only in slight
compositional changes of the respective phases. This assumption appears
to be valid since the phases across the respective binary phase diagrams
at 1000°C coincide with the binary representation on the ternary phase
diagram at 1500°¢,

The identity, order and structure of ternary diffusion layers have
been studied in diffusion couples and the sequence of layers always
corresponds to consecutive regions in the appropriate ternary isotherm of
the phase diagram, Using diffusion layer formation in the Al-Mg-Zn system,

(52)

Clark and Rhines proposed a set of rules governing the course of the

composition path in multi-layered ternary diffusion structures which was

(53), supported by observations in the

later modified by Kirkaldy and Brown
Cu-Zn-Sn system, In simple binary diffusion couples only single phases are

present since the phase rule defines a unique composition path corresponding
to a tie-line in two-phase fields. In ternary systems, because of the extra

degree of freedom, the composition path may cross tie lines in two-phase
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fields resulting in a diffusion layer having two phases,

| A composition path can be qualitatively constructed on the iso-
therm of the ternary phase diagram to account for the observed microstructure
of the oxidized alloy. We essentially have a diffusion couple consisting
of pure oxygen and a Zr-2% w/o Nb alloy. The terminal points of the composition
path are tﬁus defined by these compositions and the resulting phases,after
oxidation,can be described by the consecutive regions which are traversed
by a path having the above terminal compositions. Fig. 3la shows the com-
position path constructed on the ternary phase diagram and how the successive
regions along the path correspond to the observed microstructure.

The composition path emerging into the 8 region from the Zr-Nb

side of the ternary defines the presence of the 8 phase at the interior of
the specimens. Upon emergence into the two-phase o + B region, the crossing
of tie-lines results in the precipitation of a-Zr producing a two-pnase
a + g8 layer, The zone of internal oxidation consists of a-Zr and an oxide.
The only oxide which can exist in eguilibrium with a=Zr is Zrﬁz. For the
composition path to continue through the two-phase o + Zr0, ragicn of the
phase diagram, it must do so by c¢crossing the three phase a + B + Zrﬁz region
upon emergence from the a + 8 region., Cutting through the three phase
field defines the interface between the o + 8 and the o + ZrO2 layers where
the three phases, o + B + Zroz, are in equilibrium, The three phase
equilibria is supported by metallographic observations in Fig., 26. For
the formation of Zr;O2 as an internal oxidation product, the composition
path crosses tie lines in the two-phase o + ZrO2 region before entering the
erO2 phase field. The Zro2 layer, adjacent to the zone of internal oxidation,

metallographically appears as if it were @ two-phase zone. 3ince X-ray
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examinations of the underside of the scale revealed only the presence of
monoclinic zirconia with no reflections corresponding to the mixed oxide or
lower oxides of niobium, it is believed that the dark donstituent of this
layer corresponds'to Zro2 with Nb dissolved in it thus altering the stoichio-
metry. Electron micro-probe analysis of the dark constituent revealed a

Nb enrichment in these regions and the sequence of events leading to the
formation of the oxide explains the observed enrichment. In the a« + 8’
region mear the a + 8/a + Zr0, interface, the 8 phase is enriched in Nb

due to Nb rejection from a-Zr as the latter is precipitated, It is these

Nb enriched B regions which subsequentiy oxidize internally to form Z?'O2
with Nb dissolved in it, These dark stringers of Nb enriched zirconia
extend continuously across the allioy/oxide interface into the adjacent oxide
layer. Hence the two-phase appearance of the ZrGZ layer is due to the Nb
segregation in the oxide which consequently influences the stoichiometry;
the presence of the ZrO2 layer coincides with the composition path cutting
through the Zr0, phase field.

Emergence of the diffusion path into the two phase fieid of Zrﬂz +
62r02 . Nb205 at an angle incident to the tie-lines resultis in a two phase
layer consisting of zirconia and the mixed oxide., The thickness of the two
phase layer is approximately 6/7 that of the entire oxide; the remaining
1/7 corresponds to the zirconia layer, The presence of the mixed oxide has
been confirmed by X-ray diffraction,

The two-phase region of the oxide, above the zirconia layer, does
not extend to the surface of the oxide as shown in the schematic., This can

be expected because of the fact that for the two-phase columnar structure to

exist in the oxide,it is necessary that the alpha structure be stabilized



beneath the oxide scale. Since the oxide grows by the inward diffusion of
oxygen, the initial oxide which is formed is that which exists at the surface
of the scale, At the initial stages of oxidation the alpha structure is

not yet stabilized as a columnar structure and thus the oxide formed
initially would not have this characteristic morphology, and, as a result,
appears as a thin homogeneous region of ZrOz.

It is evident from Figs. 21 to 23 and Fig. 25a that the zone of
internal oxidation has a finer structure than the coarse a + 8 region
beneath it. With the alloy/internal oxidation interface parabolically
advancing inwards and the coarse o piates acting essentially as markers, one
would expect the zone of internal oxidation to have a coarse columnar
structure not unlike that of the « + g region., However, the fine structure
observed in the a + ZrO2 layer is a result of the nucleation of secondary
a plates in the g8 phase between the existing coarse o plates, The nucleation
and growth of these new plates in the o + 3 region anhead of the advancing
internal oxidation front results in a finer structure of the latter,
Metallographic evidence of this secondary nucieation of a-plates is shown
in Fig. 32,

When a-plates are initially stabilized beneath the oxide scale,
certain plates will tend to grow faster than others resuiting in a fine
structure in the internal oxidation zone while the o + 8 region wouid
appear coarse. The faster growing plates would retard the growth of the
slower ones by eventually growing around them, Thus the fine structure of
the internally oxidized layer would only be evident at short times while at

longer times, the advancement of the « + § + Zro2 interface across the



Figure 32.

1 hr, at 1000°C

Cross Section Showing Secondary Nucleation of o Plates
in the a + 8 Precipitate Region
(Magnification 400X)
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coarse a + 8 region would result in a coarse a + Zr0, region as well.
However, as pointed out before, the existence of a fine structured o + ZrO2
layer over all times can be attributed to the nucleation of new a-piates.
The nucleation of new plates between the existing columnar o structure can
be justified by the slope of the B/a + B phase boundary of the Zr-Nb-0
isotherm. From the phase diagram it is apparent that the oxygen solubility
in the 8 phase decreases with increasing Nb concentration., As the a-Ir
plates are growing, Nb is being segregated into the intercolumnar regions
of B8-Zr, thus decreasing the oxygen soiubility. As a result, areas of
oxygen supersaturation are created, the supersaturation being reiieved by
the nucleation and growth of secondary c-plates, Hence the fine structure

of the a + ZrO2 diffusion layer is maintained at longer times by continued

nucleation and growth of new piates relieving the supersaturated condi

10ns

o

which are created in the coarse columnar region as the a + 8 + IrQ, inter-
face advances inwards; this is snhown schematically in Fig. 31b.

Internal oxidation ia the Zr-Nb system has been observed by Rapp
and Go1dberg(45) in Nb-Zr alloys, up to 40 a/o Zr, oxidized at 1000°C in
oxygen, A]phé Zirconium, stabilized ahead of the advancing internal oxidation
zone, was oxidized internally to Zvﬁz, In a recent investigation by Guerlet

(48), to which reference has already been made, the columnar aipha

and Lehr
structure was observed beneath a columnar oxide scaie, not unlike that
observed in this investigation. However, there was no evidence that an
internal oxidation zone was formed nor did they observe any variations in
the colour of the oxide in the intercolumnar regions of the scale. While

no micrographs of the metal/oxide interface at high magnifications was



88

presented by Guerlet and Lehr, it was from metallographic evidence such as
this that the presence of these zones was confirmed in this work.

Guerlet and Lehr argued that the intercolumnar regions of the
metal near the metal/oxide interface was primarily 8-Nb and that a-Zr and
g-Nb oxidized simultaneously to form ZrO2 and Nb205 respectively, while a
solid-solid reaction taking place between the latter to form 6Zr02 ‘ szos
accounted for the mixed oxide reflection in the X-ray results, Because of
the difficulty in assessing the micro-probe data for the intercolumnar
regions of the metal near the interface, due to the size limitations of the
system, the author is unable to accept the conclusion that these areas are
B-Nb but can accept the fact that there is niobium enrichment in a g-Zr
phase. It is believed that the enriched s-Zr phase oxidizes to form the dark
stringers of ZrO2 enriched in Nb, which will be designated as ZrOZ(Nb).
It is the ZrOZ(Nb) which oxidizes to 62r02 . Nb205 when a sufficient oxygen
level is attained in the scale. This reaction is represented by the con-
version of tﬁe dark Zr02(Nb) in the zirconia layer to the white 6Zr02 . Nb205
in the two-phase oxide layer,

It is believed that the protective qualities of the grey oxide
scale can be attributed to the structural nature of the internal oxide
precipitates, The fact that the oxide stringers of ZrOZ(Nb) extend continuously
from the zone of internal oxidation across the metal/oxide interface into
the oxide scale, may account for the exceptional adherence which the

oxide displays, in the region of parabolic behaviour,

6.4 Breakaway Oxidation

Breakaway oxidation is a very complex phenomenon that is not well
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understood. It has been previously pdinted out that certain factors such
as changes in stoichiometry, crystallographic changes or induced stresses
in the oxide as a result of volume changes may promote fractures leading
to the breakaway phenomenon. It is not the purpose of this section to
propose a mechanism to explain breakaway but to discuss some of the obser-
vations related to it.

Breakaway to a more rapid reaction kinetics was most pronounced
in the high temperature range, Stoichiometric white Z'rO2 appearing aliong
the edges of rectangular samples and a white network superimposed on the
compact grey Zr02 of the surfaces are characteristfc of a Zr-2% w/o Nb
rectangular specimen oxidized in the breakaway region at high temperatures
Using the spherical samples, breakaway was characterized by rapid attack
at localized areas resuit%ng in the formation of the white stoichiometric.
ZrO2 at these points. A cross section of a region of localized attack
resuiting in breakaway kinetics is shown in Fig. 33b, The oxide overiying
the columnar structure is the compact grey Zr0, while the cracked and
massive scale growth above the cavity produced at the metal surface is the
white stoichiometric Zroz. The interesting feature associated with this
localized attack is the difference in alloy microstructure beneath the
respective oxides. At the metal/oxide interface bordering the cavity, the
columnar structure has broken down and a more rapid attack is tolerated in
this region whereas a compact grey adherent scale exists only in those
areas where the columnar structure is maintained,

Since the-?i]]ing-Bedworth ratio for zirconia/alpha-zirconium is
larger than unity (~1.56) large stresses may be generated in the oxide.

As a result, fissures in the oxide may be initiated by shearing, a process

s

(4

7)



Figure 33,

(b) 80X

(a) Initiation of Localized Attack

(b) Cross Section of a Region of Localized Attack
(Breakaway)
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which would be favourable in this system due to the columnar morphology which
the oxide exhibits. Cracks such as shown in Fig. 33a may be generated
from small fissures under the influence of stresses in the oxide resulting
in the initiation of localized attack. Once the crack propagates to the
metal interface, oxygen supply would come in direct contact with the metal
and the oxidation reaction would become catastrophic., As a result, this
may lead to the situation shown in Fig, 33b where the columnar structure
has been consumed and the protective qualities have been lost, Since the
oxidation rate is very rapid in the region of localized attack, almost all
of the oxygen may be consumed in forming the oxide leaving an insufficient
amount available to stabilize the columnar structure; that is to say, that
due to the cracked and porous nature of the scale in the breakaway zone,
the reaction may occur to such a rapid extent, that the metal/oxide
interface may advance at a faster rate than the rate at which a-ir may

be stabilized ahead of the moving front. Under these conditions, rapid

reaction kinetics would persist until all of the metal was consumed.
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CHAPTER VII
Conclusions

The oxidation of a Zr-2% w/o Nb alloy initially obeys a parabolic
relationship over the range 650% - 1000%c, Parabolic behaviour was
followed by a transition to a more rapid reaction kinetics, In the
range 650° - 885°C, the parabolic region extends over relatively
brief time periods as compared to the nigh temperature range (937° -
1000°C). The activation® energy for parabolic oxidation from 650° -
885%C is 38 kcal/mole. Oxidation in the low temperature range is
characterized by a transition to essentially linear kinetics, whereas
in the high temperature range, parabolic oxidation is followed by a
breakaway transition to an increasing oxidation rate., The activation

energy for parabolic oxidation from 937° . 991% is 30 kcal/mole,

The break in the Arrhenius plot of the parabolic rate constants, between
the temperatures 885%C and 937°C, is related to the o + 8/8 phase boundary
of Zr-Nb phase diagram, In the range 650° - 885°C, the alloy is oxidized
in the two phase a + 8 region whereas at and above 937°C, the alloy is

fully in the 8 region.

During parabolic behaviour in the high temperature range, the a-Zr,
exhibiting a columnar morphology, is stabilized below the oxide scale

by inward diffusing oxygen. In the region of breakaway oxidation,

G5



(iv)

(v)

(vi)

the o layer breaks down and rapid oxidation of the g-Zr takes place.

In the high temperature range a multiphase oxide scale is formed.

The inner oxide layer, adjacent to the alloy/oxide interface, consists
of columnar grains of monoclinic zirconia with intercolumnar regions
of niobium enriched zirconia, The outer layer and main bulk of the
oxide scale consists of a multiphase oxide of columnar grains of mono-
clinic zirconia with intercolumnar regions of the mixed oxide, 62?62 .
sz 5
A zone of internal oxidation of a + ZTOZ(Nb) is formed beneath the oxide
scale, The zirconia precipitates containing niobium occurred at the
boundaries of the oxygen staebilized o plates. They formed as stringers
extending continuously into the externai scale and they appeared to

exert a pinning action of the protective scale to the metal substrate.

The fine columnar structure of the internal oxidation zone is a result
of the nucleation and growth of secondary o plates in the a precipitate
region ahead of the advancing internal oxidation front., This phenomenon
is attributed to the slope of the 8/« + B phase boundary of the ternary
isotherm which indicates a decreasing oxygen solubility with increasing
niobium content, This yields sufficient oxygen supersaturafion of

g=-Zr, in the a + B region, to allow precipitation of secondary plates

Of G-Zr .
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(vii) The morphological development of the layered structure during parabolic
kinetics at high temperatures is consistent with the available phase
diagram data. The sequence of the obseérved layers is defined by a
composition path crossing consecutive regions of the ternary isotherm

between two terminal points defining a diffusion couple.



APPENDIX
TABLE I
PARABOLIC OXIDATION RATE CONSTANTS

Oxidation Temp.(%)  Sample  Kp(gmbem™* min™!)
1000 sphere 12.5 x 1077
z 14,0 x 1077
991 plates 13.6 x 10~/
u 15.3 x 1077
" 13.8 x 1077
937 " 8.17 x 10~/
. 7.88 x 1077
! 8.89 x 1077
885 z 1.1 x 1077
" 13.6 x 1077
832 u 7.25 x 1077
‘ 8.14 x 1077
800 “ 3.11 x 10”7
750 u 1.54 x 107/
700 : 0.78 x 1077
650 “ 0.17 x 1077
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SPECIMEN: Oxide formed at 991°C (powdered)

TABLE II

X-RAY DIFFRACTOMETER DATA

RADIATION: CuKa FILTER: Ni Al
Peak 26 pecimen Mo§och’m“c Zirconia (ASTM)
d(A) il d{A) I/1
0 0
1 17.33 5,108 4 5.036 6
2 24,00 3,708 15 3,690 18
3 24,42 3,641 13 3,630 14
4 28,12 3.170 100 3.157 100
5 30,10 2,970 1
6 31.40 2.846 3 2,843 65
7 34,14 2,623 23 2,617 20
8 34,25 2,608 .20 2.598 12
9 35,22 2,545 18 2,538 V4
2,488 4
10 38,50 2,336 7 2,328 6
11 39.33 2.288 1 2,285 2
2.252 4
12 40,67 2,215 17 2213 14
13 41,27 2,184 8 2,182 6
14 44,74 2,023 8 z.015 8
15 45,40 1,995 7 1.989 8
16 49,22 1.849 25 1.845 18
17 50,10 1.819 35 1.818 12
18 50.50 1.805 21 1.801% i2
19 51.16 1,783 11 1.780 )
20 54,00 1.696 17 1.691 14
21 55.27 1.660 20 1.656 14
22 55,85 1,644 13 1.640 8
23 57.16 1.610 10 1.608 8
24 57.88 1.591 7 1.591 &
25 58.08 1.586 8 1.587% 4
26 59.84 1.544 17 1,541 10
27 61.30 1.510 e 1.508 )
28 61.88 1,498 8 1.495 10
29 62.74 1,479 14 1,476 6
30 64.23 1.448 3 1.447 4
31 65.62 1.421 11 1.420 6
32 68.85 1,362 1 1,358 2
1.348 2
33 71,13  1.324 6 1.321 o
34 72,18 1,307 3 1.309 2
1.298 2
35 75.06 1,264 6 1,269 2
36 78.95 1.211 3 + 34 peaks

to 0.885
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TABLE III
X-RAY DIFFRACTOMETER DATA

SPECIMEN: Oxide at the metal/oxide interface at 991°¢ (scale intact)

RADIATION: Cuk_ FILTER: Ni ar 1.542 R

Peak 26 § ecimen Monociinic Zirconia (ASTM)

d( I/1 d(R) i/1
0 0
5,036 6
1 24,06 3,694 11 3.690 18
2 24,45 3,623 3 3.630 14
3 28,22 3,158 100 3,157 100
4 31.48 2,838 16 2.843 65
5 34,14 2,623 10 2,617 20
6 34,40 2,600 € 2,598 12
7 35,28 2,540 2 2,538 14
8 35.85 2,501 3 2,488 4
9 38,60 2,329 4 2,328 6
2,285 2
- 2,252 4
10 40,75 2,212 5 2,213 14
11 41,45 2,176 4 2.182 6
12 44,85 2.014 3 2,015 8
13 45,52 1,990 15 1.289 8
14 49,26 1,847 1é& 1,845 18
15 50,15 1,816 7 1.818 12
16 50,58 1.802 21 1.801 e
17 51.27 1.780 £ 1.780 6
18 54,10 1.693 2 1,091 14
19 55,40 1,656 10 1.656 14
20 55,58 1.651 12 1.640 8
21 57.20 1.608 2 1.608 8
22 57.48 1,601 2 1.591 4
23 58,30 1.580 6 1,581 4
24 59.94 1,541 4 1.541 10
25 60,14 1.536 4 1,508 6
26 61.99 1.495 8 1.495 10
1.476 6
27 64,32 1,446 5 1.447 4
28 65.64 1,420 3 1.420 6
1.358 2
1,348 2
29 71.20 1,322 7 1.321 6
1,309 2
1.298 2
30 75.30 1,260 3 1.269 2
+ 34 peaks

to 0.385
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TABLE IV
OXYGEN DISTRIBUTION AT VARIOUS TEMPERATURES

Temperature (°C) w/o 0, (in oxide) w/o 0, (in alloy)
1000 64% 36%
885 " 88% 12%
800 93% 7%
750 94% 6%
- 700 959 | 5%

650 97% 3%
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ELECTRON MICRO-PROBE RESULTS

Nb conc. —

DISTANCE ——=

The above is the result of a transverse scan across

the columnar structure of the o« + 8 precipitate region
showing the variation in niobium concentration. The large
peaks were generated from the g-Zr areas between the
columnar a-Zr plates, indicating niobium segregation in
these regions., The lower limits of the scan were generated
from the o-Zr plates indicating a lower solubility of Nb

in a-Zr,



s

LIST OF REFERENCES

Hauffe, K.; "Oxidation of Metals", New York: Plenum Press, 1965,
Kofstad, P.; "High Temperature Oxidation of Metals", Waley and Sons, Inc.,
1966.

Kubaschewski, 0. and Hopkins, B, E,; "Oxidation of Metals and Alioys",
London: Butterworth, 1562,

Cabrera, N, and Mott, N, F.; Repts. Prog. Phys., 12 (1943) 163,
Tammann,G.; Z, anorg. Chem,, 111 (1920) 78,

Pilling, N, B. and Bedworth, R, E.; J. Inst, Met., 29 (1923} 529.
Wagner, C.; Z. Phys, Chem,, B271 (1933) 25,

Wagner, C.; Atom Movements, A.S.M, (1951) 133,

Smeltzer, W, W, and Akram, H, K.; Can, Met. Quart., 1 (1962} 41.
Kubaschewski, 0. and Hopkins, B. E.; "Oxidation of Metals and Alloys“,
London: Butterworth, 1562, Page 220.

Valens, G.; Rev, Metall., 45 (i948) 10,

Tylecote, R, F.; J. Inst, Met,, 78 (1950} 259.

-

Hussey, R. J. and Smeltzer, W. W.; J. Electrochem, Soc., 111 (1964) 564,
Gulbransen, E, A, and Andrew, K. F.; J. Metals, 1 (1949) 515,

Smeltzer, W. W,, Haerring, R. R, and Kirkaldy, J. S.; Acta Met., 9 (1961)
880,

Webb, W. W,., Norton, J. T. and Wagner, C.; J. Electrochem, Soc., 103
(1956) 107,

Wallwork, G, R,, Rosa, C, J., and Smeltzer, W, W.; Corrosion Sc.,

5 (1965) 113,

100



18,
19

20.
gl.
22,
23.
24,
25,
26,

27,
28,
29,
30.

31.
32.
33.

34,
35,

36.
37.
38,

10L

Nomura, S. and Akutsu, C.; Electrochem, Tech., 4 (1966) 93,

Cox, B.; "Progress in Nuclear Energy, Series IV, Vol, 4, Technology,
Engineering and Safety," Pergamon Press, (1961) 177.

Stringer, J.; Met. Rev., 11 (1966) 113,

Benard, J.; Met. Rev,, 9 (1964) 473,

Wagner, C.; J. Electrochem, Soc., 103 (1956) 571,

Wagner, C.; J. Electrochem, Soc., 99 (1952) 369.

Wagner, C.; J. Electrochem. Soc., 103 (1956) 627,

‘Thomas, D, E.; J. Metals, 3 (1951) 926,

Rhines, R. N., Johnson, W, A., and Anderson, W. A,; Trans, AIME, 147
(1942) 205,

Moreau, J, and Benard, J.; Rev, Met., 59 (1962) 161.

Rapp, R. A.; Corrosion, 21 (1965) 382,

Belle, J. and Mallett, M. W.; J. Electrochem, Soc., 101 (1954) 339.
Charles, R. G, Barnartt, S, and Gulbransen, E. A,; Trans, AIME, 212
(1958) 101,

Gulbransen, E. A, and Andrew, K, F.; J. Metals, 9 (1957) 394.
Hillner, E.; Electrochem. Tech., 4 (1966) 132,

Porte, H. A., Schnizlein, J, G., Vogel, R, C. and Fischer, D. F.; J.
Electrochem, Soc., 107 (1960) 507,

Pemsler, J. P.; Electrochem. Tech., 4 (1966) 128,

Wallwork, G. R., Smeltzer, W, W, and Rosa, C. J.; Acta Met., 12 (1964)
409, |

Rosa, C. J. and Smeltzer, W, W.; Acta Met., 13 (1965) 55,
Pemsler, J, P.; J. Electrochem, Soc., 112 (1965) 477.

Rosa, C. J.; J. Less-Common Metals, 16 (1968) 173,



39.
40.

4,
42,

43,
44,
45,
4.

47,

43.
49,

50,
51,
52,
83,

102

Hurlen, T.; J. Inst. Met., 89 (1960-1961) 273,

Sheasby, J. J., Wallwork, G, R, and Smeltzer, W, W.; J, Electrochem,
Soc., 113 (1966) 1255,

Kofstad, P. and Espevik, S.; J. Electrochem, Soc., 112 (1965} 153.
Simms, C. T., Klopp, W. D. and Jaffee, R. I.; Trans. A.S.M., 51 (1959)
256,

Zmeskal, 0. and Brey, M. L.; Trans., A,S.M,, 53 (1961) 415,

Roth, R. S. and Coughanour, L, W.; J. Research, NBS, 54-55 (1955).
Rapp, R. A. and Goldberg, G. N,; Trans, AIME, 236 (1966) 1619,
Cowgill, M, G, and Smeitzer, W, W,; J. E?eci?oéhem. Soc., 114 (1967)
1089,

Cowgill, M, G., Wong, S. H. and Smeltzer, W, W.; J. Electrochem, Soc.,
115 (1968) 927.

Guerlet, J. P and Lehr, P,; J. Nucl, Mater., 28 (1968) 165,

McGraw-Hi1l, New York (1563),
Winton, J..and Murgatroyd, R. A.; Electrochem, Tech., 4 (1966) 358.
Wyder, W. C, and Hoch, M,; Trans. AIME, ggi_(1962) 373.

Clark, J. B. and Rnines, P, N.; Trans, A.S.M., 51 (1959) 19

(te]

Kirkaldy, J. S. and Brown, L. C.; Can, Met. Quart,, 2 (1963) 89,



	Urbanic_Vincent_F_1970_04_master0001
	Urbanic_Vincent_F_1970_04_master0002
	Urbanic_Vincent_F_1970_04_master0003
	Urbanic_Vincent_F_1970_04_master0004
	Urbanic_Vincent_F_1970_04_master0005
	Urbanic_Vincent_F_1970_04_master0006
	Urbanic_Vincent_F_1970_04_master0007
	Urbanic_Vincent_F_1970_04_master0008
	Urbanic_Vincent_F_1970_04_master0009
	Urbanic_Vincent_F_1970_04_master0010
	Urbanic_Vincent_F_1970_04_master0011
	Urbanic_Vincent_F_1970_04_master0012
	Urbanic_Vincent_F_1970_04_master0013
	Urbanic_Vincent_F_1970_04_master0014
	Urbanic_Vincent_F_1970_04_master0015
	Urbanic_Vincent_F_1970_04_master0016
	Urbanic_Vincent_F_1970_04_master0017
	Urbanic_Vincent_F_1970_04_master0018
	Urbanic_Vincent_F_1970_04_master0019
	Urbanic_Vincent_F_1970_04_master0020
	Urbanic_Vincent_F_1970_04_master0021
	Urbanic_Vincent_F_1970_04_master0022
	Urbanic_Vincent_F_1970_04_master0023
	Urbanic_Vincent_F_1970_04_master0024
	Urbanic_Vincent_F_1970_04_master0025
	Urbanic_Vincent_F_1970_04_master0026
	Urbanic_Vincent_F_1970_04_master0027
	Urbanic_Vincent_F_1970_04_master0028
	Urbanic_Vincent_F_1970_04_master0029
	Urbanic_Vincent_F_1970_04_master0030
	Urbanic_Vincent_F_1970_04_master0031
	Urbanic_Vincent_F_1970_04_master0032
	Urbanic_Vincent_F_1970_04_master0033
	Urbanic_Vincent_F_1970_04_master0034
	Urbanic_Vincent_F_1970_04_master0035
	Urbanic_Vincent_F_1970_04_master0036
	Urbanic_Vincent_F_1970_04_master0037
	Urbanic_Vincent_F_1970_04_master0038
	Urbanic_Vincent_F_1970_04_master0039
	Urbanic_Vincent_F_1970_04_master0040
	Urbanic_Vincent_F_1970_04_master0041
	Urbanic_Vincent_F_1970_04_master0042
	Urbanic_Vincent_F_1970_04_master0043
	Urbanic_Vincent_F_1970_04_master0044
	Urbanic_Vincent_F_1970_04_master0045
	Urbanic_Vincent_F_1970_04_master0046
	Urbanic_Vincent_F_1970_04_master0047
	Urbanic_Vincent_F_1970_04_master0048
	Urbanic_Vincent_F_1970_04_master0049
	Urbanic_Vincent_F_1970_04_master0050
	Urbanic_Vincent_F_1970_04_master0051
	Urbanic_Vincent_F_1970_04_master0052
	Urbanic_Vincent_F_1970_04_master0053
	Urbanic_Vincent_F_1970_04_master0054
	Urbanic_Vincent_F_1970_04_master0055
	Urbanic_Vincent_F_1970_04_master0056
	Urbanic_Vincent_F_1970_04_master0057
	Urbanic_Vincent_F_1970_04_master0058
	Urbanic_Vincent_F_1970_04_master0059
	Urbanic_Vincent_F_1970_04_master0060
	Urbanic_Vincent_F_1970_04_master0061
	Urbanic_Vincent_F_1970_04_master0062
	Urbanic_Vincent_F_1970_04_master0063
	Urbanic_Vincent_F_1970_04_master0064
	Urbanic_Vincent_F_1970_04_master0065
	Urbanic_Vincent_F_1970_04_master0066
	Urbanic_Vincent_F_1970_04_master0067
	Urbanic_Vincent_F_1970_04_master0068
	Urbanic_Vincent_F_1970_04_master0069
	Urbanic_Vincent_F_1970_04_master0070
	Urbanic_Vincent_F_1970_04_master0071
	Urbanic_Vincent_F_1970_04_master0072
	Urbanic_Vincent_F_1970_04_master0073
	Urbanic_Vincent_F_1970_04_master0074
	Urbanic_Vincent_F_1970_04_master0075
	Urbanic_Vincent_F_1970_04_master0076
	Urbanic_Vincent_F_1970_04_master0077
	Urbanic_Vincent_F_1970_04_master0078
	Urbanic_Vincent_F_1970_04_master0079
	Urbanic_Vincent_F_1970_04_master0080
	Urbanic_Vincent_F_1970_04_master0081
	Urbanic_Vincent_F_1970_04_master0082
	Urbanic_Vincent_F_1970_04_master0083
	Urbanic_Vincent_F_1970_04_master0084
	Urbanic_Vincent_F_1970_04_master0085
	Urbanic_Vincent_F_1970_04_master0086
	Urbanic_Vincent_F_1970_04_master0087
	Urbanic_Vincent_F_1970_04_master0088
	Urbanic_Vincent_F_1970_04_master0089
	Urbanic_Vincent_F_1970_04_master0090
	Urbanic_Vincent_F_1970_04_master0091
	Urbanic_Vincent_F_1970_04_master0092
	Urbanic_Vincent_F_1970_04_master0093
	Urbanic_Vincent_F_1970_04_master0094
	Urbanic_Vincent_F_1970_04_master0095
	Urbanic_Vincent_F_1970_04_master0096
	Urbanic_Vincent_F_1970_04_master0097
	Urbanic_Vincent_F_1970_04_master0098
	Urbanic_Vincent_F_1970_04_master0099
	Urbanic_Vincent_F_1970_04_master0100
	Urbanic_Vincent_F_1970_04_master0101
	Urbanic_Vincent_F_1970_04_master0102
	Urbanic_Vincent_F_1970_04_master0103
	Urbanic_Vincent_F_1970_04_master0104
	Urbanic_Vincent_F_1970_04_master0105
	Urbanic_Vincent_F_1970_04_master0106
	Urbanic_Vincent_F_1970_04_master0107
	Urbanic_Vincent_F_1970_04_master0108
	Urbanic_Vincent_F_1970_04_master0109
	Urbanic_Vincent_F_1970_04_master0110
	Urbanic_Vincent_F_1970_04_master0111

