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Role of oxygen supply in high-temperature 
growth of compact oxide scale 
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High-temperature oxidation of metals at low oxygen impinging fluxes and low values of oxygen 
partial pressure were considered on the basis of the fundamental aspects of oxidation kinetics. 
To do this, the oxidation kinetics of copper to the monovalent oxide was studied under appro- 
priate experimental conditions using apparatus consisting of two solid-state electrochemical 
cells, both with yttria stabilized zirconia as the solid electrolyte, coupled together. The cells 
operated as oxygen sensor and oxygen pump, respectively, in such a way that oxygen gas was 
generated and monitored very close to the surface of the oxidizing sample. The results obtained 
on copper foil at 1113 K over the oxygen pressure range 1 • 10 -14 (highly purified argon) to 
1500 Pa show a linear growth of the oxide for exposures up to 2000sec. This was tentatively 
explained by assuming the oxygen supply to the sample surface to be the rate limiting step, 
instead of the solid state diffusion into the growing oxide. 

1. Introduct ion  
The growth of oxide films on metals has been the 
subject of many theoretical [1] and experimental [2, 3] 
studies and several models have been proposed to 
explain different trends of the kinetics of oxidation. In 
these models, the dependence of the kinetics of oxi- 
dation on experimental variables such as oxide thick- 
ness, gaseous phase composition, rate of interfacial 
reactions, temperature, etc., is considered through the 
characterization of the rate limiting step (RLS) of the 
overall oxidation process. This "choice" is given by the 
experimental growth conditions (including the oxide 
thickness) under which the oxidation is carried out. 

As expected from the basic rules of experimental 
kinetics, a model of the oxidation kinetics is obtained 
through the identification and analytical description 
of the kinetics of the RLS. Depending on the oxide 
thickness and temperature, three different growth 
models can be considered: (1) initial stage of oxidation; 
(2) thin oxide films at low temperature; (3) thick oxide 
films at high temperatures. Obviously, these three 
cases do not exhaust the conditions under which an 
oxidation process can be realized. 

As is well known [2, 3], the initial stage of oxidation 
of a clean metal surface is the gas adsorption over the 
metal itself. This process can be written as follows 

(/~S) 4- 02(8) = Oad + (O-h ' )  (1) 

where ([]S) is an adsorption site and (O h') a neutral 
pair consisting of an oxygen ion and a positive hole 

(Cu 20 for instance [4]). If the RLS of the oxidation is 
Process 1, the reaction rate will be proportional to the 
oxygen adsorption kinetics. 

The formation of the thin oxide film (oxide thick- 
ness ~< 5 nm) at low temperature obeys Cabrera and 
Mott's theory [5] where the coupled current approach 
is used [6]. Owing to the low value of the oxide thick- 
ness, the RLS of the oxidation reaction is the ionic and 
electronic transport into the oxide film, where the 
electron transport is treated in terms of a quantum 
mechanics tunnel effect and reactions at the interfaces 
are considered to be fast. In this case, a logarithmic 
law of growth is expected and the oxygen activity does 
not influence the oxidation rate. 

The growth of thick oxide films at high tempera- 
tures is treated by the Wagner's theory [7] where the 
RLS is the ionic and electronic transport into the 
oxide (ambipolar transport) described by the classical 
linear response theory. If the reactions at the inter- 
faces are fast, a parabolic law of the oxide growth is 
expected in which the rate constant depends on the 
oxygen activity. 

In the kinetic models mentioned before, the RLS 
only depends on the oxide properties: in the last two 
models, the transport properties have to be considered, 
whereas in the first model, it is the surface sticking 
coefficient, s. However, the oxygen supply to the 
sample surface could be rate-determining at low 
values of oxygen impinging flux. At a given tempera- 
ture and oxygen partial pressure, P, the oxygen flux at 
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the surface, ark, is given by Knudsen's equation 

Jk = sP/(2mnKr) LI2 (2) 

where rn is the mass of the oxygen molecule. The 
equation is valid in equilibrium conditions. 

Owing to the surface reaction, an oxygen concen- 
tration gradient could be established in the gaseous 
phase and an additional oxygen flux should be taken 
into account 

& - DVCo (3) 

where Co is the concentration and D the diffusion 
coefficient of oxygen in the gas phase. 

Therefore, in the oxidation of thick oxide films at 
high temperatures and low oxygen pressures, knowl- 
edge of Jk(T, P), JD(T, P) and Jw(T, P) fluxes, where, 
Jw(T, P) is the oxidation flux predicted by Wagner, is 
important to characterize the RLS. If Jw < Jk < JD 
(or Jw < JD < Jk), the RLS of the oxidation process 
is the ionic and electronic transport into the oxide film 
as mentioned before. If  ark < Jw (with Jk > JD) or 
JD < Jw (with JD > Ji,), the RLS is the supply of 
oxygen at the surface. This process does not depend 
on the oxide properties if the adsorption can be con- 
sidered to be fast. In addition, it is important to point 
out that any theory considered should take into 
acount the thermodynamic requirements for the 
feasability of the oxidation reaction. In fact, in 
Wagner's theory, the equation of the rate constant is 

kw(P. T) = A(T)  [(p• _ p~,/.)] (4) 

where " + "  refers, respectively, to p-type and n-type 
semiconductor oxide, n is an integer and Po the 
oxygen pressure in the equilibrium of oxide formation. 
The reaction rate is 

Jw(P, T) = kw(P, T)/x (5) 

where x is the oxide thickness. To have Jw(P, T) > 0, 
the inequality P > Po must be satisfied. This is a 
sufficient requirement, under Wagner's hypothesis, for 
the oxidation reaction. 

Generally, oxidation experiments are carried out in 
a furnace under gas flux [8]. In steady-state conditions, 
the average oxygen pressure can be low and the 
gas impinging flux, J~, sufficiently high to fulfil the 
inequality J~ > Jw in such a way that the oxide grows 
with a parabolic law. If the inequality is reversed, this 
kind of growth cannot be realized. 

Some years ago our laboratory undertook a pro- 
gramme of study of the kinetics of the reaction at 
high temperatures and low oxygen partial pressures 
between oxygen and materials. Until now, particular 
attention was paid to metals [9-15]. The scope of the 
present work is to study the oxidation kinetics of a 
metal when the above inequalities are taken into con- 
sideration. This was realized by using a particular 
experimental arrangement [15] which allows pro- 
duction of tunable oxygen fluxes and detection of the 
oxygen partial pressure, both in proximity to the 
sample surface. Copper was chosen as the test sample. 

2. Experimental procedure 
A detailed description of the electrochemical apparatus 

is reported elsewhere [15]; further details are given 
below. 

Two yttria-stabilized zirconia (YSZ) tubes are 
assembled in such a way as to create, at the flat ends, 
the housing for an alumina microchamber where the 
sample under study is placed. The innermost YSZ 
tube (7 wt % Y203, F.E.R, Milan, Italy) is the oxygen 
sensor and the other is the oxygen pump (8 wt % Y203, 
Zircoa Co., USA). Porous platinum electrodes were 
obtained by covering both sides of the YSZ tube flat 
ends with platinum paste according to the standard 
procedure. 

A flux of high-purity argon (HPA) is allowed to 
circulate through holes in the microchamber for wash- 
ing purposes. Using a home-made purification system, 
HPA is produced and continuously monitored by an 
on-line YSZ oxygen sensor [12]. The oxygen partial 
pressure in the HPA stream was normally maintained 
at 1 x 10-14pa with a flow rate of 27.5scmmin -1 
controlled by a Matheson (USA) transducer. When 
the pump was oxygen producing, the HPA stream was 
stopped and measurements were carried out in a static 
atmosphere. 

The cell assembly was placed in a horizontal high- 
vacuum alumina furnace. All the leads were of plati- 
hum wire up to the cold zone of the furnace. 

A digital differential electrometer (Amel 631, Italy) 
was used to measure the oxygen sensor e.m.f, and a set 
of instruments was interconnected, composed of a 
potentiostat/galvanostat (Amel 551), an analogue 
function generator (Amel 566), and a digital inte- 
grator (Amel 731) was used to drive the oxygen pump 
polarizations. Measurements were taken using an 
automatic data aquisition system. 

No particular treatment was done to the samples. 
They were cut to the appropriate dimensions and 
cleaned in an ultrasonic bath with a non-aqueous 
detergent. The purity of the samples was better than 
99.9%. Samples were placed either vertically with one 
side in front of the pump and the other side in front of 
the oxygen sensor, or horizontally in a thin BN holder. 

All the results shown refer to experiments carried 
out at 1113 K on copper samples shaped as laminae of 
14mm x 5ram x l m m  thick and at a nominal 
10mAcm -2 current density applied to the oxygen 
pump. The outer and inner atmosphere of the pump 
and sensor was pure oxygen at atmospheric pressure, 
fr- 

3. Results and discussion 
Fig. 1 shows the e.m.f, response of the oxygen sensor 
in different experimental arrangements of the sample 
in the microchamber [15]. Curve B is the e.m.f., E, 
recording without sample in the microchamber and 
the other curves are recordings with the samples. We 
found that the sample position with respect to the 
ideal line joining sensor and pump (LJSP), affected the 
oxygen consumption. In the perpendicular double side 
(PDS) curve, the sample was placed perpendicular to 
LJSP with both sides parallel to the pump and sensor 
planes and in the parallel one side (POS) curve only 
one side, parallel to LJSP, is exposed to the gaseous 
phase. 

4563 



0.80 

o5 0.60 

e -  

0.40 
e- 

X 

0 0.20 

0,00 

T=1113K 

. . . .  5552:11 

i ii 

500 1000 1500 

T i m e  (sec) 

Figure 1E.m.f. recordings of the oxygen sensors as obtained in the 
oxidation of a copper sample placed in different positions in the 
microchamber. (A) BNP: sample perpendicular to LJSP with the 
side facing the pump covered by BN paste. ( 0 )  POS: sample 
parallel to LJSP, only one side exposed to the gas phase. (z~) PDS: 
sample perpendicular to LJSP with one side facing the pump and 
the other facing the sensor. (e) B: control (without sample). 

Fig. 2 is derived from Fig. 1 in which each curve is 
converted into oxygen partial pressure, P(t), by the 
well-known equation 

P(t) = Pr exp ( - 4 F E / R T )  (6) 

An explanation of the different trends of the curves 
was given elsewhere [15]. Here we are interested in 
finding the correct meaning of P as read by the sensor, 
because this quantity will be fundamental to the next 
considerations. In the PDS position, the probability, 
Z, that an oxygen molecule reaches the oxygen sensor 
is given by 

z = z, x z= (7) 

where Zj is the probability that an oxygen molecule 
gets over the shielding-sensor sample and reaches the 
sensor, and Z2 is the probability that an oxygen mol- 
ecule is captured from the sample surface. Both prob- 
abilities are assumed independent. Z~ depends on 
geometrical terms according to the equation 

Zt = (Amc - As sin O)/Arnc (8) 

where Amc , As and 0 are, respectively, the cross-sectional 
area of the microchamber, the surface area of the 
sample and the angle between the plane of the sample 
and the LJSP. Z2 depends on the oxygen concen- 
tration gradient which is established at the sample 
surface, this being related to the physical and chemical 
reactivity of the sample surface itself. 

The boron nitride perpendicular (BNP) curve, in 
which the sample is again placed perpendicular to 
LJSP, but with the side facing the oxygen pump made 
unreactive by a layer of BN paste, shows the response 
of the sensor when the causes giving rise to Z2 are 
removed. 

In the POS case, 0 = 0, Z~ = l and Z2 # 0. This 
condition does not differ at all from the control Curve 
B, therefore, we can assume that the oxygen partial 
pressure at the sensor surface is practically the same as 
the pump surface. Consequently, the oxygen partial 
pressure read by the sensor can be reasonably assumed 
to be the average oxygen partial pressure in the micro- 
chamber. Owing to the reactivity of the sample, the 
oxygen partial pressure at its surface will be signifi- 
cantly lower than that in the bulk of the mierochamber 
and the oxygen concentration gradient can be con- 
sidered localized in a very narrow region around the 
sample. 

Fig. 3 shows the curves of the calculated and experi- 
mental oxygen fluxes plotted against time, supplied to 
the sample surface. The oxygen partial pressure data 
of the POS curve of Fig. 2 were used throughout in 
the respective calculations, ark was calculated using 
Equation 2 and the Jw fluxes from Equation 5, insert- 
ing in it the literature data of the rate constant of 
high-temperature oxidation of copper to Cu20. We 
selected the data of Baur et al. [16] and Tomlinson and 
Yates [17] because of the closeness to our experimental 
conditions. Therefore, we have, respectively, 

Jw [16] = (2.5 x 10 6)[(pl/4(/,)_ p(~/4) / t ] l /2  (9) 

and 

Jw [17] = (1.4 x 10 -5) [(P'/4(t) - p l / 4 ) / t ] l / 2  

(10) 
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Figure 2 (a) Oxygen partial pressure trends in the microchamber calculated from the curves of Figs I through Equation 5. (zx) B, ( 0 )  POS, 
(El) PDS, (e) BNP. (b) The complete trends for the B and PDS curves. 
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Figure 3 Trends of the oxygen fluxes for copper oxidation both as 
found and calculated using literature and POS (Fig. 2) pressure 
data. (E3) Jw [16], (zx) Jk, ('O) Jw [17], ( - - - )  J e x p "  

where Po at 1113 K is equal to 4.58 • 10-6pa for the 
Cu(s)/CuzO(s) equilibrium [18]. 

Jexp was calculated by applying the oxygen mass 
balance in the microchamber through the continuity 
equation 

~Co 
Qc ~ dv = fs (Z;J,) d~r (11) 

where Z is the ith flux and the integral on the right- 
hand side is calculated on the internal surface of the 
microchamber. If all the J,. are considered perpendicu- 
lar to the respective surface elements, d~;, Equation 11 
becomes 

eC0 
; - ~ d v  : ~ t fCodv  

o_l_L = Vmc~t Vmc Codv = VmcdC~ - 2ZS; 

(12) 

where Co = P(t)/RT is the average oxygen concen- 
tration in the volume, Vmc, being P(t) the average 
oxygen partial pressure in the microchamber. In 
addition, Jc~v was calculated by taking into account 
the control Curve B [15]. All fluxes are given in tool 
02 cm -2 sec ~. 

The trend in the thickness, x, of Cu20 growth, 
obtained as the difference between the B and PDS 
curves of Fig. 2 multiplied by Vm/2, where Vm is the 
oxide molar volume, is reported in Fig. 4. After a time, 
which was about the 30% of the length of the experi- 
ment the oxide began to grow linearly. The regression 
line calculated on many experimental points along 
that tract was 

x(/~m) = 1.01 + 2.23 x 10 3t (s) (13) 

with a correlation factor equal to 0.9999. 
Now, some considerations can be made�9 
1. As reported in Fig. 3, the oxygen flux experi- 

mentally consumed by the sample is lower than all the 
other fluxes, although between those calculated from 
the literature data, there is a difference of an order of 
magnitude. If the Wagner mechanism is still con- 

E 

e) 

o 
e- 

o 
s 

o 

6 

5 

4 

3 

i 
2-4 

1" 

0 �84 
0 

] j 

I 

/ I! i, 
500 1000 1500 

/ 

2000 

T i m e  ( sec )  

Figure 4 Kinetics of the Cu20 growth on copper. The best fit to the 
straight line of the linear tract is given by Equation 12. 

sidered, this implies that the oxygen activity at the 
sample surface is lower than the oxygen activity in the 
gas phase. At constant temperature, kw only depends 
on the oxygen activity because in the Wagner's theory 
no other processes are considered at the oxide/gas 
phase interface. On the other hand, as mentioned 
before, the oxygen activity on the sample surface 
could be lower. 

2. The linear growth (Fig. 4) disagrees with the 
Wagner's parabolic growth and better matches a dif- 
ferent RLS, exhibiting a constant reaction rate. This 
RLS could be the adsorption of oxygen in which, the 
oxygen surface coverage at the equilibrium can be 
expressed by Langmuir's equation. As usual, if the 
oxygen activity in the gas phase is very low, the 
equilibrium surface coverage is .proportional to this 
quantity itself. On this basis, the kinetic and thermo- 
dynamic quantities of the adsorption process are given 
by 

J~ = s(OOJs (14) 

Os = K~a/(l + K~a) (15) 

where Ja, Js, 0s, Ka and a are, respectively, the adsorp- 
tion flux, the impinging flux, the surface coverage, 
Langmuir constant and the oxygen gas activity at the 
surface. Because the sticking coefficient is a function 
of the surface coverage, at Js constant with time, J.a is 
still a function of time. In a reactive surface, as in an 
oxidation process, the change of the surface coverage 
is also a function of the surface reactivity. If  the rate 
of the surface oxygen conversion to oxide is higher 
than Js, the surface coverage will be approximately 
zero and the sticking coefficient practically unity. 
Therefore, Ja, will be the rate of overall oxidation 
process and it will be constant with time, therefore the 
thickness growth rate will be constant according to 

dx/dt = (Vm/2) "fa (16) 

In the past, the problem of oxygen activity at an 
oxidizing surface considered in the framework of 
Wagner's theory was treated by Baur et al. [16], who 
considered the oxygen adsorption at the Cu20 surface 
to be much faster than the solid state diffusion within 
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the oxide, because their findings were in agreement 
with a parabolic law. 

4. Conclusions 
Some aspects of the high-temperature oxidation of 
metals have been discussed on the basis of a funda- 
mental approach to the mechanism of this process. In 
particular, we refer to low oxygen partial pressure 
conditions because of the growing interest in techno- 
logical applications of metals, alloys and intermetallics 
under those experimental conditions. 

A specific experimental arrangement shows the 
potential to oxidize metals at low oxygen fluxes 
impinging their surfaces and low values of oxygen 
partial pressure. Under these conditions, the results 
obtained did not show clearly that the solid state 
diffusion into the growing oxide is the RLS of the 
overall oxidation process, because a linear growth rate 
on copper was found. Therefore, we can tentatively 
conclude that the RLS is the oxygen supply to the 
reactive surface. 
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