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In this work we obtained sol-gel alumina coatings on AISI 304 stainless steel substrates. Alumina sols were
prepared by using aluminum isopropoxide (Al) as precursor, acetic acid (HOAc) as catalyst, ethanol
(C3Hs0H) or isopropanol (C3HgO) as solvent, and water. The as-prepared solutions were deposited on stain-
less steel substrates by means of the dip-coating technique. The obtained composites were characterized by
Fourier transform infrared spectroscopy (FTIR) and Auger electron spectroscopy (AES). We observed that the
concentration of Al-0 type bonds in the obtained alumina coatings depends on the solvent type used, tem-
perature and peptization state of the sol, withdrawal speed, and number of dipping cycles. AES experiments
showed that the interface formed between the alumina coating and substrate surface is in general formed by
several layers of different chemical compositions.

© 2012 Elsevier B.V. Open access under the Elsevier QA license,

1. Introduction

Coating composites, or surface engineered materials, are designed
specifically to improve properties such as optical, electrical, tribological,
chemical, and biological, among others [1]. The sol-gel process is very
attractive in coating technology because coatings obtained by this
method are usually homogeneous at a molecular level, and have tai-
lored thicknesses and porosities [2-4]. In addition, substrates with any
shape and size can be coated by sol-gel.

In order to improve the corrosion resistance of metals by applying
coatings, various sol-gel oxide films have been studied. Using tetra-
ethylorthosilane as starting material, Vasconcelos et al. [5] obtained
sol-gel silica/304 stainless steel composites with higher corrosion re-
sistance in a 1 N H,S0,4 and 3.5% NaCl medium. Based on Rutherford
Backscattering Spectroscopy data, the authors concluded that the
intermediate layer formed between the silica film and steel substrate
is responsible for improving the stainless steel corrosion resistance.
Ruhi et al. [6] reported an increase in chemical resistance against
mine water of steel sheets coated with sol-gel alumina films. Chou
et al. [7] investigated the corrosion resistance of organic-inorganic
sol-gel hybrid coatings on 304 and 316L stainless steel substrates.
Conde [8] studied protective properties of sol-gel coatings deposited
on galvannealed and galvanized steel samples. They noticed remarkable
differences in coating properties depending on the substrate type and
sintering temperature.

The protection of stainless steel against acid corrosion by polymer
coatings has also been proposed [9,10]. However, these materials
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cannot be exposed to high temperatures or aggressive environments
[11,12]. According to Vasconcelos [13], metallic coatings present the
same constraints. In this work we prepared sol-gel alumina coatings
on AISI 304 stainless steel substrates. The obtained composites were
characterized by Fourier transform infrared (FTIR) and Auger electron
(AES) spectroscopies.

2. Experimental

In this study, AISI 304 stainless steel plates of 0.5 mm thickness were
cut into pieces of 3.0 cmx3.0 cm. The chemical composition of the
stainless steel used is the following: Cr (18.3 wt.%), Ni (8.2 wt.%), Mn
(1.3 wt.%), Cu (0.08 wt.%), V (0.05 wt.%), Al (0.02 wt.%), Ti (0.02 wt.%).
Prior to coating, the substrates were polished until 600 mesh, washed
with detergent, deionized water, and degreased with acetone. Finally,
they were placed in an ultrasonic bath with acetone and dried under
hot air.

Alumina sols were prepared by using aluminum isopropoxide (Al)
as precursor, acetic acid (HOAc) as catalyst, ethanol (C;HsOH) or iso-
propanol (C3HgO) as solvent, and water. We used the following molar
ratios: water:precursor = 15, 20, 30, and 50; solvent:precursor = 5; sol-
vent:catalyst = 2.5. Sols were obtained at room temperature and 70 °C,
in both peptized and unpeptized states. The as-prepared solutions were
deposited on stainless steel substrates by means of the dip-coating
technique, using withdrawal speeds of 90 mm/min, 180 mm/min, and
400 mm/min. The number of dipping cycles ranged from 1 to 3. Be-
tween the successive dipping cycles the coated substrates were heat
treated at 80 °C, 100 °C, or 600 °C for 30 min in an open to air oven.

FTIR spectra were recorded using a Perkin Elmer Paragon 1000
and employing the specular reflectance (SR) technique with an inci-
dence angle of 45°. Data were collected with a 4 cm™ ! resolution and


https://core.ac.uk/display/81130467?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.jnoncrysol.2012.03.017
mailto:wlv@demet.ufmg.br
http://dx.doi.org/10.1016/j.jnoncrysol.2012.03.017
http://www.sciencedirect.com/science/journal/00223093
http://www.elsevier.com/open-access/userlicense/1.0/
http://www.elsevier.com/open-access/userlicense/1.0/

D.C.L. Vasconcelos et al. / Journal of Non-Crystalline Solids 358 (2012) 1374-1379 1375

64 scans were accumulated for each spectrum. The effect of changing
synthesis parameters on the obtained infrared spectra was evaluated
by using the absorption band at about 3430 cm™! as reference. In
these analyses we considered the spectral range from 1370 cm™ ! to
450 cm ™! because absorption bands related to Al-0O type bonds are
present in this region. The depth composition profile of the processed
composites was obtained by the joint use of AES and sputter depth pro-
filing. In these analyses we took into consideration the following chem-
ical elements: Fe, Cr, Ni, Al, and O. AES tests were performed within an
experimental error of about 5%. It is worth mentioning that O was only
detected in trace amounts, especially in the outermost layers of the
composites. We believe that this drawback arises from the fact that
AES requires the use of standards with compositions as close as possible
to those of the analyzed materials in order to quantify the measure-
ments. Furthermore, in AES analyses chemical binding effects may in-
fluence the tests [14]. For sake of clarity we decided to not show the
results related to oxygen in this work.

3. Results
3.1. FTIR

The typical FTIR spectrum of an AISI 304 stainless steel substrate
coated with a sol-gel alumina film and heat treated at 100 °C is shown
in Fig. 1. The broad absorption band around 3430 cm ™~ ! is due to products
derived from aluminum alkoxide hydrolysis and hydroxyl groups present
on the surface of pseudo-boehmite and boehmite [15-17]. The bands at
3020 cm~ ' and 2930 cm ™! are ascribed to asymmetric and symmetric
stretching vibrations of CHs and CH, groups, respectively [18]. The
absorption peak at 1484 cm~ ' is assigned to the bending mode of CH,
groups. The bands at 1638 cm™ ! and 1445 cm™ ! are respectively due
to the asymmetric v,5(COO) and symmetric v5(COO) stretching vibra-
tions. These two absorption bands are related to the use of acetic acid in
syntheses [19]. Superimposed onto the band at 1638 cm ™ !, a component
at 1630 cm™~ !, ascribed to the presence of physisorbed water on films sur-
face, is also observed [ 16,20]. The stretching vibration of the Al=0 bond is
present at 1350 cm™ ! [21]. The bands around 1000 cm ™! are related to
stretching modes of AlO, tetrahedra, whereas those near 680 cm ™! and
570 cm ™ ! are assigned to stretching vibrations of AlOg octahedra [18,22].

Fig. 2 shows infrared spectra of samples obtained by using isopro-
panol or ethanol as solvent in syntheses. The sample obtained using
ethanol showed a higher absorbance in the spectral region assigned
to Al-0 type bonds. This indicates that films processed using ethanol
as solvent presented a greater concentration of Al-0O bonds in their
structures. As shown in Fig. 3, the sol temperature also affects the
concentration of Al-0 bonds in films. We observed that the coating
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Fig. 1. Typical FTIR spectrum of an AISI 304 stainless steel substrate coated with a sol-gel
alumina film and heat treated at 100 °C.
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Fig. 2. FTIR spectra of samples obtained using ethanol and isopropanol as solvents in
synthesis. Samples obtained by fixing the H,0:Al molar ratio at 50.

obtained using the alumina sol at room temperature showed a greater
amount of Al- O type bonds in its structure than that processed using
the sol at 70 °C.

Alumina sols can be obtained in peptized and unpeptized states. The
peptization process can be defined as the redispersion of a coagulated
sol. Thus, during the peptization process the aggregates formed in the
condensation step are destroyed, decreasing the aggregation state of
particles into a large extent [23]. As shown in Fig. 4, the film obtained
from a peptized sol presented a higher density of Al-0 type bonds.

Fig. 5 shows the infrared spectra of AISI 304 stainless steel substrates
coated with alumina films withdrawn at 90 mm/min, 180 mm/min, and
400 mm/min. We observed that the greater the withdrawal speed, the
higher the presence of Al- O bonds in the film. Fig. 6 shows the infrared
spectra of alumina films obtained using distinct numbers of dipping
cycles. We observed that the greater the number of dipping cycles, the
higher the presence of Al-0 bonds in the coating. Based on these
results we decided to carry out the AES tests in composites prepared
using ethanol as solvent, the alumina sol at room temperature and in
the peptized state, a withdrawal speed of 400 mm/min, and three dip-
ping cycles.

3.2. AES

Fig. 7 shows the depth composition profile and a schematic repre-
sentation of AISI 304 stainless steel substrates used in this work. We
observed the presence of chemical elements inherent to the analyzed
steel: Fe, Ni, and Cr. One notices that aluminum was not detected.
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Fig. 3. FTIR spectra of samples obtained using the alumina sol at room temperature and
70 °C. Samples obtained by fixing the H,0:Al molar ratio at 20.
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Fig. 4. FTIR spectra of samples obtained using peptized and unpeptized alumina sols.
Films obtained by fixing the H,O:Al molar ratio at 15.

Fig. 8 (a) shows the depth composition profile of stainless steel/
sol-gel alumina composite, whose alumina film was prepared by fix-
ing the molar ratios of H,O:Al and HOAc:Al at 30 and 0.5, respectively.
One observes the presence of only Al at depths below about 90 nm. The
first trace amounts of Fe are only observed at depths from 90 nm to
98 nm, whereas Cr and Ni are detected at depths above 98 nm and
125 nm, respectively. As schematically represented in Fig. 8 (b), this re-
sult indicates that Fe, and in a less extent Ni and Cr, diffused into the alu-
mina layer.

As shown in Fig. 9, when this composite was heat treated at 600 °C
the alumina coating presented a decrease in thickness of about 50%. In
addition, the interface exhibited a change in structure after heating: the
Al-Fe layer showed an increase in thickness from about 8 nm to 35 nm,
the Al-Fe-Cr-Ni layer disappeared, and three new layers were created
(Al-Fe-Cr, Fe-Cr, and Fe-Cr-Ni). This behavior suggests that the afore-
mentioned diffusion of Fe, Cr, and Ni is enhanced by the heat treatment
at 600 °C.

The depth composition profile of the composite obtained by chang-
ing the H,0:Al molar ratio from 30 to 60 is presented in Fig. 10. In this
synthesis the obtained alumina sol had a low concentration of Al,
which resulted in a thinner alumina coating of about 28 nm thickness.
Thereafter we observed an Al-Fe layer until a depth of 35 nm, an Al-
Fe-Cr layer until 42 nm, and an Al-Fe-Cr-Ni layer until 70 nm. We no-
ticed that differently from the composite prepared using a H,O:Al molar
ratio of 30, this sample showed the Al-Fe-Cr-Ni layer in its structure
even when heat treated at a temperature as low as 80 °C.
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Fig. 5. FTIR spectra of AISI 304 stainless steel substrates coated with alumina films
withdrawn at 90 mm/min, 180 mm/min, and 400 mm/min. Films obtained by fixing
the H,0:Al molar ratio at 30.
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Fig. 6. FTIR spectra of AISI 304 steel substrates coated using distinct dipping cycles.
Films obtained by fixing the H,O:Al molar ratio at 30.

The composite whose depth composition profile is shown in
Fig. 11 was obtained by using a H,0:Al molar ratio of 60, and a heat
treatment temperature of 600 °C. We observed the presence of the
Al-Fe layer until a depth of about 30 nm. Velez and Quinson [15]
noticed that Fe diffusion into the alumina coating is more pronounced
the thinner the film. The Al-Fe-Cr layer is observed until depths of
58 nm, the Fe-Cr layer until 63 nm, and the Fe-Cr-Ni layer until about
80 nm.
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Fig. 7. (a) Depth composition profile and (b) schematic representation of the AISI 304
stainless steel. The straight lines connecting the data points are used only as guide to
the eyes.
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Fig. 8. (a) Depth composition profile and (b) schematic representation of AISI 304
stainless steel coated with sol-gel alumina film and heat treated at 80 °C (H,O:
Al=30, and HOAc:Al=0.5). The straight lines connecting the data points are used
only as guide to the eyes.

4. Discussion

It is well established that in the dip-coating process the film thick-
ness (h) can be expressed by the Landau-Levich equation [24-27]:

U3
e M
Vv (P8)

h=0.94

where U represents the substrate withdrawal speed, 1 and p the vis-
cosity and density of the sol, y.y the liquid-vapor surface tension, and
g the gravity. From Eq. (1) one notices that the greater the withdraw-
al speed, the thicker the sol-gel coating. We observed that the greater
the withdrawal speed, the higher the presence of Al-0 bonds in the
film (see Fig. 5). This behavior could be related to the formation of
thicker films as the withdrawal speed was increased from 90 mm/
min to 400 mm/min. It is stated in the literature that the intensity
of a given FTIR band is related to the concentration of absorbent spe-
cies in the sample [28]. Thus, one could expect that the thicker the
alumina film, the more intense the infrared bands ascribed to Al-0
type bonds.

Ung et al. [29] prepared homogeneous films of Au-SiO, particles
on glassy substrates. Film thicknesses were controlled by the number
of dipping cycles and evaluated by Atomic Force Microscopy. They
reported that the greater the number of dipping cycles, the thicker
the obtained film. We observed that increasing the number of dipping
cycles from 1 to 3 leads to films whose FTIR spectra are more intense
in the spectral region related to Al-O type bonds (see Fig. 6). We be-
lieve that this behavior could be related to the formation of thicker
films as the number of dipping cycles was increased.

Fig. 9. (a) Depth composition profile and (b) schematic representation of AISI 304
stainless steel coated with sol-gel alumina film and heat treated at 600 °C (H,O0:
Al=30, and HOAc:Al=0.5). The straight lines connecting the data points are used
only as guide to the eyes.

Brinker and Scherer [26,30] reported that the relative rates of con-
densation and evaporation of a given sol will depend on its aggregation
degree. The authors reported that the more dispersed the particles in
the sol, the lower the relative evaporation rate and the thicker the
film. FTIR tests revealed that the film obtained from a peptized sol pre-
sented a higher density of Al- O type bonds in its framework than that
obtained from a non-peptized sol (see Fig. 4). We believe that this be-
havior could be related to the preparation of thicker films when pep-
tized sols are used in syntheses.

One observes from Eq. (1) that the thickness of a dip-coated film is
related to the sol viscosity; the higher the sol viscosity, the thicker the
film. According to Zelinski and Uhlmann [31], the gelation behavior of
colloidal and polymeric gels depends on processing variables including
solvent type and concentration, catalyst concentration, and sol temper-
ature. Thus, one would expect that coatings obtained using distinct sol-
vent types and sol temperatures could present different thicknesses,
since these parameters influence the sol viscosity [26,30]. We observed
that coatings prepared using the sol at room temperature and ethanol as
solvent exhibited greater thicknesses than those obtained using the sol
at 70 °C and isopropanol as solvent (see Figs. 2 and 3). Another issue
that must be taken into consideration is that the FTIR spectra were nor-
malized using the broad absorption band at about 3430 cm™ ! as refer-
ence. As mentioned before, this band is ascribed to products derived
from aluminum alkoxide hydrolysis and hydroxyl groups present on
the surface of pseudo-boehmite and boehmite [15-17]. It is well estab-
lished that the precursor hydrolysis is related to the solvent type and
sol temperature. Thus, the relative intensity of the infrared band at
3430 cm ! will depend on these processing parameters.

The depth profile obtained by AES for AISI 304 stainless steel used
in this study matches with the chemical composition of this material:
Cr (18.3 wt.%), Ni (8.2 wt.%), and Al (0.02 wt.%) (see Fig. 7). AES tests
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Fig. 10. (a) Depth composition profile and (b) schematic representation of AISI 304
stainless steel coated with sol-gel alumina film and heat treated at 80 °C (H,O:
Al=60, and HOAc:Al=0.5). The straight lines connecting the data points are used
only as guide to the eyes.

revealed that the interface present between the alumina coating and
substrate surface is in general formed by several layers of different
chemical compositions. One observes by comparing Figs. 8 to 11
that increasing the heat treatment temperature of composites en-
hances the atomic diffusion of Fe, Cr, and Ni into the alumina layer.
Hourmard et al. [32] investigated the surface physico-chemistry
properties of stainless steel and the effects of a cold rolling treatment.
They performed X-ray photoelectron spectroscopy analyses on rolled
surfaces at different rates. The authors noticed an iron enrichment of
the passive film during the cold rolling treatment, which seems to be
related to a surface heating during the mechanical treatment. Thus,
the mechanical treatment increased the stainless steel temperature,
which in turn enhanced the diffusion of Fe towards the surface.

We observed that differently from the composite prepared using a
H,0:Al molar ratio of 30, the composite obtained using a H,0:Al
molar ratio of 60 showed the Al-Fe-Cr-Ni layer in its framework even
when heat treated at a temperature as low as 80 °C (see Fig. 10). In
addition, the composite obtained using a H,O:Al molar ratio of 30 pre-
sented an alumina coating on its surface even when heat treated at
600 °C (see Fig. 9). AES tests revealed that samples obtained using the
aforementioned molar ratio equal to 60 did not show an alumina coat-
ing on their surface after the heat treatment at 600 °C (see Fig. 11). We
believe that this behavior could arise from the use of a more acidic alu-
mina sol in the processing of this composite. This may have caused a sig-
nificant chemical attack of the substrate surface.

5. Conclusions
FTIR tests revealed that the concentration of Al-0O type bonds in

the obtained alumina coatings depends on the solvent type used,
temperature and peptization state of the sol, withdrawal speed, and
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Fig. 11. (a) Depth composition profile and (b) schematic representation of AISI 304
stainless steel coated with sol-gel alumina film and heat treated at 600 °C (H,O:
Al=60, and HOAc:Al=0.5). The straight lines connecting the data points are used
only as guide to the eyes.

number of dipping cycles. We believe that the observed variation on
the concentration of Al-0 type bonds in films could be related, in a
large extent, to changes in their thicknesses. Another issue that must
be taken into consideration is that the FTIR spectra were normalized
using the band at about 3430 cm™ ! as reference. Since this band is
ascribed to products derived from aluminum alkoxide hydrolysis and
hydroxyl groups present in samples framework, its intensity could de-
pends on the synthesis parameters used in this work.

AES tests showed that the interface formed between the alumina
coating and substrate surface is in general formed by several layers
of different chemical compositions. The increase of the film heat
treatment temperature enhanced the diffusion of Fe, Cr, and Ni into
the alumina layer. We observed that the alumina coating thickness
is related to the concentration of Al in the starting sol: the higher
the alkoxide concentration, the thicker the coating. We also noticed
that differently from the composite prepared using a H,O:Al molar
ratio of 30, the composite obtained using a H,O:Al molar ratio of 60
showed the Al-Fe-Cr-Ni layer in its structure even when heat treated
at a temperature as low as 80 °C. We believe that this behavior arises
from the use of a more acidic alumina sol in the processing of this
composite, since this may have caused a severe chemical attack of
the substrate surface.
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