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Nanometric layers of Al;0O3 were applied by atomic layer deposition (ALD) on 2024-T3 aluminium alloy. The
ALD layers suppressed the corrosion of the alloy as confirmed by Scanning Kelvin Probe Force Microscopy
(SKPFM), polarization curves and Electrochemical Impedance Spectroscopy (EIS). The protection provided by
the ALD layers weakened with the time of immersion and this was attributed to the incorporation of hydroxyl
species in the film during the deposition at low temperature (100 °C) making them vulnerable to water.

1. Introduction

After the iron-based alloys, aluminium alloys are the second most
used in the world, being preferred for many applications due to the
lightweight and corrosion resistance [1]. Their surface is spontaneously
covered by a layer of aluminium oxide of about 3-4 nm that protects
them from corrosion [1,2]. Aluminium alloys are classified according to
the main alloying element, which determines to a large extent their
mechanical properties [3]. The 2000 series have copper as the main
alloying element and are used in applications requiring high specific
strength. A typical example is aluminium alloy 2024 with a particular
heat treatment (AA2024-T3), commonly used in the aircraft industry
[4]. The heat treatment increases the strength of the alloy by forming a
high density of nanometre size precipitates like Guinier—Pres-
ton-Bagaryatsky (GPB) zones, and S-phase precipitates (Alo,CuMg) [5,
6]. Coarse intermetallic particles (Al;,CuMg, Al-Cu-Fe-Mn) are formed
during the solidification. The particles at the surface give rise to
micro-galvanic couples with the aluminium matrix that significantly
decrease the corrosion resistance of the alloy [7,8]. This is one of the
main drawbacks of most aluminium alloys and a challenging topic
within the corrosion research community.
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The protection of AA2024-T3 against corrosion has been provided by
either, a thin film of pure aluminium (cladding), an alumina layer pro-
duced by the anodizing process, an organic coating (paint), or a com-
bination of them [8,9]. These layers function as a protective barrier
separating the metal from the environment. An alumina layer can also
be produced by other methods like physical vapor deposition (PVD) [10]
and chemical vapor deposition (CVD) [11]. A variant of CVD is atomic
layer deposition (ALD) in which two chemical reactants (precursors) are
separately fed into the reactor where they react with the surface in
self-terminated reactions. The independent reaction of each precursor
and the inert gas purge between them correspond to one reaction cycle.
The number of cycles determines the thickness of the layer.

This process can produce thin films of a wide range of materials, with
high conformability, even in substrates with complex geometries [12,
13]. ALD has been applied in many research fields, such as the pro-
duction of silicon wafer semiconductors [14], energy conversion and
storage materials like solid oxide fuel cells [15], supercapacitors [16],
solar cells [17], optoelectronics [18,19], and catalysis [20-22]. ALD has
also been explored for the corrosion protection of metals and alloys. For
example, Al,O3 and TayOs films deposited by ALD have been tested for
the protection of carbon/low alloy steel [23-25] and 316L stainless steel
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[26,27]. Films of ZrO, were tested in magnesium alloys, and copper was
coated with Al;03, TiO3, ZnO, HfO5 and ZnO, [28,29]. Nanolaminates
of TiO,/Al,03 have also been used to seal the pores of anodized AA2024
[30]. In general, these works showed the formation of thin films
(10-100 nm) with high conformability and uniformity, without pinholes
or other defects. Films with less than 10 nm could present some porosity
but it decreased rapidly with increasing thickness [23,27,29]. The best
sealing properties were achieved with Al,O3 [24,29].

In these past studies, the ALD layers were applied on pure metals or
homogeneous alloys. This work investigates the suitability of using ALD
to produce a continuous and adherent layer of Al;03 on AA2024-T3 with
the aim to entirely cover aluminium matrix and the intermetallic par-
ticles. The motivation is to increase the resistance to corrosion by min-
imising the propensity to micro-galvanic coupling. The concept is
schematically illustrated in Fig. 1. In the ALD process followed here, a
cycle for producing a single layer of Al,O3 involves the reaction between
trimethylaluminum (Al(CHs)3) and water (H20) (Fig. 2). The cycle is
repeated until the deposited film reaches the desired thickness [12,31,
32]. Three films with thicknesses of 5 nm, 15 nm and 50 nm, where
produced by adjusting the number of ALD cycles. The process occurred
at low temperature (100 °C) to minimize its effect on the mechanical
properties of AA2024 [33,34].

The ALD coated samples were immersed in near neutral 0.05 M NaCl
aqueous solution and the corrosion resistance was assessed by polari-
zation curves/linear sweep voltammetry (LSV), electrochemical
impedance spectroscopy (EIS), and scanning vibrating electrode tech-
nique (SVET). The surface was also analysed by scanning Kelvin probe
force microscopy, atomic force microscopy (AFM) and scanning electron
microscopy (SEM).

2. Experimental
2.1. Material

The metal substrate was aluminium alloy 2024-T3 sheet with a
nominal composition (in weight) of: Cu 3.8-4.9 %, Fe 0.5 %, Cr 0.1 %,
Mg 1.2-1.8 %, Mn 0.3-0.9 %, Si 0.5 %, Ti 0.15%, Zn 0.25 %, others
0.15 % and Al balance. The thickness of the sheet was 1 mm.

2.2. Sample preparation

AA2024-T3 sheet was cut in square pieces of 2.0 x 2.0 cm? and the
surface abraded with SiC paper (Buehler) from P600 to P4000 grades
with ethanol as a lubricant. Samples for SKPFM were further polished
with alumina suspensions (see below). Subsequently the samples were
sonicated in ethanol. To minimize the surface oxidation and contami-
nation, they remained immersed in ethanol while being transported to
the ALD deposition room, where they were finally dried with a stream of
No, before entering the chamber.

2.3. Atomic layer deposition (ALD) of Al;O3

Alumina (Al;03) thin films were deposited on A2024-T3. The spec-
imens were introduced in a homemade crossflow thermal ALD reactor,
working in exposure mode at 100 °C (heating element controlled by a K-
type thermocouple). The trimethylaluminum (TMA, 97 % purity, Sigma-
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Fig. 1. a) AA2024-T3 surface with intermetallic particles and b) the blocking
effect of the Al;O3 layer deposited by ALD. Sketch not to scale.
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Aldrich) and ultrapure water (UP, MiliQ, H20) precursors were intro-
duced into the reaction chamber in a sequence using pure nitrogen (N2)
as purging and as carrier gas. One ALD cycle was performed in a
sequence of pulse/exposure/Nq-purging of 0.5 s/30 s/30 s for TMA and
1.0 /20 s/30 s for Hy0. The precursor pulsing was made with Ny flow
rate of 100 sccm and the pressure was 1.8 Torr before and 2.0 Torr after
the pulsing. N purging with the same flow rate was used to remove by-
products and unreacted precursor from the ALD chamber between cy-
cles. The deposition parameters were chosen according to the reported
in the literature [32]. Samples with thicknesses of ~ 5, 15 and 50 nm
were prepared by adjusting the number of ALD cycles (respectively 50,
100 and 400 cycles).

2.4. Scanning electron microscopy (SEM)

The samples morphology was characterized via scanning electron
microscopy using a Hitachi SU-70 Schottky emission scanning electron
microscope with an electron beam energy of 15 kV.

2.5. Atomic force microscopy (AFM) and Scanning Kelvin probe force
microscopy (SKPFM)

For the AFM/SKPFM measurements, the bare AA2024-T3 samples
were further polished with alumina suspensions (Struers AP-D suspen-
sions) of 100 nm and 10 nm and sonicated in ethanol before entering in
the ALD chamber. A Digital Instruments NanoScope III atomic force
microscope equipped with Extender™ Electronic Module was used for
measurements. Volta potential difference (VPD) maps were acquired at
lift height 100 nm and ac voltage bias of 5 V applied to the tip. Silicon
probes covered with Cr/Pt layers purchased from BudgetSensors were
used. Moreover, a Ni reference was used to check the values of the AFM
probes ensuring that the VPD measurements are consistent. The mea-
surements were carried out at a temperature about 24 °C and relative
humidity 52 + 2 %. The data was levelled by moving the mean value to
zero and the reported VPD values are referenced versus the levels of
aluminium matrixes. Positive values represent noble zones, while
negative values represent less noble zones. More details on the tech-
nique and interpretation of results are given in other publications
[35-39].

2.6. Polarization curves/linear sweep voltammetry (LSV)

Polymethylmethacrylate (PMMA) tubes with 16 mm diameter were
glued to each sample surface with epoxy cement, leaving an exposed
area of 2 cm?. A three-electrode electrochemical cell was assembled
with the exposed sample area as working electrode, a saturated calomel
electrode (SCE) as reference and a platinum wire as counter electrode.
Aqueous 0.05 M NacCl solution, prepared with NaCl (99.5 %, Fluka) and
distilled water, was used as testing medium.

Polarization curves (linear staircase potential sweep) were measured
with an Autolab 302 N potentiostat/galvanostat and the GPES 4.8
software, after 30 min of immersion and after ensuring a near stable
sample potential. Independent anodic and cathodic sweeps were
measured with new samples, with a scan rate of 1 mV s. The anodic
polarizations started at OCP-10 mV (OCP is open circuit potential) and
continued until a current increase of several orders of magnitude was
registered. The cathodic sweeps started at OCP + 10 mV and terminated
at — 1.5 Vgcg.

2.7. Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were performed with a Autolab PGSTAT204
potentiostat and the Nova 2 software. The experimental cell set-up was
the same as described for the polarization curves. The spectra were
collected at various times of immersion (30 min, 3h, 6 h, 12 h, 24 h and
48 h) from 100 kHz to 1 MHz, with 7 points per decade with a sinusoidal
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Fig. 2. Illustration of the ALD cycle for producing a single layer of Al,O3 from Al(CH3)3 and HO precursors.

perturbation of 10 mV rms around OCP. The EIS spectra were fitted with
ZView 3.5i software (Scribner Associates, USA).

2.8. Scanning vibrating electrode technique (SVET)

After the EIS measurements, some parts of the samples were analysed
by the Scanning Vibrating Electrode Technique (SVET) [40]. The
selected regions were cut and glued in an epoxy holder. The surfaces
were isolated with a mixture of beeswax and colophony (3:1 in mass
proportion) except for the areas to be mapped. The SVET equipment was
manufactured by Applicable Electronics Inc. (USA) [41] and was
controlled by the ASET program developed by Science Wares Inc. (USA)
[42]. The vibrating microelectrode was a 250 ym diameter and 1.5 cm
long platinum-iridium wire, covered by insulating parylene C® polymer,
and thinned at the end to a tip of ~ 3 um (Microprobes Inc, USA [43]).
Only the tip of the microelectrode was electroactive and a platinum
black deposit of 20 ym was grown on it, to increase sensitivity. Each scan
comprised 40 x 40 points and was measured at an average distance of
100 pm from the surface. The time acquisition in each point was 0.02 s.
The microelectrode vibrated with a frequency of 89 Hz and 10 pm
amplitude in the direction normal to the surface.

3. Results and discussion
3.1. Surface morphology

Fig. 3 shows SEM pictures of the AA2024-T3 surface covered with the
50 nm alumina film. The bright spots are the intermetallic particles,
which play a crucial role on the corrosion of this alloy, becoming local
cathodes or local anodes, depending on the nature of the particle [7,44].
Blisters and defects like those observed before in ALD films applied on
copper [45] were not detected even at higher magnification - Fig. 3(b).
Similar Al;Oj3 films were applied with the same deposition conditions to
PET plastic [32], boron doped diamond [46] and stainless steels [47].
More information about the film properties can be found there.

3.2. SKPFM/AFM

Fig. 4 depicts topography and Volta potential maps of areas of the
alloy containing S-phase intermetallic particles (Al,CuMg). The

SU-70 15.0kV 27.2mm x200 SE(M)

Fig. 3. a) SEM micrograph of the AA2024-T3 surface with a 50 nm Al,O3 film
deposited by ALD, b) detailed view of one intermetallic particle.

topography is generally uniform except on the S-phase particles that
were over polished due to the different hardness. The S-phase shows a
VPD higher than the Al-based matrix. This is attributed to the prefer-
ential attack at the top of the particles by the polishing process using the
alumina-based suspensions that makes the particles nobler than the Al
matrix [48,49]. Similarly, the Al-Fe-Mn intermetallic also shows a
higher VPD (see Supporting information). The potential maps of the bare
substrate display numerous small spots of high VPD (bright places). Such
spots are assigned to the various small intermetallics and dispersoids
that contribute to the microstructure of the alloy [7].

After the ALD process, the maps display a much smaller potential
difference between the S-phase particles and the matrix. Most of the
smaller dispersoids are no longer detectable. The thicker the film, the
less is the contrast (or VPD offset) between the S-phases and matrix
displayed on the VPD maps. This is explained by the insulating Al,O3
film that “screens” the VPD [50] and diminishes the potential difference
between the S-phase particles and the matrix. Fig. 5 supports this
assumption, as it shows that VPD changes across the S-phase in-
termetallics become closer to the VPD of the aluminium matrix on the
profiles after the ALD treatment compared with those before the treat-
ment. The effects are more pronounced on the thicker ALD film (Figs. 4
and 5) but do not seem to be linearly dependent on the layer thickness
(Fig. 5). At the thicknesses of 5nm and 15 nm the VPD offsets are
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Fig. 4. Topography before deposition of different samples of AA2024-T3 containing S-phase particles that were after covered with Al,Oj3 films of different thick-
nesses and respective Volta potential difference maps before and after film deposition (5 nm, 15 nm, 20 nm). VPD profiles along the green lines are presented

in Fig. 5.

similar, and at 50 nm films the offset is barely visible. Since the ALD
process forms consistent, conformal coatings with the same composi-
tion, there might be changes at the matrix(intermetallic)/ALD coating
interface that contribute to the measured VPD. The semiconductive
properties at the interface and electronic defects are considered
contributing factors to the measured VPD [51]. In this study it was not
possible to unambiguously identify which parameter is responsible for
the VPD changes on the ALD coated samples. In any case the ALD films,
particularly the thicker one, were able to significantly decrease the po-
tential difference between particles and matrix, thus reducing the risk of
micro-galvanic corrosion. The insulating character of the Al,O3 layer
also contributes to the lower susceptibility to corrosion of the coated
samples.

3.3. Polarization curves

Despite their thinness, the ALD films were able to influence the
electrochemical response of AA2024-T3. The polarisation curve of the
bare substrate presented in Fig. 6 (in black) shows a rapid increase in the
anodic current upon a positive potential shift from the corrosion po-
tential indicating no spontaneous passivity, and pitting initiation near
the corrosion potential. The potential sweep in the negative direction

presents a region of potential-independent current corresponding to the
diffusion-limited reduction of dissolved oxygen followed by an increase
in current for potentials more negative than — 1 Vgcg due the water
reduction. The 5 nm ALD film has a minor effect on the anodic break-
down potential although decreasing the cathodic current by one order of
magnitude. The barrier effect is pronounced only in films of 15 and
50 nm which show negligible currents (coincident with the lower
measuring limit of the potentiostat) in a wide potential window. The
reduction reactions were delayed until — 1.3 Vgscg, revealing the insu-
lating character of the ALD alumina layer for the conduction of both ions
and electrons. The oxidation of the substrate was prevented until po-
tentials of 0.3 Vgcg for 15 nm and 0.9 Vgcg for 50 nm (in some samples
the breakdown potential was up to 6 Vscg). Nevertheless, the values are
far from the 7.5 and 35 V expected for films of 15 and 50 nm thicknesses,
respectively, considering the typical values of 0.5-0.7 V/nm for the
breakdown voltage of perfect alumina films [52].

After the anodic polarization the samples with 15 or 50 nm ALD film
showed just a few pits with the rest of the surface remaining intact.
Fig. 7a) shows the surface of a sample with 50 nm film, in pristine
condition except for 3 pits. Magnification of one of the pits reveals the
ALD film with metal dissolution underneath — Fig. 7b).
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Fig. 5. VPD profiles of the surface containing S-phase intermetallics measured in the lines shown in Fig. 4, profiles of the sample with 5 nm a), 15 nm b) and 50 nm c)

before (black) and after ALD film (green).
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Fig. 6. Anodic and cathodic polarization plots of AA2024 in bare condition and
with alumina films of 5, 15 and 50 nm thickness deposited by ALD.

3.4. Electrochemical impedance spectroscopy (EIS)

The effect of immersion time on the barrier properties of the
deposited layers was studied using EIS. The results are presented in
Fig. 8 in the form of Bode plots. The bare 2024-T3 aluminium alloy
showed a response that practically did not change over time, with low
impedance values and two relaxation processes, one attributed to the
double layer capacitance + charge transfer resistance and the other, at
lower frequencies, to diffusion [53]. The impedance of the coated sys-
tems was 3-4 orders of magnitude higher at the beginning of the im-
mersion and was dominated by a capacitive response in a wide range of
frequencies. This response was assigned to the ALD layer [23,26] which
works as a dielectric material between two conductive surfaces, the
metal on one side and the electrolytic solution on the other side, hence
the capacitive response. Then, as immersion time elapsed, the imped-
ance dropped, and new relaxation processes appeared in the spectra. The

ALD film

SU-70 15.0kV 15.5mm x1.00k SE(M)

Fig. 7. a) SEM micrograph of the sample with 50 nm Al,O3 film after anodic
polarization and b) a close-up of one pit with the ALD films and metal disso-
lution underneath.

drop in impedance reflects the appearance of conductive pathways
through the dielectric (ALD) barrier. The new relaxation processes are
associated with the corrosion that starts at the metal substrate once it
becomes in contact with the solution at the bottom of the conductive
pathways.

The decrease in impedance was more significant in the sample with
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Fig. 8. Impedance response (Bode plots) of a) bare AA2024-T3, b) AA2024-T3 surface with 5 nm ALD film, c) surface with 50 nm ALD film, during immersion in

0.05 M NacCl (symbols are experimental points and lines refer to fitted response).

the 5 nm layer. After 48 h of immersion the impedance response became
close to that of the bare substrate. On the samples with thicker layers the
impedance was higher and remained higher for longer time. Fig. 8c)
shows the results of the sample with 50 nm ALD layer. The sample with
15 nm ALD layer presented similar response and therefore is not shown.

The experimental results were numerically fitted with the circuits
presented in Fig. 9, where Ry is the uncompensated solution resistance,
CPEg represents the double layer capacitance, R is the charge transfer
resistance, W is the diffusion impedance, CPEg, represents the capaci-
tance of the ALD film, and Ryor is the resistance of the electrolyte inside
the pores of the film. Circuit 9 a) was used for the bare AA2024 surface
[53], circuit 9 b) was used for intact ALD films [23,26] and circuit 9c)
was used when defects and corrosion appeared in the coated samples
[29]. In the fitting procedure, constant phase elements (CPE) were used
instead of pure capacitances because real systems do not show ideal

single-valued time constants, rather time-constant dispersions [54], and
CPE is a simple and common way to numerically account for this
dispersion. The capacitances were estimated from the CPEs using the
Brug’s formula [55]. The fitted results correspond to the lines in Fig. 8
while the points are experimental data. Fig. 10 shows the evolution of
the fit parameters with the time of immersion, with further fitting pa-
rameters shown in Table S1. The highest C4 and lowest R were found
on the bare AA2024-T3. The values remained nearly constant over the
testing period. The impedance of the ALD coated samples was very high
at the beginning of the immersion. The response was capacitive, with
small Cgm. After a few hours Ryor started being measured which means
that the electrolyte ions entered the film and facilitated the passage of
electric signal across it. The decrease of Ryore signifies an increasing
number and/or size of pores. Pores here denote any means by which
electric charges can pass across the ALD layer. The barrier properties of

Zy Re

a) b) ©)
CPEy | ( I /V
Rsc:>| I ( CPllf\ CI:,Efilm
film
Vv L J\/\r— W\ Rp7\7\’ J\/\/— CPE,,

Electrolyte AA2024 Electrolyte ALD layer

A

ALD layer

Rpore —I
Z, Ry
—W

AA2024 Electrolyte AA2024

Fig. 9. Equivalent circuits used to fit the impedance data, a) uncoated surface, b) intact ALD film and c) film with defects and corrosion.
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the 5nm ALD layer were lost in the first hours of immersion as
confirmed by the disappearance of Cfy, and Rpore. The appearance of Cg
and R, indicates the onset of corrosion of the substrate. Their values can
be compared to those of the bare substrate and be an indication of the
active area on coated samples. At the end of the experiment the R, of the
coated samples with 15 nm and 50 nm ALD layers were close to the R.;
of the bare alloy, implying a poor effect against the corrosion of the
substrate. At the same time the samples were visually inspected
(Fig. 11). The bare substrate was widely attacked. On the contrary, in the
sample with 5 nm ALD film the corroded area was small and in the
samples with thicker films corrosion it was practically absent. Despite
the decrease in impedance, the visual inspection did not find noticeable
signs of corrosion in the samples with 15 nm and 50 nm films. This is a

sign of the sensitivity of the EIS measurement. Time is needed to produce
degradation and corrosion products in amount enough to be detectable
by visual inspection.

3.5. Scanning vibrating electrode technique (SVET)

SVET measurements were performed to study with local resolution
the electrochemical response of the samples after the EIS testing. The
studied areas are identified with squares in Fig. 11. The results are
presented in Fig. 12, where a)-c) correspond to areas A-C in Fig. 11. The
SVET microelectrode scanned a plane 100 um above the surface and
measured the ionic currents associated with the electrochemical pro-
cesses occurring at the surface [40]. The resulting maps show anodic

Fig. 11. Samples after EIS testing (48 h in 0.05 M NaCl): a) bare AA2024-T3 and AA2024-T3 coated by ALD layer with thicknesses of b) 5, ¢) 15 or d) 50 nm. The

rectangles indicate the areas analysed by SVET.
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Fig. 12. Optical pictures and SVET current density maps (A cm™) of tested areas after EIS measurement (48 h in 0.05 M NaCl): a) bare AA2024-T3, b) AA2024-T3
with 5 nm ALD layer and c) with 50 nm ALD layer. The white lines in the pictures indicate the scanned areas.

currents (positive, in red, resulting from the metal oxidation) and
cathodic currents (negative, in blue, coming from the reduction re-
actions at the metal surface, typically oxygen reduction and/or
hydrogen evolution from water reduction). The green colour in the maps
indicates regions without measurable current (it includes situations
where anodic and cathodic currents have the same magnitude and
cancel out, and cases of current flowing in a direction normal to the
vibration and therefore not measured).

The map of the bare substrate — Fig. 12 a) — presented net cathodic
activity in most of the surface and one intense localized anodic spot. The
sample coated with 5 nm ALD layer — Fig. 12 b) — showed a few anodic
sites with low currents. This indicates the breakdown of the ALD layer,
leaving active points ready for reaction compared to the barrier effect of
the deposited corrosion products on the uncoated sample. It is important
to note that the map in 12 b) was acquired in the region of the 5 nm
sample with visible pits, i.e., the remaining area was not so active. The
lowest currents were measured on the sample with the 50 nm ALD layer
— Fig. 12 ¢). The analysed area is presented in Fig. 11 d) and was chosen
to include a part exposed to solution during the EIS measurements and a
smaller part that was beneath the PMMA tube used for delimiting the
tested area. The epoxy glue used to attach the PMMA tube removed the
ALD film, leaving exposed the AA2024-T3 substrate. The border be-
tween the two regions is identified by a dashed line in Fig. 12 ¢). The
SVET map displays the different response of the bare substrate and of the
ALD coated part. The corrosion activity was higher in the uncoated re-
gion and minor in the part coated with ALD, where local currents in the
order of 1-2 pA cm™ were measured. It should be noted the absence of
reduction reactions on the ALD coated part, which is in line with the fact
that Al,Os3 is usually electrochemically inert, and highly resistive to both
electrons and ions (electronic and ionic currents). The map shows that
the ALD film prevents the cathodic activity that could (if electron
conductive) take place to feed the metal oxidation occurring in the un-
coated region. The same resistance to the occurrence of electrochemical
reactions was shown by the polarization curves in Fig. 6. Electro-
chemical reactions can only proceed in defects and pores of the ALD
film.

The results obtained in this work confirm the deposition of alumina

films on AA2024-T3 by atomic layer deposition. The 5 nm film offered
poor protection, which is agreement with previous reports that films
with thickness lower than 10 nm present significant porosity [23,27,
29]. The films with thicknesses of 15 and 50 nm presented very low
currents and exceptionally high impedances at the beginning of expo-
sure to NaCl. However, the protection they provided faded in a few days.
This has been reported before. Diaz et al. [56] worked with 50 nm thick
Aly0O3 layers grown by ALD at 160 °C on carbon steel and observed
excellent sealing properties. However, the AloO3 layer was unable to
grant durable corrosion protection to the substrate, confirmed by a drop
in the impedance over time. Similarly, Daubert et al. verified that Al,O3
films on copper provided high initial corrosion resistance, but the
quality of the film degraded over time and ceased protecting the sub-
strate from corrosion.

The explanation can be found in the literature: the Al;O3 films pro-
duced by ALD, particularly those at low temperature, are very sensitive
to water attack. Nehm et al. using X-ray reflectivity observed a strong
decrease in the Al;O3 film density after only 5 min storage in a 38 °C,
and 90 % relative humidity environment [57]. Ellipsometer measure-
ments revealed that Al;Os films with a thickness of ~ 200 A dissolved in
water at 90 °C in ~ 10 days [28]. Diaz, in the work referred above [57],
measured a dissolution rate of 7 nm/h of the ALD film in 0.2 M NaCl.
Instead of dissolution under full water immersion, Carcia et al. [58]
observed the conversion of the Al,O3 layer into hydroxides in a
85 °C/85 % RH environment. In their own words, crystalline Al;O3
(corundum) and high content (> 99 %) alumina ceramics are hydro-
thermally stable even at T > 300 °C [59,60]. Therefore, water does not
corrode high purity crystalline Al,O3. However, thin films grown at
T =100 °C by atomic layer deposition are amorphous with significant
H-incorporation [32,61]. For growth at 100 °C, the H content is ~ 15 at
%, increasing to > 20 % as the growth temperature is reduced to 50 °C.
As a consequence, the chemical composition of those films is more
accurately described as an oxy-hydroxide, AlOx(OH)3 ox. In a 50 nm
thick Al;Os3 film grown on Si at 100 °C that was aged at 85 °C/85 % RH
for 2 weeks, Carcia et al. identified by X-ray diffraction AIO(OH) and Al
(OH)3 crystalline phases. They proposed that for the AloO3 film depos-
ited by ALD at lower temperatures the film composition is an
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oxy-hydroxide and that this lowers the barrier energy for reaction with
water facilitating the conversion of the amorphous Al,O3 thin films to
hydroxide phases.

The simplest way to overcome the water sensitivity of the AlyO3
layers produced by ALD seems to be the deposition at higher tempera-
ture [32,57,58]. When the substrate does not allow it, some authors
opted for depositing a more resistant layer, like TiO5 or ZrO,, on the top
of Aly,03 [28,57,58]. Another alternative worth trying is to replace HoO
for another precursor of oxygen during the atomic layer deposition of
A1203 films.

4. Conclusions

Thin films of AloO3 were applied on a heterogeneous metal surface
like AA2024-T3 by atomic layer deposition (ALD) at low temperature
(100 °C). The films were uniformly deposited over both aluminium
matrix and intermetallic particles without visually identifiable defects.
The 5 nm film was porous and did not provide good protection. The
films with 15 nm and 50 nm thickness provided strong isolation of the
surface with high impedance capacitive films. However, the protection
was lost in the first days of immersion. This has been explained by the
low temperature deposition process which introduced H-containing
species in the film making it vulnerable to water.
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