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I. INTRODUCTION

The oxidatibn kinetics of many pure metals has been
stddied at high temperatures and the mechanism of oxidation
"is reasonably well understood. At low temperatures, below.
300-400°C, the oxidation kinetics of many metals is not as
well defined because of the lack of sensitivity for measur-
ing extremely thin films and the attendant difficulty in re-
lating the data to a single growth mechanism. Studies report-
ed on commercial alloys, while useful for specific applica=z
tions, are not amenable to quantitativevcomparison because
of the complicating effects of sevefal components. The pur-
pose of this investigation has been to study the oxidation
behavior of pure metal (titanium) at 325°F, 440°F and 520°F
and determine the effect of a second component (Aluminum) -in
solid solution alloys at the same temperatures. The
titanium-aluminum system was chosen because of the high
mutual solid solubility of these elements and because of
commercial interest in titanium base alloys for space appli-
cations.

The most common‘method for determining the oxidation
kinetics of metals and alloys is to measure the weight
change with time using a microgravimetric balance. Such
measurements were initiated primarily by Gulbransenl’2 in
about 1950 and were used by Gulbransen and Andrews to study
the oxidation of puré.titanium. The sensitivity for weight
gain measurement was reported to be equivalent to an oxide

thickness of about 20 A. This sensitivity is inadequate for
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2.

measurement of very small thickness changes prevailing at
lower temperatures because the experimental points are found
to be somewhat scattered.3

Reviews on the application of ellipsometry to oxidation
corrosion processes have been presented by Kruger and
Hayfield and White.4 Based on experience in the Electrical
Materials Laboratory at the University~of Nebraska and the
General Mills Research Department,5 a preliminary study was
made to determine whether the high sensitivity of ellipsome-
try, equivalent to less than 0.2 i, could be used to study
the very small oxide thickness éhanges on titanium alloys
at low temperature. Ellipsometry was found to be feasible
and a detailed study was initiated.

The oxidation rate of pure titanium can be expressed
by several different rate equations depending on temperature,
film thickness and time. Sample preparation, polishing,
metal impurity, gas impurity and oxygen solubility must also
be considered. The literature shows that the oxidation
follows either a direct logarithmic [x = A 1n(t) + B] or
cubic (x3 = At + B) relationship below 300°C. A transition
to parabolic (x2 = At) occurs between 300° and 600°C; and a
final transition to linear (x = At) occurs above 1000°C.2’3'6

Addition of a second component increases the number of
factors that must Bé considered. The alloying element may
have

1. different affinities than the base metal for

oxygen
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2. mutual solubility in the base metal and oxide

3. varying diffusion rates in the base metal and
oxide

4. an effect on composition and structure of the
oxide as oxidation proceeds.

At relatively high temperatures (700-900°C]), small
amounts of elements of higher valence than titanium (tungsten,
niobium, molybdenum) decrease the ektent of oxidation.3’7
Chromium increases the oxidation rate for chromium contents
below 17 wt% although aluminum has little effect. Silicon,
vanadium, iron and other alloying additions have been
studied, although no systematic low temperature study of a
binary titanium base alloy has been found in the literature.

In discussing the effects of alloying additions on
oxidation, Stringer8 concludes that a more detailed and
systematic study 6f the oxidation.of alloys is needed than
has been made in the past. It is hoped this study will
.contribute to an understanding of binary alloy oxidation as

well as define oxidation parameters specific to the Ti-Al

system at low temperature.
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IT. THEORY OF OXIDATIQN REACTIONS
A. GENERAL

It is customary to treat separately the oxidation of
metals at low temperature (below about 300°C) and that at
high temperature since the oxide film-thicknesses are differ-
ent in magnitude. The present study deals ﬁith thin film
processes below about 200 A&.

The process of oxide growth involves the outward migra-
tion of metal ions or the inward migration of oxygen ions
and is related tb the presence of lattice defects.9 For
purposes of this study, defects are generally defined as
vacancies (vacant positions) on otherwise occupied lattice
sites, interstitial atoms at positions in the intersticies
between lattice sites, and misplaced atoms.

The significance of lattice defects is illustrated7 by
comparing AF® (Al,05) and AF°® (Cu,0) with oxidation constants
at 600°C. The oxidation constant (3x10-11gm2/cm4—hr) for
aluminum oxidation is five orders of magnitude less than it
is for copper oxidation even though AF° (Cu20) is 165 Kca;
mole_1 more positive than AF° (A1203). The reason that the
least noble metal (A1203) reacts slowest with oxygen is
because the defect concentration is smaller in A1203 than
in Cu20 and fewer paths are available for diffusion through
it.

B. THIN FILM (TARNISHING) PROCESSES

1. Reciprocal Logarithmic Model

In thin film processes at low temperatures, the
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5.

extent of oxidation is greater than would be expected from
ordinary diffusion in a concentration gradient because of
the low ion diffusion coefficients. In the theory developed

by Mott and Cabrera,3r7110,11

it is proposed that oxygen
atoms are adsorbed on the oxide sufface and that électrons
pass from metal to the adsorbed oxygen and establish equili-
brium between them. An electric field thus existing across
the oxide film is responsible for pulling the ions through
the film.

Assuming tha£ the potential gradient is electrical in
character and provided that temperature remains constant,
the fate of oxide film growth will decrease with time since
the potential gradient decreases as the thickness increases.
Tn the absence of an electrical field, the chance of an ion
possessing the minimum requisite energy to move across an
energy barrier wiil be the same in all directibons and will
be equal to exp(-U/kT). In the presence of a potential
gradient, the chance of movement in one direction will
increase to exp [(—U+Kl/x)/kT] by an amount equivalent to
the increase in potential gradient Kl/x, while the chance of
movement in the opposite direction wi}l decrease to
exp [(-U—Kl/x)/kT] by the same factor. Therefore, according
to this model, the net movement will be proportional to
A'[exp(Kl/ka)+ ekp”(4K172kTJ] Whefe A' = exp-(-U{kT). The
growth rate of the oxide film is then proportional to the
effective movement:

ax

¢ = A'lexp (K,/%kT) - exp (-K;/%kT)] (1)
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A limiting case of this equatdion is realized at low
temperature since the vacant sites are less mobile and the
chance of their movement in the absence of help from a
potential gradient is negligible. Fdr thin oxide films,
the potential gradient is large so ;ﬁét mevement can be
neglected in the direction against"thé gradient and equation

(1) then simplifies to

ax _ v
ac A exp(Kl/XkT) . (2)
Defining the potential barrier Kl/x as zedV/2x and the

Debye length xo as zedV/2kT, the rate equation becomes

dx

gt = A' exp(xo/x) (3)

In terms of the experimental variables, the activation

7 . .
energy 1is given by

zedV _
X

# Xo
E = = (2kT) ‘ (4)

In order to solve differential equation (3), Hauffe7

multiplies the term on the right by Xo/ (xo+2x) for the case
> . - .

where xo=2x (verified experimentally). The equation may then

be rewritten

dx ~ AlxO |
= mx}exP (%x0/%) (5)

By separating variables and integrating, the reciprocal

logarithmic equation is
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1 _ 2 o B L1 2
= 1n(A'xg) %, %= In [x7/(t+tg)] (6)

Since this equation is linear in 1/x and ln[xz/(t+to)], its
validity can be determined graphically.

2. Direct Logarithmic Model

Below 300-400°F, the conductivity of an oxide may
be too low for ion movement to be the controlling step. In
this case, electron tunneling may be used to explain the
electron-transfer. As opposed to an ion requiring a kinetic '
energy of 1/2 mv2 to surmount an energy barrier, an electron
has a finite probability of passing through the energy
barrier even if the kinetic energy is less than the potential
energy at the top of the barrier.

For a perpendicular energy barrier, the proportibn of
electrons passing across it is given by exp(—4wx/§ﬁ§/h).3'7

If the oxidation rate is controlled by the rate at which

electrons can pass across it, the rate equation is then
given by

dx

3 = A" exp (-x/x3) (7)

where X'y = h/(41/2mQ) (7a)

RKubaschewski and Hopkins3 integrate equation (7) and assume

A“/x23=l to obtain equation (8):

x = Xo 1ln(t)-c | (8)
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Hauffe and Ilschner3'12, using the original idea of Mottl3,

indicated that curves of equations (6) and (8) will inter-
sect if superimposed on the same plot.9 If the intersection
occurs at an experimentally accessible point, control by
electron passage may be expected in the very early stages

of oxidation followed by ion passage at‘greater thicknesses.
That is, the direct logarithmic equation will be obeyed at
very small thicknesses and the reciprocal logarithmic equa-
tion will be obeyed at slightly greater thicknesses.

In Mott's original model, the very early stage of
oxidation was in the domain where electron transport
occurred by tunneling. Within the very early stage he pre-
dicted parabolic behavior followed by direct lpgarithmic
behavior. Fromhold14 compared experimental data from
several sources with Mott's predictions and showed that at
the temperatures of concern in the present study, the
parabolic stage occurs in a frac£ion of a second to a
limiting thickness of about 20 A. For this reason, the

initial parabolic equation was not considered.

C. THICK FILM (SCALING) MODELS
At higher temperatures, an oxide scale forms rapidly
on the surface. However, in contrast to lower temperatures,
the oxidation mechanism depends upon whether
1. +t+he oxide is a liguid or a solid
2. the oxide partially evaporates
3. the oxide is compact or porous

4. oxygen dissolves appreciably in the base metal?
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Compact oxide scales act as barriers to concentration
diffusion. Thus the Wagner theory applies because volume
diffusion of reaction ions (or corresponding defects) is
the rate controlling step. Metal ions diffuse outward or
oxygen ions diffuse inward while respective cation and
anion vacancies migrate in opposite directions.2

At fairly high temperature, x will quickly become
sufficiently large so that terms containing x_3 and higher
may be neglected in the Taylor series expansion of equation
(1). This results in equation (9) which leads, upon inte-

gration, to the parabolic scaling equation (10):

dx - o

2K2t+K3 (10)

»
I

The form of parabolic equation (10) is the same as that
derived by Mott for the very initial stages of tarnishing
oxidation although the mechanism is entirely different.
D. EMPIRICAL RATE EQUATION

Lustman and Mehll7 found that oxidation data; when
analyzed by plotting logarithm of oxide thickness versus
logarithm of time, followed a power law such as equation (11):

L

X = Alt (11)

An expression similar to equation (11) can be obtained by

assuming a rate eqﬁatioh of the form given by (12). Taking
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10

the logarithm of equation (12), a plot of 1ln(dx/dt) versus
In(x) gives the slope n and y intercept 1ln(A) in accordance

with equation (13):

ax _ n .
IE = Ax (12)
in(dx/dt) = 1n(A) + nln(x) ' (13)

A comparison of constants given by equations (11}, (12) ,and
(13) can be made by integration of equation (12):
%

X" = Alt+A2

where 4 1-n and A, = A(1l-n) (14)

1
This type of analysis provides a rapid means for deter-
mining the approximate value of ¢ prior to further analysis
of the data. Values of § near one, two or three over a
temperature range suggest a linear, parabolic or cubic
oxidation mechanism. Upon determination of the mechanism
by this empirical method, a detailed analysis can then be
made to determine Al. |
The constént Al may be correlated analogously with con-
ventional chemical reaction models to follow the Arrhenius

equation (15)

A = Z—\.o exp (-E/RT) (15)
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A plot of ln(Al) versus 1/T gives a straight line of slope-
~E/R from which an equivalent value of E may be determined.
However, n must be constant ‘at all temperature levels for
such a correlation. Another interesting method for obtain-
ing an equivalent value of E uses a more general rate

expression given by equation (16):

dx _ _ ' ‘
3t = Ao [exp(-E/RT]]1 £(x) {(16)
An equivalent value of E is obtained by comparing the rates
at the same oxide thickness at two different temperatures

as can be shown by equation (17):

dX/dtl 1 1

B. EFFECT OF ALLOYING ELEMENTS

The effect of an alloy addition on the rate of oxida-
tion may be interpreted from the valence of alloying elements
and their effect on lattice defects, the relative magnitude
of free energies of the oxides and the solubilities of the
metallic components in metal phases as well as in oxide
phases.

As a rule, oxidation layers on metals are of the semi-
conducting type and can be characterized as either n-type
or p-type. A p-type oxide has a deficit: of metal whereas an
n-type oxide has an excess of metal. In the n-type oxides,

either the excess cations and equivalent electrons exist on
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