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The porosity of the anodic films grown on aluminium substrates depends on various
operating conditions related to the anodization electrolyte and to the applied electri-
cal parameters, as well as to the substrate itself. In the present study, three different
aluminium substrates were studied and anodized: AA 1050 (rolled; thickness = 1 mm),
AA 2024 T3 (rolled; 1 mm), and AA 2024 T3 (machined; 3 mm). For each type of
anodic film, the porosity, as well as its changes during anodization, was accurately
characterized using both field-emission gun scanning electron microscopy (FEG-SEM)
and a reanodization technique. Moreover, for the first time, the corresponding tortu-
osity was quantified for all studied substrates. Results for rolled AA 2024 T3 and for
machined AA 2024 T3 especially showed significant differences in tortuosity values,
contributing towards clarifying, in part, their different wettability characteristics or

anticorrosion behaviour, so far not clearly explained.
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1 | INTRODUCTION

Various authors have studied the morphological characteristics of
porous anodic films formed on pure metals'™ or alloys.®® The poros-
ity of the anodic films grown on aluminium substrates depends on var-
ious operating conditions, related to the anodization electrolyte and to
the applied electrical parameters, as well as the substrate itself. Pure
substrates thus allow anodic aluminium oxide (AAO) templates with
highly ordered porosities’*2 to be produced; these latter have been
extensively studied.*®* In contrast, complex and tortuous porosities
are usually obtained for multiphase aluminium alloys, eg, aeronautical
AA 2XXX or 7XXX.151¢

Electronic imaging (field-emission gun scanning electron micros-
copy [FEG-SEM] or MET) generally remains the main characterization
technique to evaluate the microstructure of the anodic films, ie, mainly
the average pore diameter and consequently the porosity.}” However,
this technique has major limitations relating to resolution of the image,
accuracy of the analysis software, and also the representativeness of
porosity (through 2D images). The aim of the present study is to

accurately evaluate the porosity and, for the first time, the tortuosity

aluminium alloys, anodic films, anodization, porosity, tortuosity

of the anodic films prepared on a relatively pure aluminium substrate
(ie, rolled AA 1050 showing thickness of 1 mm) and on multiphase
substrates, ie, rolled AA 2024 T3 (1 mm) and machined AA 2024 T3
(3 mm). Three different techniques (FEG-SEM, reanodization, and
Brunauer-Emmett-Teller [BET]) were used, and the results were com-
pared. The final perspective relates to detecting any differences in
porosity-tortuosity between films prepared on rolled or machined
AA 2024.

2 | EXPERIMENTAL

1050A aluminium alloy (99.5% Al, <0.40% Fe, <0.25% Si, and <0.05%
Cu, wt%) and 2024 T3 alloys (90.7 < Al < 94.7%, <0.50% Fe, <0.50%
Si, 3.8 < Cu < 4.9%, 1.2 < Mg < 1.8%, 0.3 < Mn < 0.9%, <0.25% Zn,
<0.15% Ti, 0.10% Cr, wt%) were both used, as three different types
of substrates: 1050 (rolled; thickness = 1 mm), 2024 T3 (rolled;
1 mm), and 2024 T3 (machined; 3 mm). Moreover, all chemical com-
pounds used were analytical grade, while aqueous electrolyte solu-

tions were obtained using deionised water.


https://orcid.org/0000-0003-2364-2236
mailto:arurault@chimie.ups-tlse.fr
https://doi.org/10.1002/sia.6606

2.1 | Surface preparation

819 mainly involved three successive steps:

The preparation process*
degreasing, etching, and finally anodization.

An aluminium alloy sheet (50 x 50 x 1 mm of treated surface) was
degreased firstly by acetone (CH3),CO and secondly for 20 minutes in
an aqueous bath (pH =~ 9; 60 + 2°C) containing sodium tripoly-
phosphate NasP3;010 (40 g L™Y) and sodium tetraborate (borax)
Na,B,40-,10H,0 (40 g L™Y) and then etched in aqueous sulphoferric
solution (pH = 2; 25 + 5°C) for 5 minutes. The samples were immedi-
ately rinsed at ambient temperature with distilled water after each step.

The sample was then used as an anode and a lead plate
(56 x 56 x 1 mm of immersed surface) as a counter electrode in an
electrochemical cell, containing an aqueous H,SO, stirred bath
(200 rpm; 200 g L™, ie, 2.039 mol L™Y), thermostated using a Huber
CC2 cryostat at 19.0 £ 0.5°C and 20.0 + 0.5°C for AA1050 and
AA2024, respectively. The anodization was run in potentiodynamic
mode?® with an initial voltage ramp (0.05 V s™%, 0-16 V, 320 s) and
voltage plateau at 16 V. The total duration was adapted to each alloy
(920 s for AA1050 and 1220 s for AA 2024) so as to obtain a resulting
film thickness typically equal to 5.0 + 0.5 pum.

2.2 | Characterizations

FEG-SEM (JEOL JSM 6700F) was used to observe the porous anodic
film, while ImageJ free software was used to analyse the SEM images
and then evaluate the film's characteristics, ie, the pore density (ppores),
the pore average diameter (dpore) from the FEG-SEM surface views, the
height of the porous layer (h,), and the thickness of the barrier (or com-
pact) layer (h,) from the cross-sectional views. Porosity (or void per-

centage) (tres) stemming from the FEG-SEM views was thus calculated:

2
dpore ) (1)

T= Ppores T

The mercury porosimetry method,?*2® which usually allows the
pore diameter distributions in porous materials to be determined,
could not be performed successfully here. Indeed, this method is not
suitable in the case of anodic films supported on aluminium substrates
since, on the one hand, mercury and aluminium can form an amal-
gam?* and, on the other, the pressures applied can damage the film
walls during such measurements.

The pore surface of the final anodic films was measured with
krypton gas by BET method using an ASAP 2010 Micromeritics
device. The measuring chamber, containing 20 cm? of plates anodized
on one side, was previously degassed at a temperature of 110°C and a
pressure of 1072 Pa for 12 hours. In this case, the specific surface is
not expressed in m? g”! for two reasons. The first lies in the fact that
during BET measurement, the anodic film is always supported on the
substrate, while the second is based on the difficulty of precisely
determining the mass of the anodic film due to its complex composi-
tion, ie, in fact a mixture of hydrated Al,O3, Al(O)OH, and Al(OH),
with inclusions of elements coming from the aluminium alloy and
anions from the electrolyte.?® The surface obtained by BET analysis
(SgeT) will therefore be expressed per unit of geometrical surface of

film (m? cm™2) and not m? g%

A third technique known as “reanodization” (or also the “Dekker-

Van Geel” technique)?¢32

was used; this is based on a second galva-
nostatic anodization (also called the “forming” step) of a first porous
anodic film, in a mixed boric acid-tetraborate electrolyte (H3BO3
0.5 mol L™ Na,B405 0.05 mol L™).283032 At 5 constant forming cur-
rent density (here J = 0.5 mA cm?),2832 the voltage increases linearly
with the gradual filling of the porosity, which results when the filling is
integral with a slope break (from m; to m,), also called the “knee volt-
age,” at time t,, (Figure 1). Experimentally, this knee voltage is not usu-
ally a well-defined slope change but rather a smooth change.*° The
slope then decreases (m, < mj) since the growth rate drops, with
the porosity (Trorming) changing from an a value (0 < a < 1) in the
porous film to 1 above the filled film. It is then possible to determine

the porosity (Trorming) Using the following formula?830-32;

my
T | —=
A3+ <m1>

Tforming =~ /.~
my
1-(1-T, —
(1-Tag) <m1>

|3+

where Ta;z+ is the transport number of AI°" ions, assumed to be

equal®® to 0.4.

3 | RESULTS AND DISCUSSION

3.1 | Characteristics of the final anodic films

At the end of the first anodization, the thickness of the anodic films
was 5.0 = 0.5 um, regardless of the substrates used. The porosity of
the anodic films prepared on rolled AA 1050 and 2024 (1 mm) and
on machined AA 2024 (3 mm) was then observed through FEG-SEM

Forming voltage (V)

P Forming time (s)

FIGURE 1 Voltage versus forming time plot during reanodization of
an ideal porous anodic film prepared on a smooth aluminium
substrate. The dotted line is a typical experimental reanodization
curve obtained on an anodic film on rough aluminium substrate, while
the dashed line corresponds to the barrier anodization of a
nonanodized aluminium substrate



surface views (Figure 2). ImageJ analysis of these images provided the
morphological characteristics (pore diameters and pore density) of the
anodic films. Figure 3 shows in particular the distributions of pore
diameters in relation to the substrate used.

The anodic film on AA 1050, showing a main pore diameter in the
6 to 18 nm range (Figure 3A), has a slightly larger pore size distribution
than both films supported on AA 2024 (Figure 3B,C); the pore diame-
ters for these films are ranging from 4 to 14 nm.

Table 1 shows the average pore diameters and pore density, as
also as the resulting porosity for each of the anodic films. The
average pore diameter for film on AA 1050 is 10 + 4 nm, while
the films on both AA 2024 (1 and 3 mm) have an average pore
diameter of 8 £+ 2 nm. However, considering the standard devia-
tions, these average diameters cannot be considered to be signifi-
cantly different.

Table 1 also shows that the pore densities of the films
(2.5:10** and 3.2:10%! pores per cm?) prepared on both AA 2024
substrates (rolled and machined, respectively) seem to be greater
than that (1.8:10'' pores per cm? of the anodic film on AA
1050. However, whatever the substrate considered, the porosity
seems finally to remain unchanged, having a value from 15 to
17 + 3%. To summarize, the FEG-SEM surface views and their sub-
sequent analyses thus appear to show comparable final porosity for
the anodic films prepared on the three types of substrates. This
result should be put into perspective considering that either the
porosities are effectively equivalent or that this experimental
approach (based on FEG-SEM surface observations) may not be
sufficiently effective to evaluate the characteristics (especially the
porosity) of these anodic films.

TABLE 1 Characteristics (based on FEG-SEM views) of final anodic
films prepared on (1) rolled AA 1050, (2) rolled AA 2024 T3, and (3)
machined AA 2024 T3

Rolled Rolled Machined
AA1050 AA2024 AA2024
Main pore diameter, nm 10+ 4 8+2 8+2
Pore density, number per cm? 1.8-10%* 2.5-10%t 3.2.10%t
Porosity Treg, % 15+3 15+ 3 17+ 3

3.2 | Changes of the anodic film characteristics
during the first anodization

It would appear interesting to evaluate the porosity changes during
the growth of the anodic film, since the porosity may evolve, espe-
cially during the voltage ramp (0.05 V s™%, 0-16 V, 0-320 s). The poten-
tial change in porosity was thus studied through two independent
methods, ie, the FEG-SEM method and then the reanodization
method.

3.21 |
AA 1050

Study by microscopy of the anodic films on

FEG-SEM surface and cross-sectional views were taken on anodic
films prepared on AA1050 for different anodization times during the
voltage slope (from O to 320 s) and the voltage plateau (from 320 to
380 s). From cross-sectional FEG-SEM views, the thickness of the
anodic film (Figure 4) and the thickness of the barrier layer (Figure 5)
were first determined. Figure 4 shows in particular that the film thick-
ness changes little (slope 1) at the beginning of the voltage ramp (from

FIGURE 2 FEG-SEM surface views of the final anodic films prepared on A, rolled AA 1050 (1 mm), B, rolled AA 2024 T3 (1 mm), and C, machined

AA 2024 T3 (3 mm)
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0 to 320 s, ie, from O to 16 V), whereas it increases significantly (slope
2), especially during the steady state, ie, after 320 seconds, for a volt-
age value at 16 V. In contrast, the thickness of the barrier layer regu-
larly increases (slope 3) both during the transient regime (the voltage
ramp) and during the steady-state voltage regime (Figure 5), in agree-
ment with previous works.??

In addition, FEG-SEM surface views provide the average pore
diameter (Figure 6) and the average porosity of the anodic film
(Figure 7) as a function of the anodization time. The pore diameter
first increases considerably (from 0.0 to 7.1 nm after 140 s) and then
increases from 7.3 (at 320 s) to 7.6 nm (at 380 s) at the beginning of
the voltage plateau, reaching 10 nm for the 5 um final film. The aver-
age porosity based on the FEG-SEM observations decreases slightly
for the lowest anodization times (20-60s) (Figure 7) and then varies
from 12.5% to 23.5% as the time increases from 60 to 380 seconds.

322 |
AA 1050

Study by reanodization of the anodic films on

Figure 8 clearly attests to the effective pore filling, as a function of the

forming time, of an anodic film initially anodized for 320 s. Figure 8
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highlights the fact that the lower part of the film has a higher density
since the pores are filled. The progressive pore filling with the
reanodizing time is clearly visible, the filling being effective from the
bottom to the top of the anodic film.

Figure 9 shows the voltage as a function of the forming time
(0-400 s) for anodic films previously prepared on AA 1050 over differ-
ent durations (20-180 s), ie, also different voltages (1-9 V). The
starting voltages (U; - o) are nonzero and gradually increase with the
duration of the first anodization. Figure 10 shows that the starting
voltage is in fact proportional to the first anodization duration. On
the basis of the previous FEG-SEM observations (Figure 5), our results
confirm that the starting voltage also depends on the thickness of the
barrier layer of the original anodic film,?” ie, also showing an increase
with the ramp time (0-320 s) of the first anodization.

The first forming slope (m4) corresponds to the filling rate of the
film pores. The reanodization slope (m;) thus becomes steeper for
films having increasing durations of the first anodization (Figure 11).
Otherwise, m, values seem proportional to the square root of the
anodization voltage (Figure 12), as proposed previously.??

Slope m, depicts the growth speed of the oxide above the filled

anodic film, once the pores are completely occluded. The value of
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m, decreases, in all cases, compared with m, (Figure 11) since the area
of the barrier layer-solution interface increases. However, surprisingly,
m, values are not identical for each anodic film and change with the
anodization time, unlike in the findings of Takahashi?® who showed
that m, does not evolve for anodic films made with current densities

between 0.5 and 5 mA cm 2. Interface roughness could be an

100nm

FEG-SEM cross-sectional views of anodic films prepared for 320 seconds and then reanodized for A, 330 and B, 950 seconds
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explanation for this surprising result, considering that past works?®
usually performed the reanodization method on electropolished sam-
ples, while no (electro)polishing was used in this study.

Previous results correspond to the first anodization durations of
less than 180 seconds, with the slope change (the knee voltage) being

graphically determined from the forming curves (Figure 9). Meanwhile,



for the first anodization times greater than 320 seconds, the slope
change is not observed since the film cannot be completely filled. In
particular, complete pore filling is impossible from a reanodization time
of 950 seconds, the electrical resistance being too high and electrical
breakdown appearing on the surface of the film.*3*° Nevertheless,
in this second case, porosity values can be extracted using the slope
corresponding to the barrier layer formation on the pretreated and
nonanodized AA 1050 substrate (Figure 13A). Indeed, the hypothesis,
previously used by Ono et al,®? is to consider that the oxide growth on
the nonanodized aluminium is similar to the growth above the thick
films during reanodization. This hypothesis seems consistent insofar
as the mj, slope (0.2159 V s™1) of the 180-second film is relatively
close (Figure 13B) to the slope (0.2645 V s™1) corresponding to com-
pact film growth of the initially nonanodized substrate. Note also that
finally, m; slopes (Figure 13B) of the films reanodized at 320, 335, and
380 seconds are superimposed, revealing that the porosity does not
change when the plateau is reached that is to say from 320 seconds
(ie, the nominal voltage value equals to 16 V).

The porosity (Trorming) Was then calculated from slopes (m; and
m,), using Equation 2 and assuming T s+ equal to 0.42; Tforming Main
value is based on two experiments for each first anodization time.
Figure 14 highlights a porosity decrease during the early stages of
the first anodization, changing for instance from 20% for the film pre-
pared for 20 seconds to 6% in the film anodized for 60 seconds. This
porosity change is in agreement with Ono's work®?2 that reports such a
porosity decrease with an increasing anodization voltage. In contrast,
the porosity then increases from an anodization time of 60 seconds,
finally stabilizing (at about 30%) at the voltage plateau. Our results
therefore diverge from the previous proposed relation,?”%° suggesting
a relationship between (1/T¢orming) and (Wanodization). This difference
could be explained considering that previous works were conducted
at constant anodization voltage, while the present study uses a
voltage ramp in the O to 16 V range.

Figure 14 shows porosity values (trgg), based on the FEG-SEM
surface views, of the anodic films derived from the first anodization.
These results are close to the porosity values obtained by the
reanodization method in the 20 to 120 second time range. In contrast,
for the first anodization time from 140 to 380 seconds, Tggg and

Trorming Values are significantly different, treg being systematically
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lower than Tioming. This discrepancy supports the hypothesis that
the film growth occurs at the substrate/barrier layer interface and
consequently that the FEG-SEM surface observations correspond to

the porosity created in the early stages of the first anodization.*2
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Study by reanodization of the anodic films on

The same reanodization approach as adopted previously was then per-
formed on an anodic film prepared over 380 seconds on AA rolled 2024
(1 mm). Figure 15 shows the forming voltage as a function of the
forming time, while Figure 16 presents the corresponding FEG-SEM
cross-sectional views. As the reanodization progresses, it appears that
the film is not filled up from its bottom, as previously observed using
AA 1050. On the contrary, growth of the oxide seems impeded, leading
to the degradation of the film and the appearance of cavities at the
substrate-film interface (Figure 16). This experimental phenomenon
has not been reported in the literature, all previous works being per-
formed only on pure aluminium substrates (usually higher than
99.5 wt%). Hitherto, no clear explanation has been given for this exper-
imental observation, unless it be attributed to the tortuosity of the AA
2024 film pores. The present study is therefore further pursued with
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FIGURE 15 Forming voltage as a function of the forming time (5, 10,
30 min) on anodic films prepared (380 s) on rolled AA 2024 T3

the aim of evaluating another structural feature, tortuosity, which, to
our knowledge, has not been studied for such anodic films.

3.3 | Evaluations of tortuosity

The anodic films were prepared on the three AA substrates (ie, rolled
1050 and rolled 2024 [1 mm] and machined 2024 [3 mm]), and then their
respective cross-sections were observed by FEG-SEM (Figures 17 and
18). In particular, Figure 17 shows that, on the AA1050 substrate, the

pores form columns arranged perpendicularly to the substrate at the

bottom of the film (Figure 17A). However, the pore orientation changes,
and the pore organization becomes more complex at the top of the film
(Figure 17B,C), reflecting a pore rearrangement during the increasing
voltage ramp,*! ie, during the early stages of the first anodization.

Concerning the two other substrates on AA 2024 (1 and 3 mm),
the anodic films both have a spongy structure with pores showing sig-
nificant tortuosity (Figure 18). In the case of the anodic film on AA
2024 (1 mm), the tortuosity appears homogeneous over the entire
thickness (Figure 18A-C). By contrast, the anodic film on machined
AA 2024 (3 mm) seems to have a denser structure at the top than in
the middle of the film (Figure 18E,F), the middle part being comparable
with that observed on rolled AA 2024 (1 mm).

However, it is clear that these FEG-SEM observations remain
partly subjective and qualitative, which motivated the use of another
experimental approach, eg, based on the BET technique. This tech-
nique was implemented in order to first quantify the real specific sur-
face (Sget) of anodic films elaborated on the three substrates. In
addition, the data from FEG-SEM surface analysis allowed a calculated
specific area (Sgeg) to be obtained by assuming a cylindrical pores
model and using Equations 3 and 4.

SFEG = p'spore + Sext (3)
with Spore = 2 n-R+hy, + N-R%, (4)

where Se,t is the area of the film top surface except the pores, h, is the
thickness of the anodic film, p is the pore density, Syore is the surface

of the pore walls, and R is the radius of the model cylindrical pore.

100nm 100nm

FIGURE 16 FEG-SEM cross-sectional views, as a function of the forming time (A, 5; B, 10; and C, 30 min), on anodic films prepared (380 s) on

rolled AA 2024 T3

FIGURE 17 FEG-SEM cross-sectional views A, at the bottom, B, in the middle, and C, at the top of the final anodic film prepared on rolled AA 1050



FIGURE 18 FEG-SEM cross-sectional views A, at the bottom, B, in the middle, C, at the top of the final anodic film prepared on rolled AA 2024
T3 (1 mm), and D, at the bottom, E, in the middle, and F, at the top of the final anodic film prepared on machined AA 2024 T3 (3 mm)

Table 2 then allows the specific surfaces measured by BET (Sggt)
and those calculated using the model (Sgeg) to be compared for the
three mean pore diameter values for each substrate. In the case of
the AA 1050, the two specific surface values are close (Sger = 2.74
and Sgeg = 2.86 m2-cm™?) for a pore diameter of about 10 nm. In con-
trast, a significant difference was highlighted (Sget = 1.43 Sreg) in the
case of the rolled AA 2024 substrate (1 mm). This difference was
attributed to the tortuosity, whose contribution is not taken into
account for the calculation of Sggg, the pores being considered ideally
cylindrical. The gap is further accentuated in the case of the machined
AA 2024 (3 mm), which has a significantly higher BET surface area
than the rolled AA 2024 (1 mm) (5.95 and 4.06-:1072 m? cm™2, respec-
tively). In fact, the surface calculated with the 8-nm pore diameter pro-
vided by the FEG-SEM data is equal to 3.62:1072 m? cm™?, this value
being far from the value measured by BET (5.95-1072 m? cm™2). Again,
this difference is attributed to the tortuosity; Table 2 reports esti-
mated values of the tortuosity for each of the three AA substrates,

TABLE 2 Comparison of tortuosity and of the specific surfaces
(measured Sget and calculated Sgeg) of the final anodic films prepared
on the AA substrates

Rolled AA Rolled AA Machined AA
1050 2024 2024
Sger.1072, m? cm™? 274 +0.02  4.06+0.02 5.95 + 0.02
Main pore 10+ 4 8+2 8+2
diameter, nm
Pore density 1.8 10 2.5 101 3.2 10%
(number per cm?)
Srec.1072, m? cm™2 2.86 2.83 3.62
Tortuosity 0.96 1.43 1.64

ie, 0.96 (1050), 1.43 (2024 1 mm), and 1.64 (2024 3 mm). These
results show in particular that this experimental approach would for
the first time allow different types of porosity to be distinguished, in
particular different spongy porosities. This approach is complementary
to previous studies***? that focused on the evaluation of pore order-
ing degree and pore branching. The results also highlight the influence
of forming steps of the substrate (here rolled AA 2024 [1 mm] or
machined AA 2024 [3 mm]) on subsequent porosity of the anodic
films, despite strictly identical surface treatments. These significant
differences in tortuosity values could contribute to explaining the
wettability changes on such porous anodic films.*®

4 | CONCLUSION

Three different aluminium substrates (AA 1050 [rolled; 1 mm], AA
2024 T3 [rolled; 1 mm], and AA 2024 T3 [machined; 3 mm]) were
studied and anodized in the same operating conditions, ie, electrolyte
and applied voltage. For each type of anodic film, the porosity, as well
as its changes during anodization, was accurately characterized using
both FEG-SEM and the reanodization technique. Our results firstly
confirm the limitations to determining porosity using FEG-SEM views;
2D surface views (ie, top interface of the anodic film) correspond in
fact to pores formed at the early moments of the anodic film growth.
Application of the reanodization approach then allows the porosity on
anodic films prepared on AA1050 to be evaluated, showing in partic-
ular its complex change during the initial voltage ramp, before the
steady-state voltage regime. Unfortunately, the reanodization tech-
nique appeared to be unsuitable for tortuous anodic films not pre-
pared on pure aluminium like AA 1050 but on alloys such as

AA2024T3. However, the corresponding tortuosity was successfully



quantified, for the first time, for all the studied substrates. Results thus
showed significant differences in tortuosity values (0.96 [rolled AA
1050], 1.43 [rolled AA 2024], and 1.64 [machined AA 202]), contribut-
ing in part towards clarifying their different corrosion resistance char-
acteristics or changes in wettability, as also the varying propensity of

such porous anodic films to then be sealed.
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