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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°C in pure oxygen atmospheres. 

We·ight gain data is presented for rectangular plate specimens in the range 

650° - 991°C. The kinetics \llere de·cernrlnec. ccntinuously using thernlograv·;metri .: 

techniques and may be represented by a paraoo~·;.: relationship 'followed by 

essentially linear kinetics over the range 650° - 885°C, while over the 

range 937°- 991°C, parabolic kinetics is followed by a breakaway ti"'ansit·lon 

to an increasing reaction rate. In ·cha low temperc::ture range the par .. abolic 
~"'Q?,. 

rate constant has been calculated to be k:j = 20.8 exp (- .. c,rfj;:..) and in t.'1e 

high temperature range kp = 0.22 exp (- 32~54l. 
The latter part of the investigation was focused on the oxidation 

of Zr-2~ w/o Nb at 1000°C 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 speciw~ns 

( i 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 pertaining to observations related to the 

breakaway phenomenon is also presented. 
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CHAPTER I 

In the rapidly advancing field of nuclear technology, zil"conium 

and its alloys have assumed a significant \"ole. The development of z·irconium

base alloys is being forced by the demands for stronger and iighter sectio11s 

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-b&se alloys for application in 

water reactors, alloys containing niobium are receiving increasing attention 

with respect to having the best comtr;ndbon cr: s·-:rer.gth~ dwct·:iity~ corro:...1on 

resistance and neutron economy. 

In this investigation:~ tnc behaviour of a Zr-2!2 w/o Nb a"iioy l.Xidizecl 

in a pure oxygen atmosphere ;.n tne temperature range 650° - 1000°C is reported. 

The study may be divided into two parts: the first part consists of kina·dc 

data compiled over the entire temperature r.:mge using rectangu·lar p"late 

samples while the second part is ~cus~d on the morphological development 

of the oxide scale and metal substrate at 1000°C and is supported 

by kinetic, X-ray, electron micro-probe and metaiiographic observations. 

A brief outline of the ·lundamenta 1 pi"incip les and theories 

pertaining to high temperature oxidation is given as well as a review of other 

investigations of zirconium. niobium and zirconium-niobium alloy oxidatiofi. 

This is followed by some experimental results from the author's investi

gation and an attempt has been made to expla·In the results on 'the basis of 
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these theories and principles. Direct comparison of results with other investi

gators is difficult due to differences in experimental conditions; howe\er, 

any agreements or disagreements between ex~erimenta1 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. However, 

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 me·tai a.nd ailoy oxidation. Consequently 

simple metal or oxygen ion diffus·lon through the oxide lattice only deto=r011ines 

the rate of oxidation in a few idealized cases. 

It is the purpose of this chapter to br·iefly summarize the pr-inciples 

of metal and alloy oxidation. A more thorough description of the top·ic 

may be found in many standard texts< 1•2•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. Practicai1y a1i oxides are semiconductors, 

3 



and electrical conduction may occur either by positive holes (p-type semi

conduction) or by electrons (n-type semiconduction). Wagner proposed 

4 

that oxide semiconductors are not of exact stoichiow~tric 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 fonnation of higher valence 

cations or positive holes. The model for a metal excess (n-type) oxide 

·i s one in which there are metal ions in interstitial positions or anion 

vacancies in the lattice and free electrons. The validity of these models 

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 conductivi~Y 

is proportional to the defect concentratior;, its dependence on the oxygen 

pressure may be ex peri menta lly veri'f·j eo. 

The fact that an ox·ide may exhibit a variable composition range 

is important when considering meta·i oxida"don reactions. The r~atul"e of 

the defect structure of the oxide wh·;ch occurs in a particular case partially 

determines the oxidation rate. For an oxide layer growing on a me~a1, 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 •. 



5 

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 limit the interpretation to a certain group of mechanisms. 

The number of possible mechan isms may be reduced O'r 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, ~ , as a function of time, t. In many cases, the increase in 

weight can be related to the thickness of ~he oxide film if the density 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 oniy ·limit·ing 

and ideal cases and deviations from these rate equations may occur. 

Logarithmic rate equations, 

Direct logarithmic: C~·rn) = K. • log( a. t v to) A log (2-1) 

Inverse logarithmic: 1 -( ~) - B - Kil • log t (2-2) 

are characteristic of the oxidation of a large number of metals at iow 

temperatures {below 300°- 400°C) where the ·thin film range exists (about 100 ~). 

~is the weight grain per unit area, tis the time and Klog and Kil are 

the rate constants; a, Band to are constants. The model for the thin fi1m 

_range is based on the hypothesis, originally proposed by Mott( 4), that a 

strong electric fie ld exists across tha oxide film, and this field is 
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responsible for pulling anions or cations through the oxide phase. The 

electrical charge distribution arises from electrons passing from the meta l 

to the gas/oxide interface. The passage of metal or oxygen ions into the 

oxide then determines the reaction rate. Thus at 1ow 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(G). The rate of 

oxidation is inversely proportional to the film thickness: 

dx =~ 
dt X 

or, on integration: 

In terms of weight gain, 

{~A) 2 = K t + c p p 

(2-3) 

(2-4) 

(2-5) 

where KP is the paraboli c rate constant» and cp is a constant of integi"'ation. 

The parabolic relationship can be deriv~a from Wagner's theory o·f oxidat·ion( 7 ,a) 

As a rule, high temperature parabolic oxidation indicates t hat 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 law, which is intermediate between the logarithmic 

and the parabolic relations: 



This relationship can be theoretically derived and explained by the 

Mott-Cabrera mechanism< 4> for metal deficit oxide films :but fails to 

explain the cubic oxidation of metals forming n-type oxides such as 

titanium and zirconium. However, the same data can be approximated by 

other rate laws. 

The simplest rate expression is the l inear equatior. , where the 

thickness of the film has no influence on the rate of uptake of oxygen. 

Linear oxidation may be described by: 

dx -= k · 
dt R. 

which on integration gives: 

X = k t + C 
£. 

In terms of weight gains: 

{'~m) = K t + c 
A L L 

where KL is the linear rate constan·t e:nci cL ~s the integration constant. 

7 

(2-6) 

(2-7) 

(2-8) 

(2-9 ) 

A linear relationship signifies that the surface or phase boundary reaction 

is the rate determining step. If the oxide is non-protective with no 

·a.aJ"r;er·between the gas phase- and the metal ~S.urface·, the linear.Jaw is 

expected to hold. Metals which have a tendency to oxidize at a linear 

rate usually have porous or cracked ox·ides 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 r~y 



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 kinetics 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 pointed 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 mecnanism as a result of changes 

in the nature of the oxide scale. For example~ at high temperatures, a 

combination of parabolic and 1·inear ox·idation kinetics may occur giving 

rise to paralinear oxidation. T~is may occur as a result of a compact 

scaie growing initially at a parabolic rate, transforming at a linear 

rate to an outer porous and non-protact)vs oxide layer. Observations of 

this type of kinetics has been r~ported by Smeltzer and Akrar.,( 9) 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, 

8 

k = A • exp-Q/RT {2-10) 

where k is the oxidation rate constant , A is a constant hav ing 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 logarithmic 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- 1• The exponential 

temperature dependence of the oxidation rate is upheld for many systems. 

There are, however, a few exceptions where the rate is independent of 

temperature. -For examp le, tile oxidation ofniobium at high temperatures is 

not well reproducible(lO) and hence no simple Arrhenius relationships can 

be attained. As a rule, the activation energy remains constant as long as 

the same rate-determining mechanism prevails~ and changes in the temperature 

dependence may therefore signify changes ·in the oxidation mechai'lism(li ' 12). 

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 controi!ing step 1 then the react·ion exhibits a large 

oxygen pressure dependence. At iow oxygen pressures, ·the o#ddation rates 

are found to be proportional to P . "i Sl:ggcsting a dissociative reaction 
02 

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

o{g) ~ 20 
2 ads 

If the reaction is controlled by solid state diffusion, interface 

reactions are rapid compared to the rates of diffusion. Wagner's theory 

assumes thermodynamic equilibri um at the gas/oxide and metal/oxide inter

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

(2-11) 
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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 P~/n for p-type oxides, where n ~ 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 Smeltzer(lJ) 

and Gulbransen and Andrew< 14> for the reaction of zirconium with oxygen. 

The number of defects at the oxide/gas interface for Zro2 may be expected 

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 For.nat"lon (Paraboli c Oxidation) 

As oxidation proceeds beyond the point where electron field effects 

can be neglected, parabol i c oxidation is f requently observed. The mechanism 

for parabolic oxidation. has been aescri bed by Wagner< 7>. The mechanism 

is controlled by diffusion of reactants al ong a concentration gradient 

in a semi-conducting oxi de. Wagner derived an expression for the rate of 

oxide growth in terms of the speci f i c conducti vity of the oxide~ ~~ the 

transport number of the cations. an ions and electrons, Lc' 'A and 'e' and 

the decrease in free .. energy of the oxidation reactions expressed in terms 

of the generated electromotive force, E
0

, all measurable quantities. Con

sidering the transport of both ions and electrons through the scale, the 

resistance (both electrolytic and e"lec·tronic) of the fi 1m was derived, 

which when substituted into a form of Faraday 1s law gives: 



dn (Tc + TA} Te~o 
= (2-12) 

dt 96500 ~ 

where n is the g-equivalents of oxide, tis time (sees.), A is the area of 

the film (cm2} and~ is the fi lm thickness (em). (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: 

dn Z 2 
- = ~v { ... ) kP dt eq 1•1 

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

ion 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 

(2-12) was expanded to include t;·:is pre~sure cependence . The expression 

is: 

dn = (TA + ·rcheKoA • 1.983 nT 

dt 96500 ~ 23066 z 

where pl /n is the gas pressure .:n: the oxicie surface, pcliss ·;s the disso-
x X 

ciation pressure of the ox ide (at the ~eta1/oxide interface) and T is 

the absolute temperature. 

Calculating the mobil ities of ions and electrons and considering 

that the chemical potenti al is a linear function of log Px, Wagner 

obtained the following equation: 

(2-13) 

(2-15) 



dn { 300 A 
dt = 96500 Ne 

12 

where NJSAvogadro 's number, e the electronic charge, llx(s) and llx(m) are 

the chemical potentials 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: 

z 
(D* + ~ D*) d1n a 

C z X C 
c 

z 
or (-E. D* + D*) d 1 n a 

C X X zx 

where Ci = zccc = zxcx in the concentrat·; or~ of non-meta 1 or mata 1 ions, 

ac and ax are activities of the met~l and non-mata1 species and D~ and· 

(2-17) 

(2-18) 

D~ are ·the self-diffusion coeif1 cie.1ts m-: the matal and non-metai i .. espect1vely. 

Deviations from true paraboi"lc re·ladonships may occur as a result 

of short circuit diffusion paths such as grain boundaries and dislocations 

in the oxide. Smeltzer et a1. (1S) 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 r.O [ ) 
x = kp [t + ~ 1 - exp(-kt)J J (2-19) 



where x =the film thickness, k =the parabolic rate constant, ;. t =the 
D p 

time, a = ~and k = a constant agreed well with experimental data for 
L 

the oxidation kinetics of hafnium, titun~ium and zirconium; 

Deviations from true parabolic behaviour such as paralinear 

kinetics are also observed. Wagner< 16) pointed out that this type of 

behaviour exists when a sca le consists of a compact adherent scale 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 lim,ting thickness. 

13 

Transition from an initial parabolic or cubic rate to a more rapid 

kinetics is often termed "breakaway oxidation 11 and is commonly observed 

during oxidation of zirconium and its a11oys(l?,lB). No definite mechanism 

of the oxidation rate transition is known; however, currently proposed 

mechanisms have been classi fi~d into tnree groups( 19 >: 

(i) changes in stoichiometry of the oxide due to oxygen saturation 

induces fracture thus leading to braakaway transition. 

' 
(ii) transition attributed to crystallograph-ic changes in the 

oxide. 

(iii) 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 improve the 

oxidation resistance of pure metals. A qualitative treatment on the 

effect of alloying on oxidation has been given in reviews by Stringer( 20) 

who classifies the effects into seven major ~ategories, and by B~nard( 2 l). 

2.3. 1 Wagner-Hauffe Model 

The Wagner-Hauffe model is simple in principle and can be found in 

practically all standard texts(l, 2,3}. It may be applied to metals 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 

·;he defect concentration in the scaie by addition of foreign atoms. 

Briefly the rule states that addi~ion of an alloying element which exhib)ts 

a valence state higher than that of the base metal will decrease the 

concentration of defects in an n-typa oxide, and he.1ce reduce the oxidation 

rate. For a p-type oxide, an element o·? higher valency increases the 

defect concentration and thus the oxida:~hm i"'ate. For ionica1iy conducting 

scales, the slow transport of electrica·l defect;; is the rate controlling 

step. Thus for cationic conduction by vacandes or interstitia1s, a higher 

valency cation reduces the positive hole concentration or increases the 

concentration of electrons respectwely and hence decreases or increases 

the rate respectively. For anionic conduction byvacancies or interstitials, 

a higher valency cation will increase the electron concentration or 

decrease the concentration of posit·ive ho"les respectively thus increasing 

or decreasing the rate respectively. Th·as mode·i is based on the assumption 



that the foreign ions are diss olved substitutionally on the parent oxide 

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

2.3.2 Selective Oxidation 

i5 

In selective oxidation, tne least noble metal selectively oxidizes 

and this phenomenon is favoured when the oxides of the alloyik1g 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 latte-r.~is more commonly 

termed 11 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 1ayer on the surface. 

When only the major e1~ment is oxidized, the minor e·iement ·is 

dispersed either as small meta'thc po.rticies in the oxide or as the ·layer 

of metal just below the oxide. In 'cht; ·iatter case, the enriched region 

can act as a diffusion barrier ar.d a.lter ·ci1e stability of a p"ianar metai/ 

oxide interface( 22 ). If oxidation is determined by the diffusion of metal 

through the barrier, oxidation wii1 be most i"ap·id at the thinrJest regions 

making the metal surface more i'f'regular. On the other hand, if 1:he 

oxidation rate is determined by diffusion through the scale, the interface 

will tend to remain planar. 

The factors determining the oxidation of alloys with a noble alloying 

element were investigated by Wagner( 23) using the nickel -platinum 

system. With the aid of derived mathema·cica1 expressions pertaining to 

the system where the noble element is pract\cally unaffected by oxygen, the 

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

was discussed. 
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2.3.3 The Formation of Composite Scales 

Unlike the systems previously described where only one element 

reacts with oxygen, most binary systems A-8 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 vJagner{ 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 a11oy, 
, 

N8, A oxide is formed. As oxidation proceeds, B is enriched at the alloy/ 

oxide interface and the B oxide will begin to form when the concentration 

* of Breaches the equilibrium concentration of B, N8, in the mixture (alloy+ 
, * A oxide+ B oxide) . For th1s mechanism N8 is smaller than N8• Simiiav-·iy 

.... 
for high concentrations of B ·in the alloy~ N 8, only the B oxide vri11 

be formed. The formation of A oxicie w·i11 begin only when the concentl"ation 
•k * of A at the interface reaches the cv-itical concentration NA = 1 - N8 cor-

responding to the three phase equilibr·lum. Fov- this mechamsm f-iB is 
* "" .-.,. greater than N8• At concentrati ons v-anging from N8 to N8 the A oxide 

and B oxide will be formed simultaneously. From Wagn&r the criticai 
.... 

concentration, N8 , above which on1y.the B oxide is formed is given by: 

N~,. = ..:;__ ( "kp,.)!2 (2-20) 
l6Z8 D . 

where V = the molar volume of the alloy, z8 = the valence of the B atoms, 

D = the diffusion coefficient of B in th~ alloy and k = the parabolic 
p 

rate constant for exclusive formation of B oxide. Below this concentration 



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 stable 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, spinels are frequently encountered upon oxida

tion. The formation of complex oxides have been extensively studied in 

alloys containing Fe, Ni anci Cr. Protective scaies on high temperature 

oxidation-resistant alloys often cons i s·c;s of complex oxides. It has been 

demonstrated that diffusion rates in double oxides and spinels are often 

appre.ciably'· smaller than ~n the pure oxides. 

2.3.5 Internal Oxidation 
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When oxygen dissolves ·;n the alloy phase during ox·idation, the 1ess 

noble component may form an oxide w·:thin the aHoy. This phenomenon 

has been termed internal oxidation. ~nternal oxidation requires that the 

rate of diffusion of oxygen in the a11oy be apprec1ably 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 pressure 

of the oxidizing atmosphere is suficiently low, formation of an outer scale 

can be avoided. However, at higher OXYgen pressures, an outer scale is 

fanned as well as a subscale. There are two possibiiities in wh·ich this 

may occur: the same oxide constitutes the scaie and the subscale, or the 



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< 25 ) ~ith respect to 
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the oxidation of alloys of noble 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 

maximum solubility in the alloy is independent of composition, Fick's 

laws were applied and expressions describ~ng the rate constants of parabolically 

growing scales and subscales were derived. There was agreement between the 

calculated and experimental values. The second situation was discussed 

by Rhines et a1< 26 ) employing sim;lar assumptions. 

The various forms of internal oxidation have been classified by 

Moreau and Benard< 27 ) while ~app( 2S) has considered in detai1 the kinct1cs, 

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 zi,rconium has undergone extensive investigat·ion over 

the last twenty years due to the importance of zircoRi-um ·alloys in nuclear 

reactor technology. The Zr-0 phase diagram is given in Fig. l(a) and aids 

in understanding the oxidation procedure. Below 862°C zirconium exists as 

h.c.p. a-Zr which has a high so1ubi1ity for oxygen (-30':a;o). Above 862°c 

pure zirconium exists as e-Zr and exhibits a b.c .c. structure. The solubil~ty 

of oxygen in e-Zr is much smaller and as a result, saturation of the s phase 

with oxygen leads to the stabi lization cf a-Zr. 

In generai, oxidat ion studies of a-Zr in oxygen have yielded data 

that corresponds to a cubic rate 1aw(29-32) or a parabolic rate la\'1{1S,J2-3t;.} 

or rate laws intermediate to both of these(lS, 34). Since no satisfactory 

mechanism has been given to expl e;rin ~:r.e va Hd·ity of the cubic time re1ati onship 

for scales, i t is probable that a -.:l"ue vJ<"9ilGr rr:echanism is cj)erdt~ve, and 

reports of cubic oxidation may essentially be parabolic with initial deviations. 

Other investigators(g,Js) observeu p~ra~·inear ox·idation rates after extended 

exposures in the 800°C - 850°C range. Wallwork et al{JS) demonstrated that 

the kinetics of parabolic ox·idatior. could be accounted for by an oxide-

metal diffusion model based on scale growth and oxygen solution in zirconium 
0 . . ' ·- -- -

at 850 C. The equation account1 ng for the ·mass balance ·of o~gen at the metal/ 

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: 

{3-1) 

c~ 1 and cp = the oxygen concentrations in the oxide and met·al respectively 
at the metal/oxide interface. 

o11 and o1 = the oxygen diffusion coefficients in Zro2 and a-Zr respectively 

t = time 

s1 and y = constants 

Thus, 

(~) = {k (oxide) + k (metal~ If= K r-'~ 
A p p j p 

J 

(3-2) 

where kp(oxide) and kp(meta1) represent constants in the parabolic re1~tion-

ship for oxide growth and oxygen sc1ut·ion in the metal. 

Oxi·dation of s-Zr has been found to follow a parabolic rate(l 7 ,34 ,36). 

Due to the diffusion of oxygen ~nto the nretal, a region of a-Zr is stabilizea 

beneath the oxide scale . . Rosa and Sma1tzer< 36) extended the two-phase model 

for parabo'lic oxidation of a-Zr to accourrc 'for the three phases present 

during oxidation in the s-region. I1"1 an analagous manner, diffusion relation

ships are derived from an oxide-metal model depicting the growth of a scale 

and an a solid solution respectively, with concurrent solution of oxygen in 

the s-Zr substrate. Thus, 

It= K /t p (3-3} 
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Zirconia (Zro2) 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 fonns: monoclini c, tetragonal ar.d cubic. The 

cubic iS' stable at very higi'l ·temperatures. The low temperature form of 

Zro2 is monoclinic which transforms to the tetragonal form at approximate1y 

1000°C. The transformation is of a martensitic type and exhibits a hysteres·1s 

loop. Some investigators have observed the tetragonal phase during oxidation 

studies of zirconium. This phase may be stabilized below the transformation 

temperature due to f ine. 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 nonstoichiomcti"y of Zro2 in equilibriur.l with oxygen 

saturated zirconium is not fully known. 

The oxidation process is generally beiieved to occur by ~he diffusion 

of oxygen ions through the oxide v·la anio11 vacancies. At t(Je oxide/gas 

interface, anion vacancies and e·,ectrons are consumed resulting in the 

formation of oxygen ions: 

(3-4) 

At the metal/oxid.e inter·,-:ace z·it"ccmh.:m ions and oxygen vaccmcies are formed: 

+4 - -Zr = Zr + 2 o- + 4e (3-5} 

Oxygen diffusion to the metu1/oxide ·interface results in the formation 

of zro2 at the interface, a result which has been confirmed by marker studies. 

From the data obtai ned by a number of experimenters, the parabolic 

rate constant has an approximately constant activati on energy of about 36 kcal/ 

mole over the temperature range 400 - 900°c. For those who report cubic 



23 

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 

by numerous investigators. Hurlen< 39) made a thorough study in the temperature 

range 150°- l000°C with vary·ing oxygen pressures up to atmospheric. Sheasby, 

Wallwork and Smeltzer( 40) carried out investigations at 720° - 825°C whiie 

work at temperatures greater than 1200°C has also been done( 4l). 

The Nb-0 phase diagram is given in Fig. l(b). The main oxides oi 

niobium are NbO, Nb02 and Nb2o5• NbO and Nb02 have neg1igib1e range~ of 

solid solubility whileNb2o5 exhibits a limited solubility. NbO is a grey 

oxide having a cubic structure while No02 ·is black and possesses a tetragona·i 

structure. Several modif·icat·;cns O'l Nb2o5 exist. y-Nb2o5 is formeci from 

oxidation below about 830°C. At this te:nperature, a y-a Nb2o5 transition 

takes place; both the y and a. forms have been ·indexed according "to a monoc"dnic 

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 associated with Nb2o5 formation. Nb2o5 
is very porous and exhibits a ?illing-Bedworth ratio of 2.2 - 2.5. Above 
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650°C the oxidation rates are essentially linear, however, an initial 

parabolic region is observed. Lower oxides of the form NbO and Nb02 may 

now form rather than t he suboxides observed at lower temperutures< 39-41 i. 

The i nitial parabolic ox.idation may be partiy due to compact Nb02 fonr.a.t·;on 

while again the linear oxidation is associated with the formation of poro~s 

3.3 Oxidation of Zr-Nb Alloys 

Kinetic studies on the ox)dation of zirconium-niobium alloys has been 

carried out to a limited extent, and only recently has the open literature 

contained some information on the oxidation of these alloys. The 

only ternary phase diagram ava1labie ·;s the 1500°C isotherm (Fig. 2). 

Simms, Klopp and Jaffee (42 ) studied the ox1cation of the Nb-Zr alioys, 

containing up to 35 a/o Zr, iii·.: 600. - IJ00°C 1n air. Nb2o5 was 'the primar:,' 

oxidation product but an adherent sl!bscale {oeheved to be NbO or an NoD

type oxide) was observed be~ween tne Nb2o5 layer and the base m~tal. 

Zmeskal and Brey( 43) studied the o;ndat"ion of Zr-Nb a11oys in ·oxygen at 

525°C to 1090°C at a pressure o·f 200 mm Hg. At 1090°C oxido.tion 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 zra2 with the mixed oxiGe, 6Zr02 • Nb2o5, to a lesser 

extent; at high Nb contents the oxide was primarily Nb2o5 with smaller 

amounts of the mixed oxide. 6Zro2 • Nb2o5 was detected at all compositions 

but maximum formation occurred at ~ so% Nb. The existence of orthorhombic 

6Zr02 • Nb2o5 has been inaicated by Rotn a:1d Coughanour< 44>·. 
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Rapp and Goldberg( 4S) in a study of Nb-Zr al loys up to 40- a/o Zr 

oxidized at 1000°C in oxygen , observed an external scale pr imari ly of Nb205 
with some 6Zr02·Nb2o5 and an internal oxide of Zro2 plateie''s extendir,g fi"om 

the unoxidized alloy to the outer scale. Zro2 platelets resu"lted from tht: 

oxidation of a-Zr platel ets whi ch were stabi lized in advance of the internal 

oxidation zone. The formation of 6Zro2 • Nb2o5 was believed t o be a resuit 

of a solid-solid reaction between Nb2o5 and Zro2. Linear oxi dati on kinetics 

were observed for these alloys, with increasing zirconium addi tions raducing 

the rate. 

Cowgill and Smeltzer( 46) repor ted t he oxidat i on proper t ies of a 

Zr-2.7 w/~ Nb alloy in both martensiti c and Wi dmanstatten structures, of 

which the martensite oxidi zed most rapidly. The i nitial ra~e was found to 

be dependent on the -vo,lume fY".::cti em of .nartensi te pre~ent . Tr.e major 

oxidation product was monoc1ir.;c zi?"conia . but the appeai"ance of an extra 

reflection in the X-ray ana'iys·ls suggested the possibility of tetragonal 

zirconia or the mixed oxide, 6Zro2 • Nb2o5, being present as welL 

Cowgill, Wong and Smeltzer{ 47) reported the oxi dat ion properties of 

a Zr-2.7 w/o Nb alloy in t he tempera·cure range 870° - 1000°C. Parabolic 

oxidation was initially observed whiie a transition to more rapid kinetics 

followed. Oxidation was characterized by t he formati on of a region of 

columnar a precipitates beneath the oxide scale. As above, t he oxi de was 

predominantly monoclinic zirconia with tetragonal zirconia or 6Zr02 • Nb2o5 
as well. 

Nomura and Akutsu{ lS) obs~rved paraboli c ki netics for a Zr-2~% Nb 

alloy in the temperature range 600° - S50°C . Microprobe analyses showed 

the Nb concentration in t he alloy and ·d1e oxide were approximately the same. 
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Recently Guerlet and Lehr( 4S) studied the oxidation of Zr-Nb alloys 

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 Zr02 and Nb2o5• 6Zro2 • Nb2o5 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 Introducti on 

In the investi gati on of matal oxidation , reacti on kinetics for the 

oxidation process have been determined using vari ous methods . Of these, 

the most simple and direct are the gravimetric, volumetri c, manometric and 

electrometric methods. All are re11ab)e 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 oxidat ion ra·.:es of the a11oy using samp"les with both 

rectangu lar and spheri cal geometry. "ihfi. 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 Canaaa Ltd. and corl"espondecl 

to 99 • 99% o2• 

4.2 Apparatus 

The assembly .was essentially comprised of four main parts: the 

oxygen supply system, t he argon suppiy system, the reaction chamber and the 

semi-microbalance assembly. A schematic diagram of the basic components 

is illustrated in Fi g. 3. 

The main feature of the arransement is the Ainsworth. lype RV, 

semi-mi crobalance ( 1) whi ch allowed a cont·lnuous measurement of the weight 

28 
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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. mullite furnace tube (2) of 

1 5/8 in. O.D. positioned .within a furnace (3) consisting of a 20 in. 

Kanthal heating element embedded in insulation. Power was supplied to ~he 

element by a 2500 VA transformer, and a 3 in . hot zone with a temperature 

variation of ±2°C.was maintained within the reaction zone. The reaction 

chamber was connected to the balance assembly by means of a 25 mm diameter 

g 1 ass tube ( 4) which was fused to the mu 1l i te at one end wh i1 e the other 

was connected to the balance wi~h a f1exio1e aluminum metal bellows vacuum 

joint (5). The region immediately above the fused joint was air cooled {6) 

such that the specimen could be quenched 1n this area. 

The reaction temperature was measured with a Pt-Pt 10% Rh the\1TIO

couple (7) positioned outsiGe the mu11ite tube at the same level as the 

specimen in the hot zone within the reaction chamber. This thermocouple 

was calibrated against another Pt-?t 10% Rh thermocouple which was placed 

in contact with a specimen and suspended within the reaction zone. Hence 

the actual temperature of the sample (i.e., the reaction temperature) could 

be determined by using the measuring thermocouple (7) and the cali bration 

curve. 

The fluctuation of the temperature (±2°C) was l imited by the 

sensitivity of the Philips recorder-controller, the thermocouple for the 

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



31 

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 allowed 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 means of a port (14) located in the quenching area of the 

apparatus. 

Comnercially pure argon was useo as a purging gas. Before entering 

the system the gas was purified by first passing it through silica-gei ( 5} 

for moisture removal and then through BTS catalyst (16) for hydrogen removal, 

the catalyst being maintained at app~oximateiy 250°C with an electric 

heating tape (17). A result of hydroge;1 removal was the format·ion of r12o, 
which had to be subsequently removed by further passage through silica ge1 (18) 

and magnesium perchlorate (19) in that order, the latter necessary for remova l 

of residual water vapour. The gas tn~n ~assed through a bubbler (20) of 

dibutylthalate to a U-tube containing ascarite (21) for the removal of 

co2 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 gei (25) 

and then through magnesium perchlorate (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} 

coupled with a Balzers two stage rotary vane pump (32). The vacuum was 

measured from the port (14) using a Ba1zers ionization gauge (33) which 

was fixed to the port with a 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 ur. approximate description of the 

operating procedures. 

A metallographical ly pol~shed specimen was placed in the assembly 

through the port opening and was sus.penaed from the wire by a platinum hook, 

attached to the sample by a sma11 hcle. The port was then closed by cmm~cting 

the ionization gauge to the opeiYing. ·:he balar•ce beam was then tared with 

suitable weights and the microbalance was adjusted to record a suitable 

zero point and maintain the correct sensitivity. The power supply to the 

furnace was turned on and the air supp 1y to the cooling coi 1 di"ound the 

quenching area was opened. 

The entire system was pumped out with the mechanical pump and this 

was followed by the admittance of oxygen ana argon into their respective 

. lines. Argon was then admitted into the reaction chamber unt'l atmospheric 
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pressure 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 10-4 mm Hg pressure was considered 

to be sufficient. 

Once the furnace assembly reached the proper temperature and a 

suitable vacuum was attai'ned, the specimen was carefully lowered into the 

reaction zone by manipulati ng the iron rod with the magnet. The sample was 

held in a vacuum for approximately i5 m·inutes to ensure that it would be 

at the reacting temperature oefore the oxid~zing gas was admitted. At the 

end of that time, the vacuum ;:>umps vJete iso1a,ed from the system and t;1e 

oxygen gas was admitted into the reaction cell~ the balance beam being 

released at the same moment such ·.:ndt the weight gains could be iiT'mediate"ly 

recorded. 

At the termination of tne rur. the balance beam was arrested and the 

specimen was quenched by rapidly ra1sing it into the air cooied portion of 

the assembly. After a short ti .ne, the samp !e was removed from the assemb !y 

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/o Nb alloy was supplied by the Atomic Energy of Canada 

Ltd. Material was made available in oar stock form as well as 2 mm thick 

cold rolled sheet. Rectangular samples were prepared from the sheet while 

materi-al in the bar form was utilized for the production of spherical 

specimens. 
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Rectangular samples for oxidation tests approximately 2 x l x 0.2 em 

in size were wet abraded on 220, 320, 400 and 600-grit silicon-carbide 

papers, followed by final polish·ing on 6 and 1 micron diamond laps, lubri

cated with kerosene. All six faces of each sample were polished to a 1 

micron finish followed by an acetone washing and careful drying. The 

specimens were then sealed in evacu~ted quartz capsuies and annealed at 

1000°C for 1 hour and furnace ccoied. "ii;e area of each specimen was ca·l

culated from values determined by taking the average of three independent 

micrometer measurements of each sample dimension. Nost samples were weighed 

before and after the oxidation tests. 

Spherical samples, used for later experiments, were turned out on 

a metal lathe to a diameter of approximateiy 1 em. This was followed by 

wet abrasion with silicon-carbide papersj as outlined 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 ·co facilitate the final polishing 

stages of the spherical samples. The washing, drying and annealing procedures 

for the spheres were identical to those for tne plate samples, as outlined 

above. The surface areas were ca1cua1ted from the diameters of the spheres, 

the diameter of each sphere being taken as the avel"age value o'f ten inde-
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pendent micrometer measurements. All samples were weighed before and after 

the oxidation tests. 

The oxidized samples 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 ch ipping out~ 

which is induced when lubricated with water. Final pe»li,shing·c:l·t the 6 and ·1 

micron stages was carried out on nylon pol1shing cloths impregnated with 

diamond paste. Nylon, being a napiess cloth, also helped to minimize any 

surface relief. For more detailed mata11ographic examination of the oxid~ 

at high magnifications, it was necessary to carry out the final pohshir,g .

stages down to a~ micron finish using sil~ polishing cloths, producing an 

extremely flat and pore-free oxide cross-~ecticn. 

For metallographic exam~nation, th~ polished samples were etched 

in an aqueous solution of 30 v/o H2so4, 30 v/o HN03, and lO v/o HF. 

Measurements of oxide thicknesses, ~.!·.;c.~ vJere made on cross-sections of 

polished and etched specimens us·L1g u standard metOi~'iogrc.priic microscope 

equipped with a filar micrometer eyepiece. 

X-ray determinations were made of both the light and dark scale 

constituents. The oxide was scraped cf"f the reacted samples and ground to 

a fine powder. Samples were prepared for the Debye-Scherrer powder method 

of X-ray analysis as well as for recording X-ray scanning diffractometer 

measurements. Nickel-filtered copper K radiation was used in the analyses. 
a 

X-ray diffractometer measurements were also done on the oxide at the metal/oxiae 
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interface. The metal was di ssolved away f rom the oxi de in t he etching 

solution at a slightly elevated t emperature, exposing the underside of the 

scale, which was subsequently examined with·X-rays. This type of X-ray 

exami nation was carried out only on material oxidi zed in t he 8 region for 

reasons which will be poi nted out later. 

Variations in the concentrati on of Zr and Nb in different phases 

present in the underlying metal were qualitatively examined using an Acton 

electron probe microanalyser. Samples for the mi cro-probe we~e prepared 

using the polishing techni que outlined previously t o attain a flat su~face . 

The specimens were unetched and it was necessary to deposit a thin layer 

of carbon on the surface to eiiminate any build up of charge on the sample 

due to the non-conducti ng natu~e of the oxide. 

A Cambridge scanning electron microscope was used to a lim\ted 

extent to distinguish between various phases in the oxi de and underiying 

metal, which were undi stinguishable under a conventional optical microscope. 

Samples prepared for conventional o~t1ca1 microscopy were used$ the different 

phases bei ng resolvab le i n t he 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 ;canning electron mi croscope was 

al so used to examine the topography of tha oxide scales . 



CHAPTER V 

Results and Observati ons 

5.1 Introduction 

The results of the ox idation tests are reported in this section 

in basically W!oparts .The first part dea ·is with the experimenta l resu lts 

obtained in the temperature range 650°C to 991°C, usi ng plat e sampl es . 

The kinetic data are presented in the form of oxidation rate curves 

determined from continuous weight ga·:n measurements. From the Zr-Nb 

phase diagram appearing in El"iiott's( 49 ) text (see Fi g. 5), i t is evident 

that the above temperature range extends from the two phase, a + e, reg·i on 

to the high temperature, e phase, region . Tha oxidati on rate constan~~~ 

are plotted in an Arrheni us type plot~ to show the var ia t ion in t he ra·ce 

of oxidation between the a and the a + a regions . Oxi dati on of the alloy 

in the s region produced the fonmation of a unique columnar struct ure consisting 

of plates of the a phase extending inwards into the metal substrate from 

the oxide/metal interface. Fur~her investigations were focused on tne forma-

tion and growth of the oxide and the corresponding col umnar ai ley micro

structure in the high temperature region. Subsequently the second par t of 

this section concerns the resu l ts obtained from oxidizi ng Zr-2la w/o Nb 

spheres at l000°C. Spherical spec1mens were used to extend t he range of 

parabolic behaviour by retarding t he transition to breakaway , whi ch i s 

promoted along the sharp edges of plate samples. The results of t ne ox i dation 

tests are presented in conjuncti oa1 with continuous weight gain determi nati ons, 
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metallographic observations and microscopic measurements. 

5.2 Zr-2~ w/o Nb Alloy Prior to Oxidation 

Fig. 6 is a micrograph of the structure of a Zr-2~ w/o Nb alloy 

which has been annealed for 1 hour at 1000°C and subsequently furnace cooled. 

This structure is typical of the alloy samples prior to their exposure in 

an oxidizing atmosphere at elevated temperatures. Furnace cooling material 

from 1000°C resulted in the e-cooled structure of coarse acfcular a-grains. 

This structure is readily apparent from the phase diagram. 

5.3 Oxidation Measurements at 99't°C and 937°C 

are shown in Figs. 7 and 8. These are pjots Jf the weight gain due to uptake 

of oxygen, ·in mg/cm2, versus the oxidation time in hours. The curves at 

both temperatures exhibit a reg~on o·~ decrc::asing rate of oxygen uptake at short 

oxidation times foliowed by a region of rap~,diy incv-easing oxidation rate 

at longer exposures. CorrespondH.g p1m~s of ti'le weight gain versus the 

square root of the oxidation time arc sh~~n in Figs. 9 and 10. The straight 

line portion of these curves indicate that oxidation behaves parabolically 

during short exposure times; however, at longer times the curves exhibited 

a breakaway transition leading to mora 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 straight line 

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

curves that after the transi t'i.on, brea~ away occu·rred at a faster rate at 



Figure 6. Microstructure of the Alloy Prior to Oxidation 
(Magnification 400X) 
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After the oxidation tests, most samples were severely deformed due 

to the long exposure times resulting in the formation of gross amounts of 

oxide. All 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 samples, some was 

observed at localized areas within the region predominantly covered by grey 

oxide. Fig. 11 are micrographs taken with a S.E.M., of the surface of 

a sample after oxidation at 991°C, and are characteristic of the ox1de 

topography of samples oxidized at 937°C as well. The micrographs cleariy 

show both the grey and the white oxi~e forms that are present in these 

temperature ranges, as well as tne white oxide penetrating into the region 

of grey oxide, The compact adherent nature of the grey ox1ae is clear"iy 

evident; in contrast, the wn·ite oxide is heav·ily cracked, with large fissures, 

running parallel to one another, Tile ·argest and deepest f·issures were 

concentrated in the scale along the edges of the samples. The resultine 

breakaway kinetics occurred at a more rapid rate at 93? 0 c. 
5.4 Oxidation Measurerr.ents f i"Om S~:~5°C ·.:c o50°C 

Figs, 12 through 14 are the oxidation curves obtained for samples 

oxidized in the temperature range 885°C to 650°C, During the early periods 

of exposure a continually decreasing rate of oxygen uptake was observed up 

to a point at which there was a trans·i·don "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 thdt 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. These 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 ~our 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 parabolic region 

increases respectively with decreasing reaction temperature. The values 

of kp were determined from the s"lopes of the linear regions of the parabolic 

plots by the method of linear regression. These values are gi ven in 

Table I. 

In the temperature range fro111 385°C to 750°C , the transition that 

occurred was that from a parabolic rate at short tiw~s to essentially a 

linear rate at longer ti mes. From the reaction rate curves ·it can be seen 

that the Hnear rate decreases wah decreasing temperature . At 700°C 

and 650°C 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. li1 particuiar, there were approximately 3 

times as many at the higher temperature. 

In the entire temp~rature range from 885°C to 650°C, the only 

reaction product that was vis ible at the termination of ail the tests was 

the white form of the oxide. Fig. "i8a &re micrographs of plate· samples which 

are typical of the samples oxidized in the low temperature range. Fig. 18b 

shows the topography of the oxide scale for a sample oxidized at 885°C. 

Severe cracking can be observed over the entii'"e area. Smaller secondary 
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Figure 18(b) . Topography of Sample Oxidized at 885°C for 6 hours 
(Magnification 33X) 
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fissures appear wi thin 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 
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of the reaction product us ing the Debye-Scherrer powder method. The powder 

patterns of both forms of t he oxide were identical . X-ray measurements were 

also obtained using the scanning X-ray diffractometer. CuK radiat ion was 
a 

used on samples of powdered oxide mounted on glass sli des with a sui t able 

binding agent. The calculated d-spacing values al ong wi th the intensi ty 

ratios are given in Table II. with cov-respomiing values ford and the 

intensity ratios for monoclinic 4'ircc:.·la. obtained ·from the A. S.T .M. 

X-ray data file. 

The calcui~ted d-values obtained for t his parti cular oxide compare 

very well to those observed for a monoclinic struct ure with the exception 

of one d-value. namely 2. 970 ~' which does not cor respond t o any monoc1inic 

reflections. Thus the reaction procuct is predominantly monoclinic Zro2, 

but the reflection at 2.970 ~ su~gus ·~t, t,1t; possibiiity of some otner form 

of Zro2 or a mixed oxide being present. It was also observed that th~ cal

culated d-values were slightly larger tnan those report ed for a monoclini c 

structure. 

The calculated d-values obtained for the oxide at the metal/oxide 

interface for samples oxidized in the s- region appear in Table III . A11 

of the observed d-values corresponded to tnose observed for monocli nic 

Zro2. The peak at d = 2.970 '~---whi ch was observed when··the scale-was examined· 



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 Zr02• 

5.6 Oxidation Measurements at 1000°C. 
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Oxidation measurements at 1000°C were carried out using spherical 

samples. Typical samples which have been oxidized are shewn in Fig. l8c. 

Since further st~dy was to be focused on the metal substructure during para

bolic oxidation, the spheres were used to retard the transition to breakaway 

kinetics which occurred after a period of short parabolic behaviour using 

the plate samples. 

The oxidation rate curve for a spherical sample oxidized at 1000°C 

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; ~ region of 

parabolic oxidation behaviour fol1owed by a transition to more rapid reac~ion 

kinetics. However, it can be seen ~hat the edge effect has been eliminated 

and the parabolic region extends for a longer per·lod of time. From the 

parabolic plot in Fig. 20 we see thot the region of parabolic behaviour 

extends for at least 12 hours before :>reakaHay occurs. The kp at i000°C, 

calculated from the slope of the parabolic plot is given in Table I. 

In the series of static oxidat1on 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. 



1 hr . 2 hr . 4 hr . 

Figure 18(c). Spherical Samples Oxidized at 1000°C 

k" 4 

59 



60 ~------------------

50 

-40 

"' e 
u ...... 
0 
E 
- 30 
Z: 
<i 
C) 

e-
~ 20 
IJJ 
3t 

10 

--Continuous measurement 

® Static measurement 
100() °C 

Figure 19. Oxidcticn Rate of Zr-2~ w/o Nb at 1000°C 

0 t ___ _j ____ L __ ._L __ ___L_ ___ _L_ l j__ __ __.__ I __ 1 

0 4 8 12 16 20 
TIME~ (hrs.) cr-. 

0 



60.~----------------------------------------------------~ 

50 

-t\J 40 
E 
(,) 

..... 
Ol 
E -z 30 --<t 
C) 

1-. 
~ 20 
w 
s 

10 

...... .,. 

-- Continuous measurement 

0 Static measurement 

Fig:a·e 20. 

1000 °0 

Oxidation Rate of Zr-2~ w/o Nb at 1000°C 
{parabolic plot) 

0 L_ __ ...a-,_ __ __.___ -----' . _____ _L. ___ _ 

0 0.5 2 3 4 
(TI ME) 112 (h rs )l/2 

01 



62 

Specimens oxidized for periods up to 1 hour exhibi ted a black compact 

oxide. Those oxidized for longer times were covered with an adherent 

grey scale. The only whi te oxide observed was that which formed after 

breakaway at longer t imes , the white oxide being concentrated around t he 

region where the breakaway occurred . 

5. 7 Metall ography and Microscopic Observations 

The results and metallography in this sect ion are pertinent to 

measurements and observations at room temperature on the oxide scales and 

met al substructures formed at the ox·idation temperat ure of 1000°C. 

The basic characteristics which a Zr-2~ w/o Nb alloy exhibits 

during oxidation are an adherent oxide layer growing inwards i n contact 

wi t h a preci pi tate regi on which extends into the ~-phase of the ailoy. 

Figs. 21 to 23 are a series of microgrc;.phs showing the growth of the oxiae 

layer and the meta l subs tructures 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 approximately 220 microns at 23 hours. The growth of 

the oxide is parabol i c up to apprcxim~te1y 12 hours. From the micrograpns 

the oxide appears porous, but t he voids arise through polishing and tt will 

be shown later that the oxide i s quite compact. 

In Fig. 21 we see t hat underlying the oxide layer there exis ts a 

unique columnar structure of a precipitates penetrating from t he metal/oxide 

interface inwards into a martensit.ic matrix. The martens i te matrix ··is a 

result of the transformation that occurs when the samples are quenched f rom 

the reaction temperature , t his tempe·rature being we11 into the e region . 
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1 hr. 

2 hr. 

Figure 21. Cross Sections of a Zr-2~ w/o Nb Alloy Oxidized at 1000°C 
{Magnification l60X) 
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4 hr . 

8 hr . 

Figure 22 . Cross Sections of a Zr-2~ w/o Nb Alloy Oxidized at 1000°C 
(Magnification l60X) 



65 

16 hr . 

23 hr. 

Figure 23. Cross Sections of a Zr-2~ w/o Nb Alloy Oxidized at l000°C 
(Magnification 160X) 
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The precipitates appeared to exist in the form of plates. To veri fy this 

a "top view" of this columnar layer was observed by polishing away t he 

overlying oxide layer expos ing the precipi tate regi on. By the comparison 

of this structure as shown in the mi crograph of Fig. 24 wi t h those of the 

normal cross sections from previ ous mi crographs, it should be evident that 

the precipitates do exist as a-p lat es. Beneath the region of col umnar 

precipitati on there is a regi on of i solat ed precipitation as well where 

isolated plates of the a phase are present i n the martensi ti c matrix. 

At longer times the columnar layer grows ·inwards and the prec-i pi t ates 

begin to coarsen as shown in Fig. 21 to 23 . 

Another interesting feature which is evident in Figs. 21 to 23, out, 

moreso in Fig. 25a, is that within the entire columnar region in the under

lying metal there exists a region of f·ine columnar precipitation in the 

vicinity of the metal/oxide interface. lJhen observed at a higfler magnification 

as in Fig. 25b, it appears that the 1ntercolumnar regions oi the coarse and 

t he fine structures differ from one another since they both have different 

etchi ng characteristics. This is ver·lfied by examination of thi!; area using 

a scann ing electron microscope as shown in Fig . 26. The i ntercolumnar 

regions of the coarse co lumnar layer ·is s·impiy t11e transformed e p~sase 
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 respect ively. 

When the thicknesses are plottea against the square root of time, the 

straight line which resul t s indicates that the growth of these regions 

is parabolic. 



Figure 27 . "Top View" of the Columnar Precipitate Region 
(Magnification 630X) 
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(a) 500X 

(b) aoox 

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

l lOOX 

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 

nvt:crographs. A more detailed examination of the oxide shewed that it 

exhibited a columnar structure not unlile that of the underiy1ng 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. lhe 

structure of this oxide is shown in Fig. 29 where the columnar grains are 

clearly 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 ResLl1t5 

The electron micro-probe was used to determine the variations 

i.n concentration with in the columnar regions of the substructure and 

oxide. Limitations on the validity of the results were imposed due to ~he 

nature of the physical dimensions of the structure. The dimensions were 

such that the particular area th~t was being probed was smailer than the 

electron beam spot and certainly much smaller than the penetration zone of 

the beam. As a result, the measur~n~nts could only be discussed qualita~ 

tively due to the nature of the prob.iem. 

The structure was scanned both laterally across the columnar structure 

and in a direction parallel to the ~plates. However, in the latter situation, 

the results could not even be d·iscussed qualitatively because of the scatter 

in the counting procedure due to the problem outlined 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

ti on of ni obium, were generated from areas between the a-precipitates 

indicating a niobium enrichment in the ~-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 Ox i dati~n Rate as a Function of Temperature 

The oxidation ki netics of a Zr-2~ w/o Nb al loy i s initially para

bolic over the temperature range 650 - l000°C . This suggests t hat a diffusion 

mechanism is rate control ling and in parti cular, the diffusion of oxygen 

ions via anion vacancies through the scale to t he metal / oxi de interface 

determines the reaction rate. 

In the high temperature region of the study (937°- l000°C), the 

i nitial parabolic region was followed by a breakaway transition leading to 

a more rapid reaction ki netics. A brief discussion of some observations 

associated with the breakaway pnenomenon wiil be presented later. The 

straight lines of the parabo.l1c plots in the high temperature region do not 

extrapolate to zero but indicate a ~Jeight gain of approx·lmately 1 - 2 mg 

at the start of the reacti on. Rathel" than being the result of a more rapid 

reaction rate at the very early stage~ of oxidation, the occurrence is 

a result of the experimental t echnique at the onset cf the weight gain 

determinations. Because zirconium has a very high affinity for oxygen at 

hi gh temperatures, the specimens acted as an oxygen getter when lowered into 

the evacuated reaction ce 11 at temperature . During the 15 min.ute waiting 

period to ensure the specimens were at the reacting t emperature , the 

specimens picked up residual oxygen from the system which was indicated by 

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

be registered. 

76 

In the low temperatur.a region (650°C - 885°C) essentially linear 

kinetics followed a short region of parabolic behaviour. However, at 650° 

and 700°C periodic discontinuities in the reaction rate followed the initial 

parabolic region. Over the entire 1ow 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 :snows\: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 stili larger 

number of these discontinuities is observed but are barely detectable. 

As their number increas~with increasing temperature, they are unab1e to 

be detected within the working limits of the assembly. Hence, from 750° -

885°C, the post-parabolic region of oxidation is described bia linear 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 relationships 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 : 

(6-1) 

where Eact = 30 kcal/mole. 

In the low temperature reg i on (650°- 885°C), K as a funct i on of . p 

temperature can be described by ~.the fo 11 owing expression: 

where Eact = 38 kcal/mole. 

The discontinuity observed i n the Arrheni us plot is attributed 

to the S/a + S phase boundary of the Zr-Nb phase di agram . From the phase 

diagram (Fig. 5), the S/a + s transition for a Zr-2~ w/ o Nb alloy occurs 

(6-2) 

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 contai n virtually no 

oxygen whatsoever and the solid line describing the e/a + a phase boundary 

in Fig. 5 is constructed on this basis. However, Winton and Murgat royd(SO ) 

have shown that the i nfluence of an impurity such as oxygen in Zr-Nb alloys 
., 

results in a shift of the 6/a + e phase boundary. In particular, the dotted 

line in Fig. 5 represents the s/a + e phase boundary for Zr-Nb all oys 

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 a-phase above approx

imately 925°C. The oxygen content of t he samples used in this investi gation 

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

that the observed discontinuity i s a resul t of the e/a + e phase boundary 
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is justifiable when consideration is made with respect to the position 

of the 8/a + 8 phase boundary due to the residual oxygen content of the alloy. 

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 tne two oxides are due to changes in stoichiowetry, 

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 monocHnic zirconia (Zro2). The extra 

reflection at a d-spacing of 2,97 ~ was attributed to the presence o"f the 

mixed oxide, 6Zr02·Nb2o5 wh1ch has a strong refiection at 2.95 R. It is 

believed that the extra diffraction peak 'is also a result of the mixed ox·icie 

rather than tetragonal zirconia because certain observed peaks corresponding 

to the monoclinic structure had larger intensity ratios (I/I
0

) than expected; 

these particular peaks (see Table II) correspond to the more intense reflections 

of the mixed oxide, 6Zro2 • Nb2o5• ihe ~resence of 6Zro2 • No2o5 1n oxides 

formed on Zr-Nb alloys at high tempel"aturcs nas a lzo been confi l"'iiCd by 

Zmeskal and Brey< 43} and Guerlet and Lehr< 48). 

Examination of the oxide at the metal/oxide interface revealed 

that only monoclinic Zr02 is present. The observ~d intensity ratios do not 

all correspond to those given in the A.S.T.~. powder data file (see Table III); 

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,~. Tile absence of the extt·a reflection corresponding 



to the mixed oxide indicates that the latter is present in the oxide but 

not in the vicinity of the metal/ozide 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 

6Zro2 • Nb2o5 exist. 

6.3 Oxidation of a Zr-2~ w/o Nb Alloy at l000°C 
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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 rectangular plate samples. The 

slight reduction in the value of KP for the spherical specimens is attributed 

to the non-existing edge effect. 

At short times (1 hour) a black adherent oxide was formed which 

progressively transformed to a compact pearly grey oxide at longer times. 

The white form of Zro2 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 devi ations in stoichiometry, 

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

oxide, 

(iii) a zone of internal precipi t ation where the a-Zr phase is precipitated 

in a matrix e-Zr resulting in a columnar-plus-isolated-precipitate 

two-phase zone, 



(iv) and a region of t ransformed e-Zr extending to the interior of the 

sample. 
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An idealized schematic representation of the above description 

resulting from metallographic observations i s shown in Fi g. 3lb. Fig . 3la 

is the Zr rich position of the Zr-Nb-0 ternary i sotherm at 1500°C as 

constructed by Wyder and Hoch(Sl) . (The ti e lines i n the two-phase regi ons 

have been drawn by the author for illustrati ve purposes only and are not 

a resu l t of actual determinations.) Since a ternary isotherm at l000°C was 

not available in the li terature~ the isotherm o·f Wyder and Hoch will be 

used to qualitatively discuss the observed microstructures,. assuming 

that the two isotherms are relative~y similar, differing only in slight 

compositional changes of t he respective pnases . This assumption appears 

to be valid since the phases across the respective binary phase diagrams 

at l000°C coincide with the binary representation on the ternary phase 

diagram at 1500°C. 

The identity, order and struc~ure oi ternary diffusion layers have 

been studied in diffus i on couples ana the sequence of layers always 

corresponds to consecutive regi o~s in tr.a appropriate terna,ry ·; sotherm of 

the phase diagram. Us ing diffusion 'layer ·formation in the Al-lt.g-Zn !:lys.tem, 

Clark and Rhines(SZ) proposed a set of rules governing the course of the 

composition path in multi- layered ternary aiffusion structures which was 

later modified by Kirkaldy and Brown( 53), supported by observations in the 

Cu-Zn-Sn system. In simple binary d&ffusion couples only single phases are 

present since the phase ru le defines a unique compositi on path corresponding 

to a tie-l ine 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 qu~litatively 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 coup le consisting 

of pure oxygen and a Zr-2~ w/o Nb alloy. The terminal points of the composition 

path are thus defined by these compositions and the resulting phases~after 

oxidation,can be described by the consecutive regions wh i ch are traversed 

by a path having the above termina1 compositions . Fig. 31 a 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 13 region from the Zr-Nb 

side of the ternary defines the prese~ce of the a pnase at the interior of 

the specimens. Upon emergence into the "i:wo-phase a + a region, the crossing 

of tie-lines results in the precipitation of a-Zr producing a two-phase 

a + 13 layer. The zone of internal oxidation consists of a-Zr and an cxiae. 

The only oxide which can exi st in equ1hbrH.1m with a-Zr is Zr02• For the 

composition path to continue through the 'i:~Jv-phase a + Zro2 reg'icn of the 

phase diagram, it must do so by cross·ing the ·chree phase a + a •r Zro2 region 

upon emergence from the a + 8 t•egion. Cu'cting through the three phase 

field defines the interface between the ~ + s and the a + Zr02 layers where 

the three phases, a+ s + Zro2, are ·in eqLrilibrium. The three phase 

equilibria is supported by meta11ographic observations in Fig . 26. For 

the formation of Zro2 as an internai oxidation product, the composition 

path crosses tie lines in the two-phase a + Zr02 region before entering the 

Zro2 phase field. The Zr02 layer, adjacent to the zone of internal oxidation, 

meta 11 ographi ca lly appears as if it \'JOre a t~w-phase zone. Since X-ray 
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examinations of the underside of t he scale revealed only the presence of 

monoclinic zirconia with no reflections corresponding to the mixed oxi de or 

lower oxides of niobium, i t is bel i eved t hat the dark constituent of this 

layer corresponds to Zro2 with Nb dissolved in i t t hus al t eri ng the stoi chio

metry. Electron micro-probe analysis of t he dark constituent revea led a 

Nb enrichment in these regi ons and the sequence of events leadi ng t o the 

formation of the oxide explains the observed enri chment. In the a+ s ' 

regiOA aear the a + S/a + Zr02 interface, the 8 phase is en~iched in Nb 

due to Nb rejection from a-Zr as the latter is precipitat ed . It is these 

Nb enriched 8 regions whi ch subsequently oxidize internally t o form Zro2 
with Nb dissolved in it. These da1 .. k stringers of Nb enri ched zirconia 

extend continuously across the alloy/ox~de interface into the adjacent oxide 

layer. Hence the two-phase appearance of the zro2 layer is due to the No 

segregation in the oxide wh1cn consequently influences the stoichiometry; 

the presence of the Zr02 layer coincides with the composition path cuttins 

through the Zro2 phase fie ld. 

Emergence of the diffusion path into the two phase fieia of Zro2 + 

6Zro2 • Nb2o5 at an ang le inci<ient to the ti.a-lines results in a two phase 

layer consisting of z·lrconia and the ITI~xed ox·;de. The thickness cf tl1e b1o 

phase layer is approximately 6/7 that of the entire oxide; the remairnng 

l/7 corresponds to the zi rconia layer . Th~ preseflce of the mi xed 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 t he oxide as shown in the schematic . This can 

be expected because of t he fa ct that for the two-phase columnar structure to 

exist in the oxide,it is necessary that 't11e alpha struct ure be stabilized 
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beneath the oxide scale . Since the oxide grows by the inward di ffus i on of 

oxygen, the initial oxide whi ch is formed i s that whi ch 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 

in i tia l ly would not have t his characteristic morphology , and, as a result, 

appears as a thin homogeneous region of Zr02. 

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 + e region 

beneath it. With the al loy/internal oxidation interface parabolically 

advancing inwards and the coarse a plates acting essentially as markers, one 

would expect the zone of internal oxidation to have a coarse columnar 

structure not unlike that of the a+ ~ region. However, the fine structure 

observed in the a + Zro2 layer is a result of the nucleation of secondary 

a plates in the e phase bet ween the existing codrse a plates. The nuciea~ion 

and growth of these new plates in the ~ + e region anead of the advancing 

internal oxidation front results in a finer structure of the latter. 

Metallographic evidence of this secondary nucieation of a-plate5 is shown 

in Fig. 32. 

When a-plates are i ni tially stabilized beneath the oxide scale, 

certain plates will tend to grow faster than others resulting in a fine 

structure in the internal oxidation zone while the a + 8 region would 

appear coarse. The faster growing plates would retard the growth of the 

slower ones by eventually growing around tnem. Thus the fine structure of 

the internally oxidized layer would only be evident at short times while at 

longer times, the advancement of the a+ 8 + Zro2 interface across the 

• 



Figure 32 . Cross Section Showing Secondary Nucleation of a Plates 
in the a + B Precipitate Region 
(Magnification 400X) 
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coarse a+ s region would result in a coarse a+ Zro2 region as well. 

However, as pointed out before, the existence of a fine structured a + Zro2 
layer over all times can be attributed to the nucleation of new a-plates. 

The nucleation of new plates between the existing columnar a structure can 

be justified by the slope of the 8/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-Zr 

plates are growing, Nb is being segregated into the intercolumnar regions 

of 8-Zr, thus decreasi~g the oxygen solubility. As a result, areas of 

oxygen supersaturation are created, the supersaturation being relieved by 

the nucleation and growth of secondary a-pl~tes. Hence the fine structure 

of the a + Zro2 diffus ion layer is maintained at longer times by con~inued 

nucleation and growth of new p iates re 1 ieving d1e supersaturated conditions 

which are created in the coarse columnar region as the a + 13 + Zi"02 inter

face advances inwards; this is shown schematically in Fig. 31b. 

Internal oxidation in the Zr-Nb system has been observed by Rapp 

and Goldberg( 4S) in Nb-Zr alloys, up to 40 a/o Zr, oxidized at 1000°C in 

oxygen. Alpha zirconiu1J1, stabiliz,:d ahead of the advancing internal oxidation 

zone, was oxidized internally to Zro2• In u re~ent investigation by Guer1et 

and Lehr( 48), to which reference has already been made, the columnar a.1pha 

structure was observed beneath a columnar oxide scale, not unlike that 

observed in th~s-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 interfac~ at high magnifications was 



presented by Guerl et 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 
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metal near the metal/oxide interface was primarily e-Nb and that a-Zr and 

e-Nb oxidized simultaneously to form Zro2 and Nb2o5 respectively, while a 

solid-solid reaction taking place between the latter to form 6Zr02 • Nb2o5 
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 

s-Nb but can accept the fact that there is niobium enricnment in a s-Zr 

phase. It is believed that the enriched e-Zr phase oxidizes to form the dark 

stringers of Zro2 enriched in Nb, wh1ch will be designated as Zr02(Nb). 

It is the Zro2(Nb) which oxidizes to 6Zro2 • Nb2o5 when ·a sufficient oxyg~n 

level is attained in the sca le. This reaction is represented by the con

version of the dark Zr02(Nb) in the zil'"conia layer to the white 6Zro2 • Nb2o5 
in the two-phase oxide layer. 

It is believed that the prot~c~ive qualities of the grey oxide 

scale can be attributed to the struc·cu·..-a1 r.atu¥\~ of the internal oxide 

precipitates. The fact that the oxide stringers of Zro2(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 



understood. It has been previously pOinted 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 tne 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 Zro2 appearing along 
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the edges of rectangular samples and a white network superimposed on the 

compact grey Zro2 of the surfaces are characteristic of a Zr-2~ w/o Nb 

rectangular specimen oxidized in the breakaway region at high temperatures(4l). 

Using the spherical samples , breakaway was characterized by rapia attac~ 

at localized areas resulting in the fonnat~on cf the white stoichiometric 

Zro2 at these points. A cross section of a region of localized attack 

resulting in breakaway kinetics is shown in Fig. 33b. The oxide over1ying 

the columnar structure is the compact grey Zr02 while the cracked and 

massive scale growth above the cavity produced at the metal surface is the 

white stoichiometric Zro2• 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 ma,ntained. 

Since the Pilling-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 



(a} 160X 
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Figure 33 . (a} Initiation of Localized Attack 
(b) Cross Section of a Region of Localized Attack 

(Breakaway} 
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which would be favourab le 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 faste~ rate tnan the rate at which a-2r n~y 

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

reaction kinetics would pers ist untii all of the metal was consumed. 



CHAPTER VII 

Cone 1 us ions 

{i) The oxidation of a Zr-2~ w/o Nb alloy ini tially obeys a parabolic 

relationship over t he range 650° - 1000°C. Paraboli c behavi our was 

followed by a trans ition to a more rapid reaction kinetics, In the 

range 650° - 885°C , the parabolic region extends over relatively 

brief time periods as comparea to the high temperature t•cmge (937° -

1000°C). The acti vatfon· energy for l)arabolic oxidation f-rom 650° -

885°C is 38 kcal/mole. Oxidation in the low temperature range is 

characterized by a transition to esscntiaUy linear kinetics, wher~as 

in the high temperature range, parabolic oxidation is fo11owea by a 

breakaway transition to an increasing oxidation rate. The ac'tivadon 

energy for parabolic oxidation from 937° - 991°C is 30 kcal/mo1e . 

(ii) The break in the Arrhenius plot of the pal"aboli c rate constants, between 

the temperatures 885°C and 937°C, is related to the a + S/8 phase boundary 

of Zr-Nb phase diagram. In the range 650° - 885°C, the alloy is oxidized 

in the two phase a + e region whereas at and above 937°C, the alloy is 

fully in the e region. 

{iii) During parabolic behavi our in the high temperature range 9 the a-Zr, 

exhibiting a columnar morphology, is stabilized below the oxide scale 

by inward di ffusing oxygen. In tne region of breakaway oxidation, 

Q? 
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the a layer breaks down and rapid oxidat i on of the e-Zr takes place. 

(iv) In the high temperature range a multi phase oxi de scale is fo"ned. 

The inner oxide layer, adjacent to t he all oy/oxide i nterface, consists 

of columnar grains of monoclini c zirconia with intercol umnar regi ons 

of niobium enriched zi rconia. The outer layer and main bulk of t he 

oxide scale consists of a multiphase oxide of columnar gra ins of mono

clinic zirconia with intercolumnar regions of t he mi xed oxi de, 6Zro2 • 

Nb2o5• 

(v) A zone of internal oxidation of a + Z'I'02(Nb) is formed beneath tile oxide 

scale. The zirconi a precipitates containing niobium occurred a·c ·cne 

boundaries of the oxygen stab)lized a plates. They formed as stringers 

extending continuous ly into the external scale and they appeareG to 

exert a pinning acti on of the protective scale to the metal substrate. 

(vi) The fine columnar structure of the internal oxidation zone is a result 

of the nucleation and growtn of secondary a plates in the a precipitate 

region ahead of the advancing internal oxidation front. lhis pnenomenon 

is attributed to the slope of the S/a + e phase boundary of the ternary 

isotherm which indicates a decreasing oxygen solubility with increasing 

niobium content. Thi s yie1ds sufficient oxygen supersaturation of 

a-Zr, in the a+ e region , to allow precipitati on of secondary plates 

of a-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 observed layers is defined by a 

composition path crossing consecutive regions of the ternary isotherm 

between two terminal points defining a diffusion couple. 



APPEN DIX 

TABLE I 

PARABOLIC OXIDATION RATE CONST~~TS 

Oxidation Temp. (°C) Sample Kp(gm2cm-4 min - 1) 

1000 sphere 12.5 X 10- 7 

II 14.0 X 10- 7 

991 plates 13.6 X 10-7 

II 15.3 X 10-] 

II 13.8 X 10-7 

937 II 8.17 X 10-7 

II 7.88 X 10-7 

II 8.89 x w-7 

885 II 11. l X 10-] 

II 13.6 X 10-7 

832 II 7.25 X 10-l 

n 8.14 X 10-7 

800 II 3.11 X w-7 

750 II 1.54 X 10-7 

700 II 0.78 X 10-7 

650 II 0.17 X 10-7 
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TABLE II 

X-RAY DIFFRACTOMETER DATA 

SPECIMEN: Oxide formed at 991°C (powdered) 
1 .542~ RADIATION: CuK FILTER: Ni 1.: 

a 

Peak 2e Rpecimen Mo~oclinic Zirconia (ASTM) 
d( ) I/I

0 
d( ) I/I

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 11 
6 31.40 2.846 73 2.843 65 
7 34.14 2.623 23 2.617 20 
8 34.25 2.608 2G 2.598 12 
9 35.22 2.545 18 2.538 "14 

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 2.213 i4 
13 41.27 2.184 8 2.182 6 
14 44.74 2.023 8 2.015 c 
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 12 
19 51.16 1.783 11 1 .780 6 
20 54.00 1.696 "!7 i. 691 14 
21 55.27 1.660 20 1.656 1£1, 
22 55.85 1.644 13 l.640 8 
23 57.16 1.610 10 1.608 8 
24 57.88 1.591 7 1.591 4 
25 58.08 1.586 8 i.58~ 4 
26 59.84 1.544 17 ~.541 10 
27 61.30 1.510 8 1.508 6 
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 6 
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 II I 

X-RAY DIFFRACTOMETER DATA 

SPECIMEN: Oxide at the metal/oxide irterface at 991°C (.scale intact) ~ 
RADIATION: CuK FI~.TER: Ni A: 1.542 

a 

Peak 26 R)ecimen Mo~oclinic Zirconia (ASTM) 
d( I/I

0 
d( } I/I

0 

5.036 6 
1 24.06 3.694 l1 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 6 2.598 12 
7 35.28 2.540 2 2.538 14 
8 35.85 2.501 .; 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 l ( 2.182 6 
12 44.85 2.014 ~ . 2.015 8 .J 

13 45.52 1.990 iS 1.989 8 
14 49.26 1.847 lc. i .845 18 
15 50.15 1.816 7 1.818 12 
16 50.58 1.802 21 1.801 12 
17 51 .27 1. 780 ly 1.780 6 
18 54.10 1.693 ? L691 • L!. ... ' ' 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 ·; .591 4 
23 58.30 1.580 6 1 .58'1 4· 
24 59.94 1.541 4 i. 541 10 
25 60.14 1.536 4 1.508 

,.. 
0 

26 61.99 1. 495 8 1. il95 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 0.885 



TABLE IV 

OXYGEN DISTRI BUTION AT VARIOUS TEt~PERATURES 

Temperature (OC) W/0 02 (in oxide) w/o 02 {in alloy) 

1000 64% 36% 

885 88% 12% 

800 93% 7% 

750 94% 6% 

. 700 95% 5% 

650 97% 3% 



ELECTRON fv1ICRO-PROt3E RESULTS 

l 

DISTANCE--

The above is the result of a transverse scan across 
the columnar structure of the a+ B precipitate region 
showing the variation in niobium concentration. The large 
peaks were generated from the B-Zr areas between the 
columnar a-Zr plates, indicating niobium segregation in 
these regions, The lower limits of the scan were generated 
fl-om the a-Zr plates indicating a lowe r solubility of Nb 
in a-Zr. 
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