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Abstract
Purpose – This paper aims to study the oxidation kinetics of the nanocrystalline Al ultrathin films. The influence of structure and composition
evolution during thermal oxidation will be observed. The reason for the change in the oxidation activation energy on increasing the oxidation
temperature will be discussed.
Design/methodology/approach – Al thin films are deposited on the silicon wafers as substrates by vacuumed thermal evaporation under the base
pressure of 2� 10�4 Pa, where the substrates are not heated. A crystalline quartz sensor is used to monitor the film thickness. The film thickness varies in
the range from 30 to 100 nm. To keep the silicon substrate from oxidation during thermal oxidation of the Al film, a 50-nm gold film was deposited on the
back side of silicon substrate. Isothermal oxidation studies of the Al film were carried out in air to assess the oxidation kinetics at 400-600°C.
Findings – The activation energy is positive and low for the low temperature oxidation, but it becomes apparently negative at higher temperatures.
The oxide grains are nano-sized, and g -Al2O3 crystals are formed at above 500°C. In light of the model by Davies, the grain boundary diffusion is
believed to be the reason for the logarithmic oxidation rate rule. The negative activation energy at higher temperatures is apparent, which comes
from the decline of diffusion paths due to the formation of the g -Al2O3 crystals.
Originality/value – It is found that the oxidation kinetics of nanocrystalline Al thin films in air at 400-600°C follows the logarithmic law, and this
logarithmic oxidation rate law is related to the grain boundary diffusion. The negative activation energies in the higher temperature range can be
attributed to the formation of g -Al2O3 crystal.
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1. Introduction

In the field of engineering materials, with the exception of gold,
no pure metals or alloys are stable in air at room temperature.
In usual, metals will be oxidized at low temperatures, where the
oxidation rate is extremely high at initial time but it becomes

low when a thin oxide scale is formed on the metal base (Suvaci
et al., 2000; Zhu et al., 2004). To understand the oxidation
behavior of metals, the mechanism for the isothermal oxidation
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of metals has been well established concerning with the scale
growth dominated by the atomic diffusion because of the
electrochemical potential gradient (Zhu et al., 2004; Gu et al.,
2012). Different oxidation rate rules have been reported
(Suvaci et al., 2000; Zhu et al., 2004; Weller et al., 2016;
Ebinger and Yates, 1998; Hauffe and Kofstad, 1955; Meijering
and Verheijke, 1959; Kofstad, 1988). The first one is the linear
oxidation rate rule, where the oxidation rate is irrespective to time.
Such a rule is controlled by a surface chemisorption or boundary
phase reaction in the gas phase (Weller et al., 2016; Ebinger and
Yates, 1998). The second one is the parabolic or cubic rule, for
which the oxidation rate has an inverse proportion to the square or
cubic root of time. In this rule, the rate-determining process is the
atomic diffusion through a growing compact oxide scale (Suvaci
et al., 2000; Hauffe and Kofstad; 1955, Meijering and Verheijke;
1959). The third one is the logarithmic oxidation rate rule, which
usually occurs in the formation of thin oxide films at low or high
temperatures (Zhu et al., 2004; Kofstad, 1988). In this case, the
reaction is initially quite rapid and then drops off to low or
negligible rates, where the rate-determining rate can be attributed
to transport of electrons or ions due to electric fields across the
oxide film, chemisorption or cavity formation in the film.
As an engineering material, Al has attracted much attention

because of its excellent corrosion resistance due to a thin
surface layer of aluminum oxide that forms when the bare metal
is exposed to air, which effectively prevents further oxidation in
a process termed passivation (Vargel, 2004). To facilitate its
application, moreover, much work has been done to investigate
the thermal oxidation of single-crystal or polycrystalline Al and
its oxidation kinetics at relatively high temperatures above 400°
C (Zhang et al., 2015; Cai et al., 2014; Boratto et al., 2014;
Boratto and de Andrade Scalvi, 2014). Generally, an ultrathin
amorphous oxide layer is formed upon heating with limited
thickness less than 4nm, dependent on the oxygen partial
pressure (Cai et al., 2014; Reichel et al., 2006,;Flötotto et al.,
2014; Cai et al., 2012; Lanthony et al., 2012; Reichel et al.,
2008a). The oxidation kinetics can be influenced by the
temperature, which follows the parabolic oxidation rate rule at
around 400°C, the paralinear law between 450 and 600°C, and
the asymptotic law at 600°C (Reichel et al., 2008b; Reichel et al.,
2006; Libisch et al., 2012; Gulbrbnsen and Wysong, 1947;
Smeltzer, 1956). The change in the oxidation kinetics on
increasing the temperature is found originated from growth of
crystallization in the amorphous thin films. Upon thermal
oxidation, for example, the oxides formed on A1 above 500°C
consist of a thin outer amorphous A12O3 film and inner g-A12O3

islands (Dignam et al., 1966; Suvaci et al., 2000). As reported by
Suvaci et al. (2000), Zhu et al. (2004) and Wu et al. (1993),
moreover, relative to the amorphous Al2O3 oxides, the oxidation
rate of Al can be slowed down upon formation of g-Al2O3

crystals because they are dense free of defects. Owing to this,
attention should be paid to the phase transformation in the oxide
layers during the Al oxidation.
On the other hand, if the oxide grains formed on metals are

nanoscaled, the grain boundary diffusion should be the rate-
determining step (Dignam et al., 1966), which may result in a
change in the oxidation kinetics in contrast to the polycrystalline
case. In previous papers (Hauffe andKofstad, 1955;Meijering and
Verheijke, 1959), attempts have been carried out to study the
oxidation kinetics of Cu2O in the wide temperature range from

600 to 1050°C, the parabolic or cubic rule was reported for it.
More recently, Suvaci et al. (2000), Zhu et al. (2004) reported that
the logarithmic rule was observed for the Cu2O oxidation, where
high activation energy for the Cu2O oxidation is evaluated at low
temperatures, but it becomes low or even negative in the high
temperature range. The grain-boundary diffusion is believed
responsible for the logarithmic oxidation rule. Relative to the high
activation energy at low temperature, the low or negative oxidation
activation energies at high temperatures is apparent, which does
not mean that the grain boundary diffusion becomes low on
increasing the oxidation temperature. Instead, it is essentially
attributed to the lateral growth of CuO grains leading to a quick
decline of diffusion paths for the transport of reaction species due
to the sintering effect. With reference to this, it is necessary to
investigate the oxidation kinetics and rules of nanocrystalline Al
thinfilms.However, almost nowork has been done to perform it.
In the present paper, an attempt will be made to study the

oxidation kinetics of the nanocrystalline Al ultrathin films. The
influence of structure and composition evolution during
thermal oxidationwill be observed. The reason for the change in
the oxidation activation energy on increasing the oxidation
temperaturewill be discussed.

2. Materials and methods

Al wires with 99.999 per cent purity as the raw materials are
cleaned by alcohol and deionized water, and then they are placed
on a tungsten wire. Al thin films are deposited on the silicon wafers
as substrates by vacuumed thermal evaporation under the base
pressure of 2�10�4Pa, where the substrates are not heated. The
silicon wafers used in this study are monocrystalline silicon (111),
which were purchased from GRINM Semiconductor Materials
Co. Ltd. with the specification number of PX-34-0. To achieve a
better homogeneity of film, the wafer is kept rotating during the
deposition process. The evaporation rate is given at 1nm per
minute controlled by adjusting the current size. A crystalline quartz
sensor is used to monitor the film thickness. The film thickness
varies in the range from 30 to 100nm, measured by an Ambios
XP-1 surface profile. As shown in Figure 1, the Al thin films are
nanocrystalline, composed of nano-sized granules of approximately
10nmas observed by atomic forcemicroscopy (AFM) (Shimadzu,
SPA-9700). To prevent the Al film from being oxidized by the
residual water vapor at the starting time during the evaporation
process, the baffle is opened after a period of evaporation.

Figure 1 AFM topographical images of as-deposited Al thin films
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To keep the silicon substrate from oxidation during thermal
oxidation of the Al film, a 50nm gold film was deposited on the
back side of silicon substrate. Isothermal oxidation studies of the
Al film were carried out in air to assess the oxidation kinetics at
400-600°C. A vertical thermo-gravimetric microbalance (HCT-3,
China) with an accuracy of 0.1 mg was used to measure the mass
gain during oxidation. The oxidation process for Al film was
conducted in thermogravimetric analysis (TGA). The samples of
Al film, approximately 13mg, 2�2 mm2, were placed in a 3-mm
diameter and 4-mm deep alumina crucible. They were heated to
the oxidation temperature at 10°C/min, and the oxidation is
carried out in air for 120min. The timing of mass gain was started
when the furnace reached the oxidation temperature. After
oxidation, the specimens were cooled naturally in air. The
oxidation kinetics of Al was characterized by the ratio of weight
gain to surface area of theAlfilm.
The surface morphology of the Al films after thermal

oxidization at various temperature and duration was observed
by AFM. The cross-section morphology was detected by high
resolution transmission electron microscope (HRTEM) with
an emission voltage of 200 kV (JEOL, JEM-2100F).

3. Results and discussion

3.1 Oxidation kinetics of nanocrystalline Al
In the literatures (Weller et al., 2016; Ebinger and Yates, 1998),
Weller et al. reported the linear oxidation rate rule for the metal
oxidation with:

Dm ¼ k0t1 c (1)

where Dm is mass gain, t is oxidation time and k0 and c are
constants. To examine if this rule can be met for the oxidation
of nanocrystalline Al films, the linear plots of mass gain were
plotted for it as shown in Figure 2(a) at 400, 450, 500, 550 and
600°C. However, deviations from the linear rule are observed.
In light of this, the oxidation kinetics of nanocrystalline Al does
not follow the linear oxidation rate rule. Besides this, the
parabolic rule was obtained for the Al oxidation with the bulk
size, which is shown as:

Dm2 ¼ k0t1 c (2)

Because of this, the parabolic plots of mass gain for the
nanocrystalline Al films were shown in Figure 2(b). However, it
deviates from the parabolic rule obviously. Because of this, it
shows that the parabolic oxidation rate rule cannot be adopted
to elucidate the oxidation kinetics of nanocrystalline Al either.
On the other hand, some researchers (Hauffe and Kofstad,

1955; Meijering and Verheijke, 1959) claimed that the oxidation
mass gain ofmetals obeyed the cubic oxidation rate rule as:

Dm3 ¼ k0t1 c (3)

To check it for Al, we here show the mass gain for
nanocrystalline Al oxidation with the cubic plots. The typical
plots for Al oxidation were shown in Figure 2(c). Deviations
from the cubic rule are also observed. This result suggests that,
in essence, the cubic oxidation rate rule cannot depict the
oxidation kinetics of nanocrystalline Al either.

Figure 2 The mass gain for Al oxidation at 400-600°C plotted with (a) the linear oxidation rule, (b) the parabolic oxidation rule, (c) the cubic oxidation
rule and (d) the logarithmic oxidation rule; the constants k0ln in (d) were obtained from the logarithmic-fitting results of the raw data
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Then, the logarithmic function was utilized to fit the mass gain
results as:

Dm ¼ k0lnln k01t1 k02ð Þ (4)

where k0ln, k01 and k02 are constants, and k01 and k02 can be
given with the fitting process. Figure 2(d) shows the plots of
mass gain data for the Al oxidation from 400 to 600°C as the
function of lnt. Interestingly, the mass gain rises linearly as lnt
increases, inferring that the logarithmic rule can be applied to
elucidate the oxidation kinetics of nanocrystalline Al. By the
fitting method, the logarithmic oxidation rate constants k0ln are
given, which rises from 2.64 to 4.12mgcm�2ks�1 at 400-500°C
but then decreases to 3.07mgcm�2ks�1 at 600°C.
To further understand the oxidation kinetics of nanocrystalline

Al films, the Arrhenius plots of the logarithmic oxidation rate
constants k0ln are presented in Figure 3. The slope for the
oxidation is positive at 400-500°C, but it becomes negative at

500-600°C. In light of the Arrhenius plots, the oxidation
activation energy Qa was assessed and given in Figure 3. Qa is
8.3360.718kJ/mol at 400-500°C, but becomes negative as
�7.1460.67kJ/mol at 500-600°C. Obviously, the change in Qa

for Al oxidation on increasing the oxidation temperature is
consistent with the case of the Cu2O oxidation investigated by
Hauffe and Kofstad (1955), Meijering and Verheijke (1959),
Suvaci et al. (2000) and Zhu et al. (2004), although they reported
different oxidation rate rules in their works.
Suvaci et al. (2000) reported that, for Al oxidation, the

oxidation kinetics obeys the parabolic rate rule, where the
grains in Al specimens are large as micrometer in diameter. To
investigate the case in this work, the surface morphology of the
Al specimens were observed by SEM as shown in Figure 4.
Figure 4(a) shows the SEM observation of Al thin film as-
deposited with approximately 100nm thickness. Uniform
nanocrystalline films can be observed with spherical particles at
several tens of nanometers in size. Figure 4(b)-(d) shows the
SEM observation of Al thin films after the thermal oxidation at
400, 500 and 600°C for 120min. The Al films after oxidation
show a similar morphological character in comparison with the
as-deposited film, and there seems almost no increase in the
grain size on increasing the oxidation temperature.
According to Figure 4, the Al films after oxidation consists of

nano-sized grains, much different from the polycrystalline case
as reported by Suvaci et al. (2000). It is thus probable that
nanocryatlline Al2O3 grains should be responsible for the
logarithmic rate rule for the oxidation of nanocystalline Al
films, which will be investigated as follows.

3.2Model for the logarithmic oxidation rate rule
According to the work by Kofstad (1988), the oxidation kinetics
of metal at low temperatures could be depicted using the
logarithmic rate rule. Davies et al. (1954) proposed that such an
oxidation rate rule can be interpreted in a non-uniform process
by assuming the progressive blocking of low resistance diffusion
paths, such as dislocations or grain boundaries. In this model, it is
supposed that the reacting atoms or ions transports mainly along
dislocations or grain boundaries, while it can then be blocked or

Figure 3 Arrhenius plots of the logarithmic rate constants for Al
oxidation at 400-600°C
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Figure 4 SEMmicrographs of Al thin films (a) as-deposited, (b)-(d) thermal oxidation at 400, 500 and 600 °C for 120min, respectively
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deactivated when new oxides are formed. The logarithmic
oxidation rate rule can then be derived when the neighboring
dislocations or grain boundaries paths are blocked by the newly
formed fresh oxide because of the compressional stress.
In the present work, the thin Al2O3 layer is compact and

protective with the pilling-Bedworth ratio of 1.28 (Segawa
et al., 2013). Hence, the rate-determining step is believed to be
the reaction atoms transport through grain boundaries or
defects. Since an increase in volume by nearly 30 per cent
occurs for Al transformation to Al2O3, in addition, during the
oxidation process, this results in compressive stress in Al2O3

film. All these are consistent with the necessary condition of
model by Davies et al. (1954). Thanks to these, the logarithmic
rate rule of Al oxidation can be interpreted by his model.

3.3 Explanation to negative activation energy at higher
temperature
In view of themodel by Davies et al. (1954), the grain boundary
or defect diffusion of O atoms and the newly formed Al2O3

grains will affect the logarithmic oxidation rate constant. In the
present work, considered that the grain boundary diffusion will
not be slowed down on increasing the oxidation temperature,
the decline of diffusion paths should be responsible for the
negative activation energy at 773 - 873K. As there is almost no
increase in the grain size on increasing the oxidation
temperature to decrease the diffusion paths as shown in
Figure 4, the grain growth should have no contribution to the
negative activation energy between 773 and 873K. Because of
this, a decline of diffusion paths for the transport of reaction
species due to the appearance of g crystallite should be
considered. Owing to it, we will check the roles played by the
phase composition of Al2O3 oxides and the grain boundary or
defect diffusion on increasing the oxidation temperature.
To observe the existence of g crystallite, the HRTEM

picture of the cross-section of oxide film formed at 500°C for
10h was given in Figure 5. The Al oxide film involves an outer
amorphous layer and an inner crystallite layer. The electron
diffraction pattern demonstrated that the crystal particle is a
g-Al2O3 crystallite. With the HRTEM technique, in fact,
Jeurgens et al. (2002) reported that a thick g-Al2O3 was formed
at the interface between the initial amorphous oxide film and

the silicon substrate for an Al film with 35nm in thickness on
the silicon substrate heated at 500°C for 10h. This observation
confirms that the annealing temperature and time can both play
a crucial role in the crystallization process.
Based on the TEM images of the Al films oxidized at

different thermal oxidation temperature, the oxidation process
should undergo formation of the amorphous layer on the
surface and the crystalline under amorphous layer in sequence
at above 500°C. In agreement with this, Henry et al., examined
the oxidation of clean (111) A1 surfaces at 577°C under UHV
conditions (Henry et al., 1982). They concluded from the
position of the XPS Al(2p) peak that g-A12O3 was the only
oxide present. This result shows that the stoichiometry is 1:1.5
for Al/O, leading to the absence of O defects in the crystalline
oxides. As a result, the diffusion of O through the Al2O3 oxides
will bemuch slow. The identification of the crystalline nature of
the oxide from the position of the XPS Al(2p) peak is, however,
ambiguous for the lower temperature oxidation because of the
range of peak shifts (Ocal et al., 1985). Such an ambiguity is
induced by the deviations in stoichiometry of Al/O, resulting in
the presence of Al and O vacancies in the oxides, inducing
quick inward diffusion of Al and O atoms in the Al2O3 oxides.
Owing to these, the formation of g-Al2O3 crystals at high
temperatures can slow down the oxidation rate of Al because of
its high density free of defects (Suvaci et al., 2000; Zhu et al.,
2004), while the diffusion along grain boundaries or defects
should be preferential for the low temperature oxidation of the
nanocrystalline Al films. As a result, the negative oxidation
activation energy at 500-600°C can be interpreted from
formation of the g-Al2O3 crystals.
With the molecular-dynamic simulations performed from 27

to 477°C on Al polycrystalline samples, Perron et al. (2010)
observed that, beyond a first linear regime, the kinetics follows
a direct logarithmic law governed by diffusion process and
tends to a limiting value corresponding to a thickness of 3 nm.
In the present work, the timing of mass gain is started when the
furnace reach the oxidation temperature. At this time, more
than 3-nm oxide is formed on the surface of Al films. Hence,
the linear oxidation rate law was not considered in this work. As
for the direct logarithmic law governed by the lattice diffusion
process reported by Perron et al. (2010), it might be largely
relevant to the very thin polycrystalline Al2O3 films lower than
3-nm with less grain boundaries, much thinner than the
nanocrystalline amorphous films in the present experiment
work.

4. Conclusions

The oxidation kinetics of nanocrystalline Al films was
investigated at 400-600°C. The oxidation kinetics followed the
logarithmic rule, not the linear rule, parabolic rule or the cubic
rule. The activation energy for Al oxidation is 8.336 0.718kJ/
mol at 400-500°C, and it becomes -7.146 0.67 kJ/mol at 500-
600°C. The oxide grains are nano-sized, and g-Al2O3 crystals
are formed at above 500 °C. In light of the model by Davies et
al, the grain boundary diffusion is believed to be the reason for
the logarithmic oxidation rate rule. The negative activation
energy at higher temperatures is apparent, which comes from
the decline of diffusion paths due to the formation of the
g-Al2O3 crystals.

Figure 5 (a) HRTEM micrographs of cross-section of an Al film on the
silicon substrate heated for 10 h at 500 °C; (b) electron diffraction
pattern of the g -Al2O3 crystallite located in the black frame of (a), with
the direction of the electron beam along [011]g -Al2O3
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