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Abstract

A comprehensive study of the alumina films formed from heating Fe;Al under different oxidizing atmospheres is conducted using
Fourier transform IR spectroscopy in the complete mid-IR and far-IR ranges on the IR/THz synchrotron beamline of the SOLEIL facil-
ity. In addition, density functional theory is used to simulate a-alumina vibrational spectra for both bulk structure and thin slabs. The
experimental absorbance spectra of films extend in a narrow energy range and present characteristic features similar to crystalline alpha-
alumina (corundum structure). Moreover, the films spectra show a very good general agreement with the ab initio calculations for the
alpha-alumina bulk structure. Nevertheless, in addition to transverse vibrations, extra modes, compared to the sapphire spectrum, can
originate from either remnant transition alumina or from intense longitudinal-like modes present in the thin slab simulations. Further-
more, the dependence of film dynamical properties on oxygen and water partial pressures is addressed, and the strain induced by the film
growth on the metal substrates is evaluated. This combination of simulated and measured absorbance spectra allows the precise deter-

mination of the crystalline nature of alumina thin films grown by oxidation under different atmospheres.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The applications of aluminium oxide thin films range
from protection against friction and corrosion to optical
applications, because of their high wear resistance. More-
over, these films are increasingly finding their way into
micro-electromechanical systems as dielectric layers to pre-
vent electrical shorting. The most stable crystalline phase,
a-Al,O5 or sapphire, is exceptionally hard and optically
transparent from the near-IR through the visible region into
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the UV, and hence it has a large and still increasing number
of applications. In the IR range, this crystal presents several
absorption characteristics resulting from AlOg octahedron
deformations which allow a-Al,O5 to be distinguished from
other metastable forms of alumina, such as y-, k- or 0-Al,03,
in which both AlO¢ octahedron and AlQ, tetrahedron are
present [1]. The spectral signatures of both a-Al,O; and
metastable forms have been thoroughly addressed in the lit-
erature using both experimental and theoretical simulations
[2-5]. Some optical properties of alumina films prepared by
different techniques have also been investigated [6-8].
Because of its importance for technological applications
as a protective barrier against corrosion, several reports
discuss the formation of aluminium oxide thin films from
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oxidation of aluminium alloys [9-12]. The dependence of
the structural and mechanical characteristics of the layers
on oxygen partial pressure is well known, but its influence
on the formation of multiple alumina phases remains an
open question. Huntz et al. [11,12] exploited the deflection
technique, a technique based on the curvature of an asym-
metrical film during oxidation at high temperatures, to
determine the influence of oxygen and water partial pres-
sure in the formation of alumina from alumina forming
steels. This technique suggested that, although the transfor-
mation rate is not strongly modified by the atmosphere in
the furnace, the alumina layer forming varies: a-alumina
forms directly in air, while in a low oxygen content atmo-
sphere, a metastable form of alumina develops first and
transforms into oa-alumina. Moreover, it was shown that
a compressive stress is induced by the growth of transition
alumina, while the transformation to o generates a tensile
stress due to a volume contraction of ~14% [10]. Other
strong differences in the morphology and microstructure
were also evidenced using imaging transmission electronic
microscopy (TEM), but the formation of metastable phases
of alumina under low oxygen pressures could not be estab-
lished. Despite the suitability of vibrational study [4,5] for
determining the nature of the different phases of alumina,
the IR absorption of alumina films formed by oxidation
remained unexplored because of the lack of sensitivity of
widely available laboratory set-ups. Using the high bril-
liance of synchrotron radiation can help circumvent this
limitation [13]. Specifically, in the present study the vibra-
tional characteristics of the crystal structure of alumina
films are investigated in the complete IR range. In turn, this
experimental vibrational study is combined with density
functional theory (DFT) simulation to allow for the first
measure of the crystalline structure of alumina thin films
formed by oxidizing Al alloys. Furthermore, the depen-
dence of film dynamical properties on oxygen and water
partial pressure is addressed, and the strain induced by
the film growth on a metal substrate is evaluated.

2. Experimental and modelling technique
2.1. Experimental

2.1.1. Metal substrate and forming of alumina layers

The alumina layers were formed by oxidation of the
Fe;Al intermetallic alloy at 1000 °C under different atmo-
spheres. All details can be found in Huntz et al. [11]. The
main features are reported here. The substrate is a Fe-
28A1-5Cr alloy doped with 0.01 at.% Zr with traces of B,
C, N, O and S (<£0.04 at.%) [11]. With this composition, it
has been demonstrated that only aluminium oxidation
occurs, and no iron or chromium oxides are formed
[14,15]. All Fe;Al samples used (~10 x 10 mm, 0.3 mm
thick) were oxidized in a furnace with a controlled atmo-
sphere, following the temperature cycle of heating to
1000 °C at 400 °C h™!, held at 1000 °C for 4 h, then cooled
to 450 °C at 300 °C h~' and finally cooled to room temper-

ature [11]. Three different oxidation atmospheres were used:
synthetic air, argon (both from alpha gas) and an atmo-
spheric pressure mixture of argon and H, (pH,=
10~* atm). The estimated partial pressures pO, and pH,O
at 1000 °C for the three atmospheres are reported in Table 1.
These processes give rise to ~1-um-thick alumina layers
almost independent of the gaseous atmospheres used. Over
the IR investigated area, the thickness is expected to vary by
less than 5%. The oxidation of metal samples was followed
by means of in situ deflection tests and thermogravimetric
experiments. The deflection technique is based on the mea-
surements of the deformation of an elongated metallic sur-
face substrate covered on one side. These two techniques are
sensitive to change in layer stress induced by either phase
transformation or mass gains during oxidation, respec-
tively. The analysis using deflection, thermogravimetry
and TEM imaging suggests differences in the phase trans-
formation pattern and in the microstructure of the film,
depending on the oxygen and water pressures, although at
the end of the heating cycle all three samples are mainly
composed of a-Al,O03. Moreover, under a low oxygen atmo-
sphere, growth of transition alumina occurs and, at 700 °C,
the transition alumina transforms into o-alumina. In air,
the oxidation is less efficient at low temperatures, and the
alumina grows mostly into its stable a-Al,O3 from 800 °C.
Information on the stress induced by the oxidation and
phase transformations could also be extracted from the
deflection measurements. This suggests that the direct for-
mation into o-alumina gives rise to a tensile stress. In con-
trast, the formation of initial metastable alumina which
induces compressive stress will be partially removed
through the subsequent formation of o-Al,O; at higher
temperature. This, in turn suggests that all three alumina
layers may present vibrational absorption characteristic of
a sample under stress. Moreover, the microstructural obser-
vations show that the films are polycrystalline and ran-
domly oriented [11]. Furthermore the presence of water in
the atmosphere during oxidation favours the growth of nee-
dle-like structures of high interface to volume ratio [16].

2.1.2. IR measurements and set-up

IR spectra were obtained by the Fourier transform
infrared (FTIR) technique using a Bruker IFS55 interfer-
ometer at 4 cm™' resolution. The apparatus was adapted
to work using either synchrotron radiation from the
third-generation synchrotron radiation source SOLEIL
(in the far-IR range) or globar (in the mid-IR range) as
continuum sources. In addition to using intense synchro-
tron radiation from the optimized edge emission type

Table 1
Oxygen and water partial pressures in the three atmospheres used for
oxidation of Fe;Al (according to Huntz et al. [11]).

Pressure (atm) Air Argon Ar-H,-H,0
pO, 0.21 ~107° 8 x 10718
pH,O ~107¢ ~107° 5%x107°
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