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CHAPTER I

INTRODUCTION

Due to the technological developments in different fields, like 

rocket and atonic reactor engineering, use of some less abundant metals 

at high temperatures has become very important. Zirconium is one of the 

important metals for reactor use. This thesis is concerned with an 

investigation of the oxidation kinetics of zirconium at high tempera

tures.

The mechanisms for oxidation of metals has been surveyed by 

Evans (1), Kubaschewski and Hopkins (2) and many other investigators. 

From the theoretical considerations of oxidation phenomena Wagner (3) 

developed a mathematical theory for "parabolic oxidation" in 1933. 

Later, Cabrera and Mott (4) published a theory which explains a number 

of relationships for the rate of growth of oxide scales. Evans (1) 

pointed out the existence of stress in oxide films and suggested an 

alternative formulation for the parabolic rate law. These theories have 

been expanded by others, and many detailed experiments have been based 

on them.

Despite the considerable number of investigations that have bee:: 

carried out on different metals and alloys, the general characteristics 

of oxidation are not yet clear, and further detailed studies of the 

mechanisms involved are required. In this thesis, we are dealing with 

the oxidation of metals in Periodic Subgroup IVE, titanium, zirconium 
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and hafnium. These metals follow very similar rate equations which can 

bo attributed to the diffusion of oxygen in superficial dioxide films 

and scales (5-9). At intermediate temperatures, the kinetics follow 

logarithmic, cubic and paracolic equations in order of increasing 

exposure while, at high temperatures, the kinetics follow a parabolic- 

linear equation.

From common knowledge we know that most metals possess an 

’’affinity” for oxygen; that is, the combination of oxygen and atmos

pheric pressure with almost all totals (except possibly a few noble 

metals such as gold) results in a drop of free energy - so that the 

reaction is capable of occurring spontaneously. Thus the production of 

an oxide on the surface of a metal exposed to oxygon tends to isolate the 

metal from oxygen. The oxide film then can only grow by the movement of 

metal ions outward or oxygen inwards. Such movement is possible, in 

cases where the oxide contains interstitial metal or vacant lattice sites.

Smeltzer, Haering and Kirkaldy (10) have constructed a phenomeno

logical theory to account functionally for the kinetics of oxidation at 

intermediate temperatures. It was based on the model that oxygen migrate 

through the oxide lattice and through low resistance paths of temporarily 

decreasing effectiveness under the influence of the oxygen gradient. The 

equation involves three parameters: the parabolic rate constant, the 

ratio of the diffusion constants for short circuit and Lattice diffusion 

and the fraction of available oxygen sites lying within low resistance 

paths. The latter wore assumed to decay in time as a first order rate 

process. Those kinetics previously represented in temporal order by 

logarithmic, cubic and parabolic equations were represented in this theory 
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by a single exponential relation. It was demonstrated that this equation 

adequately represents the oxidation kinetics of titanium, zirconium and 
hafnium in the temperature range 3OO°-6OO°C.

Parabolic oxidation is associated with the development of a com

pact scale and concurrent penetration of oxygen into the metal substrate. 

The change of parabolic to linear kinetics is brought about by complete 

or partial breakdown of compact oxide whereupon the oxygen distribution 

in the metal attains a steady configuration in a reference system moving 

with the oxide/metal interface (8). It has been reported for titanium 

that the scale becomes a completely porous envelope by compression mecha

nisms involving either exfoliation, blistering or cracking of the compact 

oxide at critical thicknesses or critical metallic oxygen contents (8, 

11, 12). On the other hand, the transitions to linear oxidation kinetics 

for zirconium and hafnium appear to be brought about by formation of 

duplex scale consisting of adjacent porous and compact oxide layers 

(13,. 9). Consequently, linear kinetics for these metals are probably 

controlled by the inward diffusion rate of oxygen through the remnant 

compact oxide layers.

To the present, it has not been demonstrated that the transition 

from parabolic to linear oxidation for zirconium is associated with the 

formation of a duplex scale. Results are reported here which confirm 

the viewpoint of duplex scale formation whore the scale consists of a 

compact inner layer overlain by a porous outer oxide layer. This porous 

outer layer provides no resistance to the direct contact of oxygen with 

the compact inner layer. Also, an oxide-metal diffusion model is advanced 

to account for the kinetics of oxidation. Our experimental observations 

confirm the validity of the diffusion model.



CHAPTER II

LITERATURE

2.1 Introduction

If a metal or alloy is brought in contact with oxygen, and if 

the thermodynamic conditions for a reaction are favourable, one can 

observe a more or less rapid reaction in which the reaction products 

appear as a surface layer. The mechanism and rate of surface layer 

formation vary depending upon experimental conditions. A very thin 

surface layer formed on a metal during oxidation is generally compact, 

adherent and pore free. This is also observed if the reaction-product 

layer is of smaller molar volume than the atomic volume of the metallic 

phase, although the Pilling and Bedworth's rule (14) states that compact 

surface layer can only be expected if the ratio of molar volume of 

surface layer to metal is greater than one.

In the case of metal oxidation by gaseous oxygen, the nature and 

extent of particle transport depend upon the defect model of oxide con

stituting the surface layer. For example, in the case of zinc oxidation 

the zinc oxide surface layer contains zinc ions in interstitial lattice 

sites. Consequently, zinc ions migrate through interstitial lattice 

sites together with free electrons towards the outer ZnO boundary. In 

case of copper oxidation to cuprous oxide, where copper ion vacancies 

and electron holes are formed duo to a metal deficiency, outward migra

tion of Cu ions and electrons takes place through vacancies and holes.
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Conversely, anion migration will always be favoured whenever the anion 

sublattice is predominantly defective. This type of structure has been 

established for the dioxides of titanium, zirconium and hafnium whore 

vacancies occur in the partial lattice structure of oxygen ions.

The rate of oxidation of a metal can be divided into different 

categories: Parabolic, Cubic, Logarithmic, Inverse Logarithmic and 

Linear. These oxidation rate laws have been derived from assumptions 

of the structure of the oxide films. Two types of models have been 

commonly used. The first model assumes the growth of the compact film 

by the process for the diffusion of ions and electrons through lattice 

defects in the film. The second model is based on the assumption that 

the film is less perfect due to formation of blisters, cracks or pores 

which give preferential oxidation paths. It has been established that 

many metals oxidize too rapidly to bo explained by lattice diffusion of 

reactants through the superficial oxide layer at relatively low and 

intermediate temperatures (1).

2.2 Theories on Metal Oxidation

Several theories have been published to explain the various 

growth equations. Some are related to only a portion of the time or 

range of temperature and some to only a few metals.

2.2 (a) WAGNER THEORY OF PARABOLIC OXIDATION 

This theory (15, 16) is confined to surface reactions that follow 

the parabolic rate equation and for which diffusion in the oxide lattice 

is the rate determining step. The theory is based on the transport 

mechanism of ions and electrons in semi-conductors. Electrical con

ductivity in semi-conductors is duo mainly to the movement of electrons 
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between electron defects, the number of which is equivalent to the number 

of ion defects in the lattice. However, the slower transport rate of 

ions is generally the rate determining step in on oxidation reaction.

Thus, a concentration gradient of ions is established and the oxidation 

rate is controlled by the diffusion rate of metallic or oxygen ions 

through the superficial oxide layer.

A useful approximation to the equation for parabolic oxidation 

may be derived as follows. Assuming that an electrical field doos not 

exist across the oxide film, the ion current is,

where D is the diffusion coefficient and Is the concentration gradient 

of interstitial ions, cation or anion vacancies. Thus the rate of film 

growth is,
& = = -D ~ (2)
Qu cL*

if 52. is the volume of oxide per ion. Since the concentration gradient 

is inversely proportional to the film thickness, integration gives the 

equation of the parabolic law, 
2* = M + k2

where = 2D (n^ - n2) and k^ ~ 0

Here, and n^ are the numbers of interstitial ions or vacancies per

cubic centimeter at the oxide/oxygen and oxide/metal interfaces.

There have been many variations and developments of this basic 

theory as pointed out by Kubaschowski and Hopkins (17). The signifi

cance of those equations io not that they provide a method of predicting 

oxidation rates but if the rate equations agree with experimental 
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results, the underlying assumptions concerning the oxidation mechanism 

may be supported.

2.2 (b) CABRERA AND MOTT THEORY

Cabrera and Mott (4) have presented a theory of oxidation to 

explain each of th3 various rate equations, and in order to do so, 

divided the scales into three thickness ranges, thick scales, films, and 

very thin films. For thick scales in which electronic neutrality may 

bo maintained, they developed expressions for th3 parabolic oxidation of 

metals forming metal-deficit and metal-excess oxide scales. It is 

generally considered that their main contribution was made in the field 

of very thin films, (lOOn or less). They postulated that the oxide 

film may behave as an electrical dipole layer due to the rapid trans

port of electrons across the film to form oxygon ions from adsorbed 

oxygen. The velocity of the drift of the ions then becomes dependent 

upon tho electrical field strength and metallic ions escaping from ths 

metal surface may, in fact, be directly pulled across the film to 

react at the oxide/oxygen interface. This type of oxide growth may 

exist only up to a limiting film thickness, Reactions of this type 

follow; an inverse logarithmic law of oxidation and many metals oxidize 

at room temperature by this relationship,

2.3 Oxidation in General for Subgroup IVB Metals

Titanium and hafnium,like zirconium, exhibit unusually high 

solubilities for oxygen. These metals of Periodic Subgroup IVB possess 

similar chemical characteristics. In this literature review, titanium 

and hafnium will be considered with zirconium in order to correlate 

their similar oxidation characteristic and also to facilitate clearer 

understanding of zirconium oxidation.
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2.4 Oxidation of Titanium

Fast (18) in 1938 and Ehrlich (19) in 1941 found that oxygen 

forms a solid solution with titanium beneath the oxide scale. In 1949 

Gulbransen and Andrew (20) showed that after an "initial period" the 

oxidation reaction in the temperature range 250°-600°C for the period 

of two hours followed a parabolic growth equation.

Alexander and Pidgeon (21) concluded from their oxidation experi

ments over the temperature range 25OC--55O°C, that two mechanisms are 

involved in the oxidation process:

(a) The formation of their film.

(b) The solution of oxygen in the metal.

Below 300°C the first mechanism is predominant and oxygen absorption is 

limited. The reaction in this case followed a logarithmic growth equation 

Above 450°C the oxidation of titanium involved solution of oxygen in the 

metal by a diffusion controlled process, and again a logarithmic equation 

best fitted their results.

In 1953 Waber, Sturdy and wise (22) confirmed the investigation 

of Alexander and Pidgeon. They suggested that the bread: in Arrhenius 
plot reported by Gulbransen and Andrew (20), at 350°C was due to a change 

from the logarithmic to the parabolic equation.

Jenkins (23) then showed that for titanium the oxide formation 

occurs at the acalo/motal interface. The scales formed in the temperature 

range 600°-925°C wore porous. He established the oxygon gradient in the 

metal by microhardness measurements and from those results suggested 

a mechanism for the oxidation of titanium at high temperatures. Oxygen 

diffused into the metal core but the oxidation rate was controlled by 
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diffusion in the scale. He also suggested that the transformation of 

the initial parabolic to linear growth occurs when the thickness of 

scale is built up to a thickness beyond which it can not exist without 

rupture.

Examination of the oxidation of saturated and unsaturated 

titanium specimens in the temperature range 800°-1200°C by Simmad, 

Spilners and Katz (24) has shown that initial oxidation rates were 

parabolic irrespective of the oxygen content of the metal. The para

bolic rates, however, were lower for the specimens saturated with 

oxygen.

In further study of the oxidation of titanium, using an accurate 

volumetric method, Jenkins (25) checked the kinetic reaction obtained 

between 650° and 95O°C. He found that the parabolic growth changed 

abruptly to a linear growth at decreasing time with Increasing tempera

ture. Further abrupt changes were found to occur at irregular intervals 

after long oxidizing times. In discussing his results, Jenkins, using 

an analytical method put forward by Wagncr, showed that reaction at 

either the gas/scale interface or the scale/metal interface were unlikely 

to be controlled reactions. Therefore, the rate of diffusion of oxygen 

in the scale and metal core was assumed to control the oxidation rate.

Kinna and Knorr (26) suggested for their experimental results 

carried at 800°, 1000° and 1200°C that at the beginning of oxidation 

rutile is formed, through which titanium ions diffuse outwards and oxygen 

ions diffuse inwards, forming a titanium-oxygen solid solution in the 

core. After several hours, the outer layer of rutile becomes dense and 

on its under surface a layer of porous oxide forms.
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Kofstad, Hauffe, and Kjollesdale (27) found four different growth 

equations from their investigational logarithmic below 300°C, cubic from 

3OO°C to 600°C, parabolic from 600°C to 85O°C, and parabolic and linear 

above 850oc. The initial growth equation observed at any temperature 

eventually changed into a growth equation corresponding to the higher 

temperature level. They assumed that the diffusion of oxygen ions 

through the scale was the rate determining step-below 1000°C, and sug

gested that the logarithmic growth equation resulted from an oxide film 

formation, governed perhaps, by a Mott type mechanism. The cubic growth 

equation was assumed to be associated with tho diffusion of oxygen into 

the metal core and the parabolic growth equation was interpreted in terms 

of the usual Wagner high temperature mechanism. Linear growth resulted 

when cracks were found due to stresses in the oxide scale and, at this 

stage of oxidation, a phase boundary reaction became the rate determining 

reaction.

Wallwork, . ., (23) has concluded from his study of the oxida

tion of titanium at high temperature that oxygen dissolves in the metal 

lattice to form a gradient beneath the scale. The oxidation process is 

governed by the movement of this gradient, and growth may bo parabolic 

and linear, consecutively, for high temperatures of oxidation. The 

establishment of a "steady gradient” coincided with the transition of 

the growth equation from a parabolic to linear oxidation. In his experi

ments he could not establish that linear growth was controlled by diffusion 

in the oxide scale. He also found that the oxide had seven percent 

porosity and that oxidation of a specimen saturated with oxygon was 

linear instead of parabolic as expected. Ho suggested more accurate work 
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to establish that linear oxidation is associated with the diffusion pro

cess in the metal.
The oxidation of titanium in the temperature range 85O°-1OOO°C 

has been recently investigated by Stringer (11). The initial parabolic 

rate was superseded by a second parabolic rate, considerably core rapid 

than the first. In general, the lower the temperature, the longer before 

the first parabolic rato law broke down. He determined the partition of 

oxygen between the scale-forming and oxygen solution reactions. The 

proportion of oxygen entering the metal remained constant at about 45 

percent during the first parabolic section. As the relative amounts of 

oxygen in the metal and scale remained constant during the initial para

bolic stage, both tho formation of scale and solution of oxygen separately 

must be parabolic. After the break-away tho proportion dropped until by 

the time the second parabola was established only about 5 percent of tho 

total oxygen absorbed was present in the metal. For this stage of oxida

tion, the most probable stop for the control of the kinetic appeared to 

be gaseous diffusion of oxygen through the porous scale.

2.5 Oxidation of Hafnium

Very little information has been published about the oxidation 

of hafnium. Smeltzer and Simnad (9) investigated the oxidation kinetics 

in the temperature range 550°-1200°C. Although information is not avail

able on the solubility of oxygen in hafnium, they noted that oxygen 

dissolved in the metal phase beneath scales on oxidized specimens. The 

kinetics followed the parabolic relationship in the temperature range 

350°-8oo°C after an initial deviation. In this early stage of oxidation, 

the kinetics would bo represented by a logarithmic equation. Thus the 



rate of scale growth in the temperature range 55O°-3OO°C followed a 

logarithmic plus parabolic equation for the investigated exposure 
periods. Between 903 and 1200°C, the growth equations uero parabolic 

after an initial deviation and became linear during long periods of 

oxidation. Although they were unable to measure the weight increases 

in the early stages of oxidation, the authors suggested that in their 

temperature range the initial period night also be described by a logari

thmic equation. In interpreting their results, the authors suggested 

that the rate controlling process was the diffusion of oxygon through 

tho scale, and that a linear growth equation was obtained when porous 

oxide formed over a compact layer which had grown to a maximum thickness. 

X-ray diffraction showed that tho scale was monoclinic hafnia. Utilizing 

radio-active markers, scale growth was shown to occur by tho inward 

diffusion of oxygon.

Wallwork and Jenkins (3) have studied several features of the 

parabolic-linear oxidation kinetics of hafnium. They established the 

formation of a duplex scale. Adherent compact gray oxide was formed 

below porous oxide and establishment of the steady oxygen gradient in 

the metal coincided with the change from a parabolic to a linear growth 

equation.

2.6 Oxidation of Zirconium

According to Cubicio (29, 30) the- zirconium dissolves larger amounts 

of oxygon than titanium. Lintton (31) established that oxygen penetrated 

into the metal during oxidation. The effect of oxygon additions on the 

lattice constants of zirconium was investigated by Treco (32). Ho found 
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that the lattice expanded linearly with increasing amount of oxygen. 

Also, the hardness of zirconium was increased in direct proportion to 

the increasing amounts of dissolved oxygen.

Hayes and Roberson (33, 34) found, in 1948-49, that on heating 

zirconium in air in the temperature range 425 to 1300°C, a narked increase 

in the oxidation rate occurred near 900°C. In 1949, Gulbransen and 

Andrew (35), using a microbalance, determined the growth equation for 

the oxidation of "abraded” samples in pure oxygen in the temperature 
range 200°-433°C for periods of 120 minutes. Their results were best 

fitted to a parabolic growth equation. In 1951, Cubiciott (30) investi- 
 gated the temperature range 600o -900oC and found that a parabolic rate 

equation was followed for periods up to two hours but noted that a small 
deviation towards a linear relationship occurred at 920°C in this period. 

In the same year Phalnikar and Baldwin (36) reported a parabolic oxi

dation relationship for zirconium heated in air until a white scale 

formed. They reported an enormous increased rate when white scale 

appeared. Bello and Mallet (37) reported in 1954, however, that in the 

temperature range 575°-950°C the results were host fitted to a cubic 

equation. Charles, Barnatt and Gulbransen (38) also showed that in the 

temperature range 35O°C and 45O°C for the periods of 400 hours the 

results were fitted to a cubic equation. Kendall (39) found that for 

prolonged periods of exposure in the temperature range of 500 -7OO°C 

the parabolic oxidation changes to linear.
As shown by Bello and Mallet (37) specimens oxidised at 575°C 

do not exhibit oxygen penetration in the metal phase. At the higher 

temperature of 875°C oxygen did penetrate into the metal phase.
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In 1959, Wallwork (28) studied the high temperature oxidation 

properties of zirconium and found the following facts. Strongly adherent 

gray compact oxides with some visable porosity were formed with white 

ridges showing the edges. Gray scales, when stripped from the metal and 

heated in oxygen turned white. There were no layering in the scale 

structure. Both the white and gray forms of scale were shown by x-ray 
diffraction to bo monoclinic. The oxidation kinetics at 85O°C followed 

a parabolic plus linear rate equation with the change occurring in the 

vicinity of 24 hours. The oxygen penetration reached a "steady gradient" 

after 24 hours. Thus the establishment of the steady gradient coincided 

with the change from the parabolic to linear relationship. He concluded 

that the scale was non-protective and that the oxidation process was 

controlled by the interstititial diffusion of oxygen in the metal phase.

In 1961, Cox (40) discussed the mechanism of oxide film 

growth and breakdown on zirconium. He has suggested that, in the initial 

period at least, two mechanisms of film growth are operating simulatane- 

ously, and after breakaway there is indefinite linear growth. From the 

nature of the breakaway process at high temperature, he has suggested 

that at a critical film thickness, cracking of the film occurs duo to 

stresses set up in it during growth. These stresses may result from the 

high Pilling-Badworth ratio of 1.56.



CHAPTER III

The following processes have been considered for the parabolic- 

linear oxidation kinetics of zirconium. It is proposed that the growth 

of compact scale during parabolic oxidation is due to the reaction of 

the metal with only a part of the oxygen which diffuses through the oxide 

lattice. The remainder of the oxygen dissolves in the metal substrate. 

At a critical compact scale thickness, a duplex scale consisting of porous 

and compact oxide layers develops by breakdown of the compact oxide at 

its outer surface. During the linear growth, a compact layer of scale 

is always present on the surface of the metal. Porous oxide is assumed 

to offer no resistance to oxygon migration towards core metal. Hence, 

linear oxidation may be associated with continuous porous oxide formations 

and with the diffusion of oxygen across the inner compact layer of con

stant thickness to react with the metal. During this period of linear 

growth, oxygen is not further taken up by the metal.

This diffusion model is illustrated in figure 1. The total 

thickness of the duplex scale designated, e, for time, t, has developed 

by inward migration of oxygen. The oxygon interfacial concentrations in 

the oxide and metal phases, which may bo determined from the metal-oxygen 
8 II I phase diagram, are designated C$, CQ and C“. The initial oxygen con- 

T centration in the metal C“ is assumed to bo negligible, o - -
This model for growth of compact oxide with concurrent solution

15
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of oxygen in the metal corresponds to a model advanced by Wagner (41) 

for diffusion in a two-phase system. He has demonstrated that diffusion 
I IItheory in terms of constants DQ and D for octal and oxide, respectively, 

lead to a parabolic growth law. It will be demonstrated subsequently 

that the oxygon uptake of aetal amounts to only from 15 to JO percent of 
the total in the temperature range 8OO°-85O°C. Accordingly, it is 

assumed that a constant oxygen gradient in the oxide serves as a good 

first approximation to obtain the low gradient expression for the para

bolic growth law of compact oxide,
x2 = kpnt (1)

where k11 = (C® - C11) (2)
p o o o

Here^ais the volume of oxide per g oxygen ion and C® and C^1 are the 

oxygen concentrations (g/cc) in the oxide/oxygen and oxide/metul inter

faces, respectively.

From the model it ic possible to evaluate the parameters for 

linear oxidation. During this stage of porous oxide formation, the metal 

interface and oxygen profile in the metal move inward at a constant rate. 

Thus an extension of the analyses carried cut by Tiller et al (42) and 

Wagner (4j) for diffusion in a phase where tho boundary migrates at a 

constant rate may be applied. With the help of Fick’s law, J. = -D(t~)„ 

or J , , = -D(~) , tho net flow in the volume element, from Tiller’s x+dx Ox x+dx 
|2C 

for.aula is per unit volume. If is tho linear rate constant
dx ic

in cn/sec, the total flow out is K-(^). Thon tho diffusion equation for 
£j CuC

a steady state concentration distribution in a system moving at a velocity 

is,
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The solution for this equation can bo obtained by putting c = e
de
dx =

rax ne (i)

2d c 2 me—5 = n o 
dxr

Putting values (i) and (ii) in (3)
Da2 + Rn = 0

(ii)

(Hi)

or m(Da + R) = 0

m - 0 (iv)

a = M

x
C = A. o + B 

i
When x « a , C = D o

x = 0 , G^ = A + B 
o

The appropriate solution for tho metal phase with distance x = x*

measured from the oxido/netal interface is,
C1 (x‘) = «£ - C*) exp (- ::*) + 0 W

o O Jjl o
o 

tf 
and for tho compact oxide phase with distance x = x measured from the 

oxide/gac interface if,
C^x") = (C° - C > oxp (- (5)

O O plA O
O

A fit of equation (4) to tho oxygen penetration curve within tho
T 

metal will be used to give an estimate of 0“ for comparison with independent

values in the literature as a check on tho linear growth model for the 

netal.

Tho uptake of oxygen by the metal before onset of linear oxidation

may first bo evaluated. This amount is therefore,
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cI dx’

A metal ° (6)

= j (C<C ) exp (- x ) dx + C dx - / C dx 
y o d y o o

T °D1 t
- p2 «£) (7)

4. °

if the initial metallic concentration of oxygen (Cq) is assumed to be 

negligible.

As a second consideration, an expression for the parabolic constant
of compact scale growth (K^^) in terms of the linear rate constant (IC.) 

P X>
can be evaluated. The boundary condition at the oxide/metal interface gives, 

cj1- C* = (C® - C«0 exp (i x") (8)
O o o o ^11 o

o
while the mass balance gives,

VDo 
dx x’=o dx x”=x o

°r C?”C’ = (C® - exp(-yT x") (10)
0 0 O O pll o

o
Comparison with equation (8) shows that for a solution to exist one has

to set, 
C^c’ (11)
o o 

There is one further condition which must be imposed on the
two solutions and that is the mass balance at the oxygen/oxide interface,

v - %) <«>
where C is the atmospheric oxygen concentration. Hence, for the steady o
solution to exist it must be that,

C = c’ (15)
o o

There was no need to achieve this condition in the experiments 
since both C and C* are sufficiently small to be set equal to zero, thus 

o o 
obtaining effective equality. For example, the oxygen concentration in 

an atmosphere at S.T.P. is 1.^3 x 10 g./cc. This concentration ’would
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correspond to a metallic impurity oxygen content of only 0.02 weight 

percent. Moreover, CQ is such larger than C because tho oxygen con

centration of stoichiometric zirconium dioxide is 1.49 gVcc.

An expression can now be obtained for the parabolic rate constant

for compact scale growth in terns of tho linear rate constant (K-)

by solving equation (5).

D o
o

When

or.

or

The

the thickness of compact rxccLmum

rll 
tt

o
o o exp ( II x"D11 0

o
+ Cc o

Taking Cf = CQ
CII
-~= exo (
Cs 
o

D11 
o

•.t

o

it

o

left hand

C and neglecting tho

D11 In 
o

C6 
o D« 

o

Cs 
o

o C

- cr o
.II
>o

C11 _ DII ^s _ cxlj 
o 0 0 o

side con be evaluated empirically

It can be substitut

If the oxide phase is considered as a semi-inf ini to plate moving 

with a gradient constant with tiao

C.. = (C® - C ) exc (- 4% x’ ) + C

X"- xc/z

value of 0 o

(14)

(15)

from tho linear rate

cd into the expression for

the parabolic rate constant, equation (2), to give an independent value of 

this parameter for conparison with tho directly determined value. T.iic 

serves as a chock on the linear growth model for the oxide.

This analysis will be applied insofar as possible to the high
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temperature oxidation of eirccniurj* A test of the model based upon

independent calculations of tho parabolic and linear rate constants can

not bo carried out owing to tho absence of diffusion and concentration 

data for sirconiun dioxide. Accordingly, a further investigation has 

boon made on the kinetics of oxidation, scale structures and oxygen 

gradients in the netal in order to gain substantiating exporiaental 

findings for testing tho scale-metal diffusion model by equations 

(7) and (1?).



CHAPTER XV

4.1 Oxidation Apparatus

A diagram of the apparatus used for tho raeasurosonts of oxi

dation rates is illustrated in figure 2, showing the pyrex glass vacuus 

system, furnace and spiral spring balance arrangement.

4.1 (a) VACUUM SYSTEM

The vacuum system used was of conventional design and consisted 

of a mechanical pump (1), a two stage oil diffusion pump (2), oxygen 

storage flosks (3) and cold trays (4), placed in such a way as to pro

tect tho notai specimens from moisture* oil vapour or mercury vapour. 

Tho vacuum was measured with a McLeod gaugo. Tho vacuum system could 
maintain tho assembly at a pressure of 10*^ mm Hg.

4.1 (b) FURNACU •

Tho furnace (5) was of simple construction. Tho heating element 

consisted of michroiae wire wound around a mullite tube and then covered 

by a layer of refractory paste. Thio furnace was capable of operating 

at 1000°C for long periods of time. The hot spot of tho furnace was 

about two inches in length and about 6 inches below the top of tho 

fhrnaco. Tho oxidation temperature was censured by two cliromel-alumol 

thermocouples placed between tho furnace wall and mullite reaction tube 

of tho assembly, Cao of tho thcrcccouplon was connected to a Philips 

controller-recorder and tho other to a potentiometer. Tho controller- 

recorder was coupled with a mercury relay switch end poworstat allowing
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I A/iechoniccI Pump
2 Oil Diffusion Pump
3 Oxygen Storage Flask

4 Cold Trap
5 Furnace
G Combustion Tube
7 Mercury Manometers

Schematic Diagram of the Oxidation Apparatus
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temperatures to be controlled to + 2°C.

4.1 (c) BALANCE ARRANGEMENT

A McBain type spiral spring balance (^4) was used for oxidation 

measurements. Cathetometer measurements of spring elongation were repro

ducible to 0.01 cmj this corresponded to a reproducibility of 0.5 ng for 

a specimen weighing 0.7 go.

4.1 (d) OXIDATION PROCEDURE

All specimens were annealed before oxidation. Once a specimen
—6was in place, the system was oxacuated to 10 mm of mercury. The 

temperature of the furnace was brought to about 7C0°C and the specimen 

was annealed for two hours at this temperature. The furnace -was then 
adjusted to desired oxidation temperature which was either 800° or 85O°C. 

When tho temperature of the furnace was steady, oxygen was admitted to 

the combustion tube. The oxygen pressure for all tests was maintained 

slightly below atmospheric (750 mm Hg).

Several of the oxidized specimens were prepared for metallographic 

examination and microhardness measurements. After oxidation of a specimen 

had proceeded for the required number of hours, the system was exacuated 
-6to 10 mm Hg pressure, and the furnace shut off to allow the specimen 

to cool in vacuum. After the furnace had cooled, air was admitted to the 

system and the specimen was removed. A specimen for hardness measurements 

was cooled by raising it to the top of the combustion tube by means of the 

glass winch.

For the study of the growth rates of specimens containing oxygen, 

two types of experiments were carried out. In the first sot of experi

ments, specimens oxidized to the range of linear growth were removed from 



the furnace after cooling In sit « Tho oxide layer was removed f ron 

the specimen and then replaced on tho spring balance. Tho furnace tubo 
was then evacuated to 10°°^ sun Hg pressure and the furnace heated to 

35O°C. Oxygon was thou adult tod to tho tubo for rcozddation of the 

spec icon. Tho weight gain was recorded with time. In the second cot 

of experiments, thin specimens 0.2J4 uj thick, wore oxidized at 750 ebb 

Hg pressure at oziygen atmosphere to a weight gain of about JOO atom 

percent for saturation of the specimen in the alpha phase as taken from 

the constitutional diagram of tho sirconiuo-oxygen system (4j). The 

furnace was then evacuated and the oxidized specimen annealed for ICO 

hours for tho formation of saturated alpha-solid solution by the diffusion 

of oxygen from tho oxide layer to tho netal core. After this annealing 

process, tho specimen was oxidiced at 8jO°C and 750 mm of Hg pressure 

for growth rate determination.

4.2 Sample Ik.teriel and Surface ration

Tho zirconium metal prepared by tho iodido process was received 

as 0.G4 and Ool25-ia gauge sheet. Specimens approximately J am thick 

and about 10 an square were prepared by abrasion with silicon carbide 

papers to a 4/0 fineness for tho nicrohardnesa tests. For the oxidation 

kinetics measurements the specimens wore about 1 mm thick. Some of the 

specimens were prepared by chemical etching after polishing on papers. 

The solution (J percent HF, 40 percent iihO„ and tho rest- water) for 

polishing tho specimen by etching was found to produce a smooth surface. 

4O> Hotallographic Mounting and )?olisliing

A great deal of difficulty was encountered both in mounting and

polishing tho specimens. During mounting, the oxido tended to break 



23

away from the cotal* Also, tho great difference in hardness between tho 

metal and oxido played a detrimental role as edges readily rounded under 

tho most careful conditions of polishing.

^••3 (a) MOUNTING

Tho specimens for tho hardness moasuromonts and metallographic 

study of tho scale, wore mounted on edge using a cold sotting polyester 

rosin. Tho specimens were first given a few tain coats of tho cold 

mounting material in order to help prevent tho oxide from being pulled 

away from the r.iotal by count shrinkage duri^ setting. The specimens 

were mounted in vacuus to minimise tho number of pores in the countess 

the carry over* of compounds from one stage of polishing to another causae 

severe scratching. Tho vacuum mounting was accomplished by placing tho 

apparatus, shown in figure 3 in a vacuum desiccator.

This apparatus was placed in tho desiccator in a position such 

that tho handle of the crucible arm was against the inside wall of tho 

desiccator. Thus, the crucible could bo tinpod by means of a magnet 

placed against tho outside wall. The cruciblo was filled with mounting 

material and tho desiccator was then evacuated with a mechanical pump. 

The mounting material was then poured into tho mould which contained tho 

specimen. 'Hie cold was made out of plastic tubing and tho specimen was 

hold on its odgo for mounting by means of a wire stand. Tho could was 

polished along with tho counted specimen. Liquid counting material with 

hardener was found to produce better counts in vacuum.

(b) POLIS riZIIG

Oxidised specimens for cotallogra; hie examination and cicx-o- 

hardness measurements were abraded by haid after cold counting on 220,
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320, ^00 and 6gO silicon carbide papers with flowing water as lubricant. 

This was followed by hand polishing on silk cloths using 6, 1 and 1/^-p 

diamond paste with lapping oil lubricant. Final polishing was done on 

polishing wheels using O.J end 0.1-p alunina. slurries.

4.3 (c) HARDNESS MEASUREftENTS

Hardness measurements were employed as a measure of oxygen con

centration in tho metal substrate. Indentation measurosents wore made 

adjacent to tho mctul/oxide surface at a known distance using a Vickers 

raicrohardness unit. Five hardness scanswore determined for each oxidized 

specimen and tho arithmetical averages taken for tho determination. 

Individual measurements were reproducible within + 10 percent.
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The results of the oxidation tests on weight gain measurements 

are presented in conjunction with the uicroliardness determinations and 

metallographic examinations • 

9*1 The Scales

The oxidited specimens produced during tliis series of experi

ments for tho periods up to 40-50 hours had shiny gray-black scales with 

white ridges showing on the edges. Metallographic examination of these 

scales showed that they wore dense without any porosity. They adhered 

strongly to tho natal. Detached gray oxido xz-ern tho metal turned white 

on heating in air or oxygen. Layering, of the typo reported in titanium 

(2o) scales, was not observed in any of tho scales on sirccnium.

The photomicrographs in figures 4-5 exhibit several features of 

the scales produced by oxidation at 3>0°C for different exposure times. 

As illustrated by th© photomicrograph in figure 4, the scale produced 

upon an exposure of 20 hours is uniform and free of any detectable pores.

Tho photomicrograph in figure 5 shows an inside gray oxide layer 

and an outside thin porous layer of oxido formed by oxidation of a 

specimen at 8>0°G for 80 hours. Tho scale is considerably tliickor but 

still uniform. As shown in figure 6, tliis uniior.aity vanishes for longer 

periods of oxidation.

Microhardness examinations were undertaken to establish whether 

a duplex scale was formed during linear o::idatian. The scale developed 

29



Figure 4

Specimen exposed for 20 hours at 85O°C; X >37.5

Figure 5
Specimen oxidized for 80 hours at 85O°C; X >37.5



Figure 6

Specimen oxidised for ICO hours at 8jO°Cj X 187.5
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Figure 7
Specimen exposed for 60 hours at 85O°C; X 120

Figure 8
Specimen saturated with oxygen and exposed for 30 houra 

. at 85O°C; X 2^0
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during linear oxidation appeared to bo composed of an outer porous oxide 

overly ins th® remnant gray compact oxide (figure 7-9) • Tho external 

appearance of the white oxide is shown in figure 7. Its surface exhibits 

a network of cracks. Tho original abrasion scratches have persisted 

because oxidation proceeded by inward migration of oxygen. The breakaway 

of an oxide section from the surface of sac-ciries (tho lower right hand 

corner of this photoisicrograph) has exhibited the underlying compact gray 

oxide. A number of localised white areas uoro noticed on the gray oxide 

before tho whole surface became covered with ’white oxide. Porous oxide 

growth appeared to be initiated by localised attack associated with crack 

formation as shown in figure 8.

Some of the specimens with gray o;iide were heated in air for a 

short time to gain additional observations on the characteristics of 

white oxide formation. It was found that wLito oxido readily formed at 

cracks formed in the oxide due to thermal shock upon quenching of oxi

dized specimens. This characteristic is illustrated by tho photomicro

graph in figure IC. Ihite oxide formation in also shown in areas derived 

of thermal cracks. Consequently, tho gray oxide sc les on several 

oxidized specimens were examined to find if possible, the approximate 

grain size of oxide in the scale. For this purpose the oxide scales woro 

etched in hydrofluoric acid and then examined under microscope. Vory 

small surface cracks wore found to exist in tho oxide which appeared to 

follow grain boundaries (figure 11). Co-;ovor, it was not possible to 

definitely establish that those cracks followed grain boundaries and that 

these cracks served as tho localized areas for white oxide formation.



5.2 Microhardnews Tests

In order to determine tho oxygen gradients in the metal, micro* 

hardness meusurcmonta were made on specimens oxidized at S5O°G for 

exposures of 24, >5, 48, 60, 83 and 100 hours* The results of these 

experiments are illustrated in figure 12 and figure 1J. Figure 12 

.□hows tho gradual increase of hardness as os^gon penetrates inwards duo 

to longer oxidation periods, b'ithin experimental accuracy, tho con

centration of oxygen as a function of distance in the metal is defined 

by a steady configuration during linear oxidation (figure 13).

5 • 3 Oxidation Llcasurementc

Measurements wore made of the oxid.tion rates of as-received 

metal, tho metal containing sufficient oxygen for the establishment of 

a steady state /gradient, and the motul saturated with oxygen. The methods 

for preparing tho specimens and measuring those oxidation rates have boon 

presented in tho section Oxidation Procedure, 4.1 (d). In figure 14, a 

photomicrograph is illustrated of a typical surface after preparation by 

the abrasion method. There orc abrasion scratches, which have been 

shown to reraain on the outer surface of compact oxide (figure 7). A 

photomicrograph is shown in figure 15 of the surface of on oxidized speci

men after removal of the oxide by stripping and a subsequent light 

abrasion. In this case tho surface is very irregular. 

5»4 Oxidation Hates of the .^-ncceived Hotel

In figure 16, results are shown of experiments at 800° and 85O°C 

for long oxidation exposures. Here, the weight gains of zirconium speci- 
2 mens, mg oxygcn/cm , have been plotted vs time in hours. Tho oxidation 

rates continuously decreased for exposures to approximately Go hours after
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Figure 9
The Corner of an Oxidized Specimen. 
850oc X 187.

After exposure for 80 hours at

Figure 10
White oxide formed at the cracks in the gray oxide after re-oxidation 
of specimen in air at 850 C. (Photomicrographs taken under polarized 
light at magnification of 150 X.)



FIGURE 11

Cracks in Gray Oxido Surface after etching by HF (X 5^)* The apecinen 

had been exposed in oxygon for 24 hours at 85O°C.
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Figure 13

Microhardness determinations of zirconium specimens 
oxidized for 60, 8 J, and 100 hours at 850 0 and 
750 mm Hg pressure.
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Ficuro 2A

Surface? of apecinen prepared by abrasion. X24O

Ficurc
Surface obtained by renewal of oxide for re-oxidation. X2U0
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which the specimens oxidized at constant rates. As will be demonstrated, 

these periods of decreasing and constant rates corresponded to the stages 

of parabolic and linear oxidation, 

5.5 Effect of Oxygen Concentration in Zirconium on Oxidation Rates

To test tho possible rolo of the initial metal oxygen concentration 

in determining tho oxidation kinetics, a series of auxiliary short-time 

experiments consisting of exposures to 12 hours at 85O°C wore carried out. 

As datum experiments, tho oxidation kinetics of three as-received specimens 

containing negligible oxygen contents were determined. The result of 

these tests are illustrated in figure 17 by parabolic plots, (gm ozrjgzn/ 
a 2 cm ) vs time since, after exposures of approximately 5 hours, the 

kinetics obeyed a parabolic relationship.

The following experiment was then carried out in duplicate. A 

specimen was oxidised for oO hours at 350^0 for establishment of the steady 

configuration of oxygen in actol. After removal from tho balance, the scale 

was chippod from metal surface. The specimen was then lightly abraded on 

VO silicon carbide paper to remove adhering oxide and replaced in the 

balnea assembly for re-oxidation at 850°G. The oxidation kinetics, 

figure 18, could still be represented by parabolic plots although their 

reproducibility was poor. These variations wore probably due to non- 

uniformity of tho lightly abraded surfaces (shown in figure 15) from 

which oxide Jxad boon chipped.

Oxidation testa uero then carried cut cn 0.022 cm thick specimens 

with oxygen contents approaching saturation values. To attain this 
condition, a specimen was oxidized at 85O°C until its weight gain corre

sponded to 5.0 mf^cm^ (tho saturation value from the phase diagram io
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Figure 18

Re-oxidation at 85O°C in oxygen at 
750 mm Hg pressure of zirconium specimen 
after removal of compact oxide scale.
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*>
5.1 ng/cE?') (41). The balance assembly was then subjected to vacuum 

and specimen annealed for ICO hours sc that the o:ido would dissolve in 

the metal. This time was sufficient to redissolvo most of the oxide and 

approximately homogenize tho oxygen in tho metal. The results for re

oxidation of two such specimens are illustrated by tho parabolic plots 

in figure 19. In agreement with tho proceeding tests, tho specimens 

oxidized by parabolic ld.notics following briof exposure times.

5.6 Atonic Structure of .Scale/;

The existence of three crystallographic forms: cubic* tetragonal 

and monoclinic have been reported by different investigators. Both the 

gray and white oxide structures were examined separately by x-ray 

analysis. Parameters were calculated from the diffraction linos and 

then related to the published parameters for different forms of zirconium 

oxide. Only the monoclinic structure was identified. It was not possi

ble to measure a difference in tho parameters between the gray monoclinic 

and white monoclinic structures.



Figure 19

Oxidation at 85O°C in oxygen at 750 mm 
Hg pressure of zirconium specimen saturated 
with oxygen.



CHAPT2R VI

DISCUSSION

In this section, the experimental findings are correlated insofar 

as possible to chow that tho growth of a duplex scale, consisting of 

inner compact and outer porous oxide layer determines the parabolic- 

linear oxidation kinetics. The influence of tho compact layer on tho 

oxidation kinetics after establishment of the “steady gradient^* of oxygen 

in metal ia also discussed to demonstrate that tho linear kinetics are 

duo to tho steady diffusion of oxygen through a compact scale of constant 

thickness. Also, several oxidation features common to zirconium and 

titanium aro discussed in order to further elucidate behaviour of metals 

in Periodic Subgroup IVB in oxidising environments.

The experiments have demonstrated that parabolic oxidation occurs 

before onset of linear oxidation irrespective of tho metallic oxygon, 

contents. Thio oxidation behaviour was illustrated by the plots in 
figure 16 for specimens exposed in oxygen for long exposures at 800° and 

85O°C and tho plots of oxidation data for relatively short exposures at 

85Q°C in figure 17 - 19. In table 1, the evaluations aro recorded of tho 

parabolic constants at 85O°C from tho plots in figures 17 - 19 for tho 

as-received metal, for tho metal containing sufficient oxygen for esta

blishment of the steady gradient, and for the natal saturated vzith oxygen 

These evaluations are of the sane order of magnitude.

Ono cannot formulate conclusions as to tho relative amounts of 

oxygen consumed by oxide formation and solution in the metal from these

46
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TABLiJ I

Parabolic Oxidation Constants for Zirconium

Metal Temperature 
°C

Parabolic Constant 
(E» oxygen) Vcs^-soc

deceived aetal o00° 2.3 x 10’10

Received metal 8500 7.5 X IO'10

7.2 x 10"10

6.4 x 10"^

Metal with 850° -109.2 x 10 xv

oxygen sufficient 1.7 x 10"5

to establish gradient

before linear oxidation

Metal saturated 850° 1.2 x IO’9

with oxygen
-91.2 x 10
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evaluations because the oxygen saturated specimens oxidized at tho most 

rapid rate. This effect has also been established by Ostagen and Kofstad 

(46). For tho specimens of their tests, linear oxidation occurred in tho 

time periods reported here for parabolic oxidation. From figure (13), 

it can be seen that tho reporducibility of the results for the weight 

gain in case of reoxidation were not good. This effect may be due to 

the surface roughness of the specimens prepared by tho removal of oxide 

scale. The photomicrographs in figures 14 and 15 have shown the extreme 

roughness of those surfaces compared to those surfaces prepared by 

abrasion.

The total uptake of oxygen by the metal during oxidation cay be 

evaluated if equation (7) accounts for the amount of dissolved oxygon 

in the metal during linear oxidation. Thia amount may then be compared 

with the total uptake of oxygen during parabolic oxidation. The average 
values of tho ratio (Kj/D^) at 850° and 800°C are 108 and 271 respectively 

(table II). Those values were calculated from tho data presented in 

figures 13 and 16. The consumption of oxygon by the netal is therefore 
4.8 x 10“5 and 1.7 x 10*^ gm/cm2. Since the total uptakes of oxygen 

before onset of linear oxidation are 1.6 x 10 and 1.0 x 10" gra/cm 

at 850° and 800°C, respectively (figure 16), oxygen solution accounts 

for 30 and 17 percent of tho oxygon consumed during parabolic oxidation. 

One may therefore conclude that o:cygen weight-gain kinetics of zirconium 

at temperatures to 85O°C are mainly associated with scale growth.

/In evaluation cannot be made of tho parabolic oxidation constant 

in the absence of data for the oxygon diffusion constant and phase 

boundary compositions for zirconium dioxide. Nevertheless, it is
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Evaluatione; of* Linear Oxidation Sato Constanta and of 

Oxygen Diffusion Constants, xo^ Zirconium and Titanium 

and a Comparison of 'Hiose Values to Those Obtained from 

Diffusion Penetration ac.oerir.ent3 (references in brackets)

Metal Temperature 
°C

Exposure Times 
for Oxygen 
Gradient Esta
blishment 
hours

K./D .b g.oxygen
D 

oxidatior) 
2/ „ cm /sec

D 
(diffusion) 
cm^/scc2 era -sec

Zr 800

850 60 - 100

271

72

1.5xlO"8

2.6x10“$ 2.4xl0"10

2.9xl0-10 (52)

6.7xlO*10 (50)

8.7xlO’“; (52)

Ti 750

24 - 72

36-48

145(47)

565(6) 1.9xlO-S(l)

1.2xl0"10

5*0xl0”“1

9.4xlO’lu (50)

4.1X10’10 (48)

850 24-48 144(6) 1.1x1O"7(7) 4.6xlO~10

l.lrrlO’11 (8)

^rlO"11 (51) -

1.3x10"' (48) :

1.6x1O"7(8) G.jxlO*10 1.2xl0‘10 (8) |

4.1x10"1j (51)
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possible to tost whether steady state diffusion conditions exist in tho 

metal and compact oxido layer during linear oxidation. For this type 

of oxidation, equation (4) and (15) describe tho limiting penetration 

curve for oscygen in tho metal and the conditions for duplex scale 

formation.

To perform this test for tho oxygon gradient in the metal it is 

assumed that the hardness determinations of tho metal are directly pro

portional to its oxygen concentrations. That such an assumption is 

reasonable is borne out by hardness measurements of Treco and Roe, 

Palmer and Open (47, ^8) on airconium and titanium oxygen solid solutions 

respectively. Accordingly, equation (4) for tho concentration gradient 

of o:sygon in the metal during linear oxidation is expressed in tho form, 

loc (H - H ) = log (1£ - n ) - (^ los10o) (16) 

o
Twhere II . H and H are the microhardness determinations within the x o o

metal substrate at distance x from tho laetal/oxide interface, at tho 

motal/oxide interface, and at a distance beyond the penetration of the 

oxygen gradient, respectively.

Tho microhardnoss measurements, figure 12, Iiave shown that tho 

oxygen gradient changes during the parabolic growth. Tho steady state 

formation of tho oxygen gradient during linear oxidation can be seen 

from the microhardness measurements illustrated in figure 15. Those 

latter determinations and those reported by IJallvork and Jenkins (3) 

for titanium are plotted according to the above relationship in figure 

20. The exponential relationship represents tho penetration data only 

to a good first approximation, perhaps due to tho failure of the



figure 20

Microhardness determinations plotted according to equation (16), 

log (H^ - H^) vs. x, for zirconium and titanium oxidized to range 

of linear oxidation

Upper curve? hardness gradient in zirconium after exposures of

60, 80 and ICO hours in oxygon at 750 sa. Hg. pressure 

at o50°C.

Lower curve: hardness gradients in titanium after exposures of
2h-liS hours in oxygen at 760 mm. 11g. pressure at 750°

/ Q A
and 85O°C. Determinations by ’ nllwork and Jenkins •



LO
G

A
R

IT
H

M
 OF

 HA
R

D
N

ES
S NU

M
B

ER



52

assumption of linearity between concentration and hardness, nevertheless, 

the slope of these curves near the interface should give a good estimate 

of the ratio, for comparison with independently measured values.

Tho values of the oxygen diffusion constants calculated from 

this oxidation data for zirconium and titanium and a comparison of 

these values with those reported in tho literature from diffusion pene

tration anneal experiments are recorded in table li. For zirconium, an 

additional determination is also included from an analysis of unpublished 

osdldation results obtained by balluork (49). The comparison lies in all 

cases within experimental error, thus confirming tho essential correct

ness of that part of tho diffusion model which refers to the metal 

substrate.

The consistency of tho linear oxidation kinetics with diffusion 

conditions of the duplex scale model may bo demonstrated by employing 

equation (15) to calculate tho parabolic constant, equation (2), for 

growth of compact oxide. Since the oxygen uptakes for compact scale 
growth are 8.5 x 10"^ and 1.12 x 10"“ gta/cn^ at 800° and 85O°C, the

-10 0 2 ? 4 /values of parabolic constants are 2.3 x 10 and 5 x 10 gm /cm /cac, 

respectively. These values, which are in close agreement with tho 

experimental parabolic constants for the as-received metal (table I), 

substantiate the consideration that steady state diffusion conditions 

are satisfied in the inner compact layer during linear oxidation.

While diffusion accounts for the kinetics of oxygen migration 

during the linear oxidation of zirconium, the primary controlling pro

cess providing ono of the boundary conditions for diffusion is associated 

with tho mechanical phenomena which maintains a constant thicitness of 
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compact oxide. The metallographic observations do not give information 

on the mechanism of surface-crack formation. It can bo noted from the 

micrographs of figures 6-10 that porous white oxide is formed from 

compact gray oxide by exfoliation from initiating cracks.

The examinations of the external surfaces of oxide scales pro

duced on specimens by oxidising for different lengths of time have shown 

that white oxide was formed on the surface of gray oxide at different 

points, which in time spread and covered the whole surface of gray oxide 

with white porous oxide. Compact oxide, which was internately bonded to 

the metal, remained gray due to a relatively larger oxygen vacancy con

centration. The detached oxide was white because its composition 

approached that for the oxygon-rich oxide equilibrated with oxygen. 

In this respect, the parabolic-linear oxidation kinetics of zirconium 

differ from those for titanium. For this latter metal, the controlling 

step for linear oxidation appears to bo determined by reaction parameters 

at oxide/metal interface brought into play by a complete breakdown of 

oxide to a porous scale at a critical thickness (4, 7, 3).



CONCLUSION

From the literature review, theoretical considerations and 

experimental findings, this thesis can be concluded as follows:

1. The oxidation of zirconium in oxygen at atmospheric pressure 

follow a parabolic linear growth equation at 800° and 85O°C.

2. Irrespective of the oxygen concentration in the motal sub

strate, parabolic kinetics represent the growth of the initial compact 

oxide scale while linear kinetics represent the later stages of growth. 

The transition from parabolic to linear oxidation for zirconium is associ

ated with the formation of a duplex scale consisting of compact and porous 

oxide layers.

3. The gray compact oxide is formed during parabolic oxidation 

the inward migration of oxygen to the oxide metal interface. During 

this stage of the oxidation reaction, oxygen is dissolved in the metal 

substrate.

4. At a critical thickness of the compact oxide, a steady con

centration gradient of oxygen in the metal substrate is established upon 

onset of linear oxidation kinetics. An exponential solution of the 

diffusion equation fitted to the concentration profile can bo used to 

evaluate the oxygon diffusion constant in the metal.

5. The oxide formed on the surface of gray oxide during linear 

growth is white and porous. The structure of both gray and white oxide 

are monoclinic.



6. The thickness of the compact gray oxide remains constant 

during linear oxidation by its conversion to white porous oxide. This 

oxide offered no resistance to the migration of oxygen from gas phase 

to porous oxide/compact oxide interface.

7. The white porous oxide appeared to form at cracks on the 

gray oxide surface and then spread by an exfoliating cracking type 

mechanism. It was impossible to show by chemical etching experiments 

with hydrofluoric acid whether these cracks occurred at grain boundaries 

in the compact oxide
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