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Abstract The effect of benzotriazole on the growth of
anodic films on aluminium and an Al-3.5 wt% Cu alloy
has been examined by transmission electron microscopy
(TEM) and electrochemical impedance spectroscopy
(EIS). Films grown to relatively high voltages reveal
flaws and oxygen-filled voids as a result of the surface
morphology and copper enrichment and oxidation at the
alloy/film interface. Benzotriazole, apart from increasing
the efficiency of anodic film growth on the artificially
aged alloy, also reduces the population density of the
local features. The impedance response of films formed
at relatively low voltages has been used to probe the
early influence of benzotriazole on the macroscopic
surface as well as flaws of the oxide-covered substrate.

Keywords Anodic films Æ Anodic oxidation Æ Al-Cu
alloy

Introduction

The role of copper during anodic oxidation of Al-Cu al-
loys has been the subject of several studies [1, 2, 3, 4, 5, 6, 7,
8, 9]. It is known that copper in solid solution in the alloy
enriches to a critical level in a thin layer immediately

below theanodic filmbeforeoxidationasCu-Ounits [5, 7].
The resulting Cu2+ ions, having greater mobility relative
to Al3+ ions under the high field, are ejected at the film/
electrolyte interface. Additionally, oxidation of copper
clusters at the alloy/film interface is associated with oxy-
gen generation in the thickening alumina film. Similar
effects are evident at second-phase material during
anodizing; however, in this case, prior enrichment of
copper is not necessary in the highly alloyed equilibrium
phases. As a result of oxygen generation, gas-filled voids
develop with significant pressures exerted on the sur-
rounding alumina filmmaterial. Above a critical pressure,
the film ruptures and local anodizing heals the defect [10].
Consequently, film growth on the copper-containing alloy
proceeds at a significantly reduced efficiency than on
aluminium of high purity.

In order to improve the efficiency of anodizing of
Al-Cu alloys, additions of benzotriazole (BTA) and
thiourea to the anodizing electrolyte have shown
some success, with oxygen evolution inhibited during
potentiodynamic polarization [11, 12]. In this work, the
influence of BTA on anodic film growth on solution
heat-treated and artificially aged Al-3.5 wt% Cu alloys
has been examined. Film morphology has been revealed
by transmission electron microscopy (TEM) of stripped
films. Additionally, the influence of BTA on the imped-
ance of the oxide-covered substrate has been examined to
gain insight into its general and local behaviour.

Experimental

Specimens of cold-rolled Al-3.5 wt% Cu were either solution heat-
treated (808 K/2 h, water quench) or solution heat-treated and
aged (808 K/2 h, water quench+623 K/2 h, water quench). Before
anodizing, spade electrodes of superpure aluminium (99.99% Al,
0.004% Fe, 0.003% Cu, 0.002 wt% Si) and Al-3.5 wt% Cu were
electropolished for 5 min in a 20/80 v/v perchloric acid/ethanol
solution, at 275 K. The surface morphology of the electropolished
electrodes was examined in a JEOL 5410 scanning electron
microscope, equipped with energy-dispersive X-ray (EDX) analysis
facilities. Subsequently, oxide films were grown anodically over the
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surface of electropolished electrodes at 15 mA cm)2 up to 100 V in
a 0.1 M ammonium pentaborate solution, either in the absence or
in the presence of benzotriazole (0.08 M), at 293 K. The voltage-
time responses for the individual specimens were recorded during
anodizing. After anodizing, the oxide films were stripped from the
substrate and examined in a JEOL SX-100 transmission electron
microscope in order to study the oxide morphologies.

Electrochemical impedance spectroscopy (EIS) measurements
were made using a potentiostat/frequency response analyser and
software from Eco Chemie. A platinum cylindrical grid counter
electrode and a saturated calomel reference electrode (SCE) were
used. Previous to the measurements, the oxide films were poten-
tiodynamically formed in a 0.1 M ammonium pentaborate solu-
tion, either in the absence or in the presence of BTA (0.08 M) by
scanning the potential from )1 V up to 5 V (vs. SCE), at 50 mV
s)1, and returning to the initial potential by a cathodic scan. The
impedance data for the different Al-Cu alloy/oxide film/electrolyte
systems were obtained in the same solution where the film was
formed, at a DC potential as close as possible to the open circuit
potential of each system (this potential remained in the range
)1.0 V to )0.7 V vs. SCE). An AC perturbation of 30 mV rms, in
the frequency range 10 mHz to 10 kHz, was used; owing to noise,
in some measurements the lower frequency used was 30 mHz in-
stead of 10 mHz.

Results

Surface morphology

Figure 1 shows the surface morphology of electro-
polished superpure aluminium and the two differently

heat-treated Al-Cu alloys. As expected, the electropol-
ished superpure aluminium is featureless, while the
electropolished Al-Cu alloys reveal cavities and light
regions of different sizes and distributions. The latter
regions are evident for the solution-aged heat-treated
Al-Cu alloy (see Fig. 1C). In general, EDX analysis
(X-ray map) of the solution heat-treated alloy surface
(see Fig. 1B) revealed a uniform copper content of about
3.5 wt%, indicating that cavities in this surface possibly
represent original microscopic intermetallic particles,
which dissolved completely during electropolishing
[11, 12]. In contrast, EDX analysis of the solution-aged
heat-treated alloy surfaces revealed local high copper
contents of about 50 wt% Cu, particularly for probe
positions above the larger light regions, which suggests
the presence of CuAl2 intermetallic particles.

Differences on the surface appearance of the differ-
ently heat-treated Al-Cu alloys are mainly attributed to
the distinct sizes and population densities of interme-
tallic particles in the original surface and, consequently,
to the partial or complete dissolution of such regions
during electropolishing [11, 12, 13].

Voltage-time behaviour

Figure 2 shows the voltage-time responses during
anodizing aluminium of high purity and the differently
heat-treated Al-Cu alloys at 15 mA cm)2 in 0.1 M
ammonium pentaborate solution, in the absence and
presence of BTA (0.08 M). This concentration was se-
lected according to previous studies of the authors
relating to the effect of BTA on the anodic behaviour of
Al-3.5 wt% Cu [13]. Considering the relevant aspects to
be discussed here (Fig. 2A and Fig. 2B), additions of
BTA do not change the voltage-time responses for su-
perpure aluminium and for the solution heat-treated Al-
Cu alloy. In contrast, the voltage-time response of the
aged Al-Cu alloy (Fig. 2C) presents two regions of dif-
ferent slopes: an initial region up to 20 V of slope
�1.4 V s)1, followed thereafter by a region of slope
�5.5 V s)1. The initial voltage region of slope 1.4 V s)1 is
attributed to secondary electrochemical reactions, such
as local copper oxidation and oxygen evolution, pro-
ceeding above copper-rich regions on the alloy substrate.
As revealed in Fig. 1C, such regions are possibly second-
phase regions, which result from partial dissolution
during the electropolishing [2, 11, 14]. Conversely, in the
presence of BTA, the initial region of slope �1.4 V s)1 is
not present and the voltage increases from the beginning
at a constant rate of�5.6 V s)1. Assuming an efficiency of
100% for a voltage rise of 7.5 V s)1 [15], the low initial
slope during anodizing in the absence of the additive
implies an initial anodic efficiency of about 19%, while
this efficiency is ca. 75% for film formation in the pres-
ence of BTA. Thus, the main effect of BTA on anodizing
the solution heat-treated/aged Al-Cu alloy is to increase
the efficiency for film growth in the initial stages of film
formation by a factor of about four.

Fig. 1A–C SEM micrographs showing the surface morphology of
electropolished aluminium and Al-Cu alloys. A 99.99 wt% Al; B
solution heat-treated Al-3.5 wt% Cu alloy; C solution heat-treated
and aged Al-3.5 wt% Cu alloy
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Morphology of oxide films grown
in ammonium pentaborate solution

Figure 3 (A, C and E) shows transmission electron
micrographs of stripped barrier anodic films formed
during anodizing the respective electropolished sub-
strates at 15 mA cm)2 up to 100 V in a 0.1 M ammo-
nium pentaborate solution. As expected, the anodic
film formed on superpure aluminium appears relatively

featureless, in good agreement with the morphology of
the metal substrate shown in Fig. 1A. In contrast, the
stripped films formed on the Al-Cu alloys (Figs. 3C and
E) reveal high volume fractions of differently contrasted,
approximately circular, regions, which are associated
with the presence of flaws in the anodic film and/or
oxygen-filled voids in the film [3, 7]. For films formed on
the solution heat-treated Al-Cu alloys (Fig. 3C), such
regions reveal diameters between 0.03 lm and 0.1 lm
and a population density of 4.5·1013 m)2. From the area
of the light regions in Fig. 3C, the fraction of the film
associated with flaws is 0.14. For films formed on the
solution/aged Al-Cu alloy (Fig. 3E), isolated flaws of
diameters up to 0.3 lm are evident, with chains of such
features in other regions. Although for this film it
is difficult to calculate a population density of flaws,
because of the particular shape and area of the flaws, the
fraction of film corresponding to flaws is 0.5. From this
information, a correlation between oxide morphology
and surface morphology is revealed. Thus, while anodic
films on superpure aluminium are featureless as a result
of the original smooth surface (Fig. 1A), films grown on
the Al-Cu alloys are flawed in appearance. In addition,
comparing the films formed on the differently heat-
treated Al-Cu alloys, the flaw size is clearly dependent
on the particular heat treatment undergone by the alloy
and is of greater values for those formed on anodizing
the solution/aged heat-treated Al-Cu alloy.

Fig. 3A–F TEM micrographs revealing stripped films formed on
the different metal substrates at 150 A m)2 up to 100 V in 0.1 M
ammonium pentaborate, in the absence and presence of 10 g L)1 of
benzotriazole. 99.99 wt% Al in the absence (A) and in the presence
(B) of the additive; solution heat-treated Al-3.5 wt% Cu in the
absence (C) and in the presence (D) of the additive; solution heat-
treated Al-3.5 wt% Cu in the absence (E) and in the presence (F) of
the additive

Fig. 2A–C Voltage-time behaviour during anodizing aluminium
and the Al-Cu alloys at 150 A m)2 in 0.1 M ammonium pentab-
orate, in the absence and presence of 10 g L)1 of benzotriazole. A
99.99 wt% Al; B solution heat-treated Al-3.5 wt% Cu; C solution
heat-treated and aged Al-3.5 wt% Cu
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Morphology of oxide films grown in the presence
of benzotriazole

Micrographs of the films formed on the electropolished
metal substrates in 0.1 M ammonium pentaborate with
addition of BTA (0.08 M) are shown in Fig. 3 (B, D
and F). It can be seen that the general appearance of
the anodic films formed on the different metal sub-
strates is not influenced by additions of BTA to the
anodizing electrolyte. Thus, light regions related to
flaws are also revealed in films formed in the presence
of the additive. However, when comparing the micro-
graphs in Fig. 3D and Fig. 3F with the corresponding
micrographs in Fig. 3C and Fig. 3E, it is clear that
additions of BTA to the anodizing electrolyte reduce
the fraction of the films corresponding to flaws. Thus,
for the film formed on the solution heat-treated Al-Cu
alloy, the fraction of the films is reduced from 0.14 to
0.026, while for the film formed on the aged Al-Cu
alloys, it is reduced from 0.5 to 0.25. Further, from the
V-t responses for the solution/aged Al-Cu alloy
(Fig. 2C), the effect of BTA in reducing flaw generation
appears to be associated with a greater anodic effi-
ciency, as revealed by the higher initial rate of voltage
rise obtained during anodizing the alloy in the presence
of BTA. In contrast, from the V-t responses for the
solution heat-treated Al-Cu alloy (Fig. 2B), the influ-
ence of BTA in decreasing flaw sizes during anodizing
does not seem to be associated with a change in the
initial rate of voltage rise. This, as discussed later, is
possibly associated with causes originating the flaws,
specifically critical sizes and local compositions of dif-
ferent features in the metal substrate affecting the ini-
tial anodic efficiency.

Impedance measurements

To further understand the influence of BTA on the
anodizing of the differently heat-treated Al-Cu alloys,
EIS measurements of the Al-Cu/anodic film/electrolyte
systems were carried out in 0.1 M ammonium pen-
taborate, either in the absence or in the presence of
the additive. To gain additional insight on the influ-
ence of copper in the resulting impedance response,
similar measurements were also carried out on the
superpure aluminium/anodic film/electrolyte system.
The anodic films were potentiodynamically formed and
the impedance data were obtained in the same solution
where the film was formed, at a DC potential as close
as possible to the open circuit potential of each sys-
tem.

Impedance data in the absence of benzotriazole

Typical Bode plots of the impedance data obtained for
the superpure aluminium/anodic film/electrolyte system
and the Al-Cu/anodic film/electrolyte systems in a 0.1 M

ammonium pentaborate solution are shown in Fig. 4.
Differences in the impedance response of the three
electrodes are evident over most of the frequency range
studied (Fig. 4A). For almost all frequencies, the values
of the impedance modulus of the Al-Cu/anodic film
systems are higher than those for the superpure alu-
minium/anodic film system. Furthermore, the highest
values of the impedance modulus are those of the solu-
tion heat-treated Al-Cu alloy. At the lowest frequencies,
the value of the impedance modulus of the solution-aged
heat-treated Al-Cu alloy tends to become the lowest of
the three systems studied.

The phase angle Bode plots (Fig. 4B) clearly show
that the impedance response is frequency distributed,
even for the Al system, most probably due to a dispersion
in the time constants of the measured responses. In the
case of the Al electrode, two separate distributed time
constants are quite evident, but those are not clearly
revealed for the Al-Cu systems. However, two separate

Fig. 4 Bode plots of the impedance (A) and phase angle data (B)
obtained for the metal substrate/anodic film/electrolyte system in
0.1 M ammonium pentaborate solution at )1.0 V (SCE). Open
squares: 99.99 wt% Al; filled squares: solution-aged heat-treated
Al-Cu alloy; open circles: solution heat-treated Al-Cu alloy; filled
circles: fitted impedance values for the solution heat-treated Al-Cu
alloy
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distributed time constants for the Al and Al-Cu systems
were evident when the data for the different systems were
fitted to the transfer function corresponding to the
equivalent circuit shown in Fig. 5, using a non-linear
least-squares procedure (Boukampt’s equivalent circuit
software, version 4.55). In this equivalent circuit, the
components of the circuit represent: the electrolyte
resistance (RS), the resistance (R1) and the distributed
capacitive behaviour (Q1) (constant phase element)
associated with the barrier film; and the resistance (R2)
and the distributed capacitive behaviour (Q2) (constant
phase element) associated with film areas acting as easy
paths for the passage of current. The values of the dif-
ferent parameters obtained through the non-linear least-
squares fitting of the transfer function to the different
impedance data are given in Table 1. For illustrative
purposes, the fitted data for the heat-treated Al-Cu alloy
is presented in Fig. 4. The close correspondence between
experimental and fitted data indicates that the chosen
transfer function describes the behaviour of the system
rather well. A similar correspondence between experi-
mental and fitted data was found for the heat-treated
Al-Cu alloy and for the superpure aluminium. The
impedance measurements of the different metal oxide/
electrolyte systems indicate that additions of copper
to aluminium increase the impedance of the anodic
film. This may be the result of the copper-enriched layer
at the alloy/film interface, formed potentiodinamically
during the anodic scan. The copper enrichment at the
alloy/film interface is expected to influence both the
ionic and, consequently, the electronic resistance of the
alloy/oxide/electrolyte system.

Impedance data in the presence of benzotriazole

Typical Bode plots of the impedance data obtained for
the superpure aluminium/anodic film/electrolyte system
and the Al-Cu/anodic film/electrolyte systems in a 0.1 M
ammonium pentaborate solution, in the absence and
presence of 0.08 M of BTA, are shown in Fig. 6. As
observed, additions of BTA to the electrolyte do not
significantly change the impedance behaviour of the
three metal/anodic film/electrolyte systems in the high-
frequency region. However, in the low-frequency region,
the presence of the additive increases the impedance
modulus of the three systems studied. The increase is
greater for the solution/aged heat-treated Al-Cu alloy.
The fitting of the data shown in Fig. 6 to the transfer
function corresponding to the equivalent circuit shown
in Fig. 5, using a non-linear least-squares procedure, is
also rather good, as illustratively shown in the figure for
the heat-treated Al-Cu alloy. Further, for the case of the
two differently heat-treated Al-Cu alloys, the values for
R1 and R2 (see Table 1), representing respectively the
resistances of the oxide film and of the metal regions
associated with the easy path for the passage of current,
are increased in the presence of the additive.

The impedance response in the low-frequency region
of aluminium and its oxide, formed either by chemical or
galvanostatic or potentiodynamic oxidation, has been
interpreted before in terms of conductive sites associated
with impurities and alloying element segregates [16, 17].
The effect of BTA in increasing the impedance modulus
of the Al-Cu alloy electrodes in the low-frequency region
may be the result of local compositional changes and/or
a decrease in the size and population density of con-
ductive sites in the metal substrate.

Discussion

Role of benzotriazole in reducing the effect
of copper-rich regions on anodizing Al-Cu alloys

Clearly the main difference between the anodizing re-
sponse of the differently heat-treated Al-Cu alloys in
ammonium pentaborate solutions is attributed to the
absence or presence of intermetallic particles. The pres-
ence of intermetallic particles, mainly CuAl2, promotes

Fig. 5 Equivalent circuit representing the impedance behaviour of
the aluminium/oxide/electrolyte system

Table 1 Dependence of fitting parameters on the type of metallic substrate anodized and electrolyte used, obtained using the transfer
function for the circuit depicted in Fig. 5 (for meaning of the parameter symbols, see text)

Metal substratea and electrolyteb Rs (W cm2) R1 (MW cm2) Q1 (lF cm2 sn)1) n1 R2 (kW) Q2 (lF cm2 sn)1) n2

Al in APB solution 23 1.0 5.9 0.88 13 13 0.73
Al in APB+BTA solution 25 1.0 7.0 0.88 14 16 0.67
SHT Al-Cu alloy in APB solution 22 1.3 1.5 0.95 7.8 1.7 0.64
SHT Al-Cu alloy in APB+BTA solution 34 2.9 1.8 0.95 49 1.7 0.68
SAHT Al-Cu alloy in APB solution 20 0.25 2.5 0.92 14 3.4 0.73
SAHT Al-Cu alloy in APB+BTA solution 22 0.95 2.2 0.93 33 2.6 0.67

aAl, 99.99 wt% Al; SHT Al-Cu, solution heat-treated Al-Cu alloy; SAHT, solution/aged heat-treated Al-Cu alloy
bAPB, 0.1 M ammonium pentaborate solution; BTA, 10 g L)1 benzotriazole
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the execution of secondary electrochemical reactions,
such as oxygen evolution, which was visually observed.
Generally, the likely sites for oxygen generation on
aluminium are impurities, alloying elements segregates
and second phases [18]. Above these regions the natural
oxidation of aluminium is limited and the absence or the
presence of a locally contaminated air-formed oxide can
be envisaged. The size and population density of these
regions are dependent on the composition of the metal

substrate and on the surface treatment and heat treat-
ment given to the aluminium prior to anodizing [16]. In
the case of aluminium alloys of relatively high copper
content, such regions are related to intermetallic parti-
cles, mainly h and h’ [1, 11, 19]. The absence or the
presence of a very thin contaminated air-formed oxide
above these regions allows the passage of an electronic
current, which is anticipated to be sufficiently high to
assist locally secondary charge-transfer reactions. The
extension of the reactions consuming charge will depend
on the size and population density of the intermetallic
particles. In any case, large regions assisting alternative
reactions will result in a retardation of the voltage rise in
the initial stages of anodizing, because of a reduction in
the effective current density for film formation. Then,
the period at 7 V at the commencement of anodizing the
solution-aged aluminium alloy is the result of one or a
combination of an increased electronic current and a
reduced field for ionic current. From the V-t response,
the voltage starts rising with further anodizing, indicat-
ing that bridging over into the film occurs. The manner
that film growth is repaired locally is not discussed here,
but it is highly possible that oxygen evolved above such
regions reduces the electronic conduction, owing to its
insulating characteristic; the resulting gas may be trap-
ped by the film bridging over it [19].

The influence of benzotriazole in the initial stages of
anodizing the aged Al-Cu alloy is to shorten markedly
the secondary electrochemical reactions and conse-
quently to increase the efficiency for film formation.
Assuming an interrelationship with the area of the
conductive sites associated with intermetallic particles,
clearly the additive reduces the size of such regions.
Further, considering its effect at the commencement of
anodizing, such a reduction in area occurs immediately
after immersion of the alloy in the electrolyte.

In the case of the solution heat-treated Al-Cu alloy,
additions of benzotriazole to the anodizing electrolyte
have a non-apparent effect on the voltage-time behav-
iour, implying the absence of conductive sites associated
with intermetallic particles. Although the presence of
microscopic conductive sites associated with GP zones
are expected, regarding the natural ageing process of the
alloy at room temperature and the high copper content
in the alloy, their area and consequently the passage of
electronic current through such surface sites is consid-
ered to be negligible. Therefore, there is an interplay
between the likely sites of copper-rich regions with re-
gards to their sizes and local compositions and the extent
of secondary electrochemical reactions, reducing mark-
edly the effective current density and retarding the
voltage rise in the initial stage of anodizing.

The role of the surface morphology on the voltage-
time response in the initial stages of Al-Cu alloys is
further revealed by the impedance measurements of the
differently heat-treated alloy systems. The expected ex-
tremely thin oxide formed potentiodinamically repro-
duces the surface of the alloy prior to anodizing. Over
10 Hz, there are not significant differences between the

Fig. 6A–C Bode plots of the impedance obtained for the metal
substrate/anodic film/electrolyte system in 0.1 M ammonium
pentaborate solution at )1.0 V (SCE) in the absence and presence
of 10 g/L of benzotriazole. A 99.99 wt% Al; B solution heat-
treated Al-Cu alloy; C solution-aged heat-treated Al-Cu alloy
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impedance response of the differently heat-treated Al-Cu
alloys (Fig. 4); however, below that frequency value, a
lower impedance modulus for the aged Al-Cu alloy is
evident. Generally, for aluminium substrates the
impedance response in the low-frequency region has
been associated with flaws in the metal substrate, which
represents regions of low resistance for the passage of
current [16, 17, 20, 21]. The lower impedance of the aged
Al-Cu alloy may then be attributed to the presence of
intermetallic particles in the metal substrate.

Additions of benzotriazole increase exactly the
impedance response in the low-frequency region, con-
firming that its effect is mainly to increase the resistance
of copper-rich regions associated with intermetallic
particles. Although the data in Table 1 do not provide
absolute resistance values, it indicates their relative
variance resulting from additions of benzotriazole. The
increase of the electrical resistance of conductive sites is
attributed to the local formation of a protective film on
the electrode surface. Owing to the local high copper
content and the ability of benzotriazole to react with
Cu+ ions, the formation of a protective film constituted
by a cuprous benzotriazole complex, Cu-BTA, can be
anticipated. On copper electrodes, such a protective film
has been characterized by XPS, Raman [22, 23, 24] and
TEM of ultramicrotomed sections of copper (Shimizu
K, unpublished results). The Cu-BTA complex on cop-
per electrodes forms a chemisorbed layer at low cover-
age and a multilayer polymerized structure at larger film
thicknesses [25, 26]. The details of the mechanism by
which the film forms and protects the metal are the
subject of much investigation and debate. In sulfate
solutions, a 0.01 M BTAH concentration inhibits cor-
rosion of copper in the pH range 2–12, and is particu-
larly effective in the pH range 4–10 [27]. The pH of
0.1 M ammonium pentaborate solution is 7.6, which is
in the range where benzotriazole has its major reactivity
with Cu+ ions. From previous work of the authors,
copper oxides are immediately formed during potentio-
dynamic oxidation of Al-Cu alloys [12, 13]. The condi-
tions for the additive to react locally above copper-rich
regions are thus given.

Role of benzotriazole in reducing flaw development
during anodizing

Besides the effect of benzotriazole in reducing faradic
processes in the initial stages of anodizing, the additive
also decreases the events associated with flaw develop-
ment, as revealed in the TEM micrographs of Fig. 3.
Considering this, the causes of the flaws during anodic
oxidation of aluminium and its alloys, with regards to
their effects in the film morphology, are reviewed. The
two major contributions to flaw generation in anodic
film on aluminium alloys have been associated with
the surface morphology of the alloy [15, 18] and with
the alloying elements behaviour during anodic oxidation
of the alloys [7, 19]; generally for anodizing to high

voltages, a combined influence of both contributions is
expected.

Considering the influence of the surface morphology,
the likely sites for flaw generation on aluminium are
impurities, alloying elements segregates and second
phases. Thus, the size and population density of the
flaws are dependent on the composition of the metal
substrate and on the surface treatment and heat treat-
ment given to the aluminium prior to anodizing. The
population density of flaws in films formed on electro-
polished aluminium of high purity in ammonium pen-
taborate solution is about 10)8 m)2 [18]. The uniform
film revealed in Fig. 3A is thus the result of a relatively
low population density of such features and the small
film surface examined in the transmission electron
microscope. Regarding the previous information, the
presence of flaws in anodic films formed on the Al-Cu
alloys and thereby the contribution of the heat-treat-
ment procedure to the flaw size and population density is
not surprising. According to Young [19], flaws in anodic
films are associated with trapping of oxygen gas by the
film bridging over it; oxygen is generated above impu-
rities and alloying element segregates.

Concerning the influence of alloying elements pro-
moting flaws in anodic films on aluminium, the copper
behaviour during anodizing the Al-Cu alloys is also
expected to contribute to the development of such fea-
tures. These have been also associated mainly with
oxygen-filled voids in the anodic film [7], but the manner
and the mechanism of their formation is different to that
proposed by Young [19]. The interplay between the
development of oxygen-filled voids in the anodic film
and copper enrichment at the metal/oxide interface,
resulting from surface treatments and maintained fur-
ther during anodizing, has been reported in several pa-
pers of the authors [2, 7, 10]. The mechanism of oxygen-
filled void formation during galvanostatic oxidation of
Al-Cu is sustained on the inward movement of O2) ions
to reach semiconductive sites formed by local oxidation
of copper at the copper-enriched layer. Because of the
necessary ionic migration and copper oxidation at the
alloy/film interface, this contribution to flaw develop-
ment is of major importance for anodizing to voltages
above 20 V.

Based on the analysis of causes originating flaws in
anodic films, the influence of benzotriazole appears
more related to the effect of the surface morphology
promoting flaws than to the effect of copper behaviour
during anodizing assisting the formation of oxygen-filled
voids. This considers the unavoidable copper enrichment
at the alloy/film interface and inward migration of O2)

ions during galvanostatic oxidation of aluminium to
high voltages and, further, the limited incorporation and
inward migration of benzotriazole anions in the film.
Although anion derivatives of benzotriazole, generated
at the oxide/electrolyte interface through loss of H+ ions
from the molecule, may be incorporated into the outer
layer of the anodic film, their incorporation into the film
is limited. This considers the presence of borate species
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in the oxide/electrolyte interface and the well-known
incorporation of these species into the anodic film [18].
Nevertheless, benzotriazole may assist healing processes
during local cracking of the film, which would leave the
copper enrichment exposed to the electrolyte, but this is
considered to be of major importance only for anodizing
to voltages higher than 100 V [7].

Conclusions

Firstly, additions of BTA to the anodizing electrolyte
increase the efficiency for barrier film formation on
solution/aged Al-Cu alloys in the initial stages of
anodizing. Such an increase is mainly due to an increase
in the resistance of conductive sites associated with
intermetallic particles in the metal substrate.

Secondly, additions of BTA to the anodizing elec-
trolyte decreases flaw generation events, reducing the
size and population density of flaws in anodic films on
the Al-Cu alloy. The additive, by its local adsorption
above impurities, copper segregates and second phases,
limits the local passage of electronic current assisting
oxygen gas evolution and reduces the probability of
oxygen gas trapping in the film.

Thirdly, the increase in the resistance of conductive
surface sites in the metal substrate is apparently the
result of the formation of a polymeric film, namely
Cu-BTA, above copper-rich regions.
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