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The corrosion products formed on a multiphase Cu-11.40AI-0.55Be (wt.%) alloy in 3.5% NaCl at open
circuit potential, and their evolution with immersion time were studied mainly by micro-Raman and
in situ AFM measurements. The aluminium content of each phase affects the formation of the corrosion
products on them. After 1 day of immersion, vy, precipitates were more susceptible to dealuminization,
while o phase exhibited a high corrosion stability. The corrosion products evolved with immersion time,
and CuCl; and a Cu,0/CuO double layer film were the stable products formed on all the phases after long

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cu-Al-Be system has been developed as a shape memory alloy
(SMA) by adding small quantities of beryllium into eutectoid
Cu—(11.4-11.8 wt.%)Al system, in order to decrease the martensitic
transformation temperature and thereby obtain the pseudoelas-
tic behaviour at room temperature [1-4]. These alloys are highly
promising for applications as passive dampers of seismic energy in
structural frames of buildings or in bridges [2,5].

The pseudoelastic behaviour can be modified, among other sev-
eral factors, by the formation of precipitates [6]. Two types of
precipitates can be observed in copper-based SMAs after aging
treatments: o’ phase in hypoeutectoid system and <y, phase in
hypereutectoid system. For Cu-Al-Be alloys with an isothermal
treatment between 400 and 490°C, the formation of o phase
followed by the eutectoid decomposition (8 — o’ +7y2) has been
obtained [7].

Montecinos and Simison [8] studied the corrosion behaviour of
B and (3 ++;) microstructures of a shape memory Cu-Al-Be alloy.
Chloride-rich environments can produce dealuminization attack
and the corrosion behaviour is affected by the alloy microstruc-
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tural conditions. After long times of immersion, the single 3 phase
microstructure suffers localized corrosion in some regions but
dealuminization is generalized on the whole surface. However,
in the ( +v2) microstructure preferential dissolution of vy, den-
dritic precipitates occurs, which seems to protect 3 matrix from
de-alloying [8]. Han et al. [9] investigated the corrosion mech-
anism of a Cu-9Al-2Mn (wt.%) alloy, which exhibit a structure
consisting of a and the eutectoid phase. They demonstrated that
a phase did not show any change after 3 years of immersion in
a marine environment, while the eutectoid structure suffered a
preferential corrosion attack. Rosatto et al. [10] studied the elec-
trochemical behaviour of Cu-Al-Ag alloys, and they found that y4
phase and the (y; + a1 ) structure are the preferred attacked phases,
while o; phase would be the area where the cathodic reaction
occurs.

The in situ tapping mode atomic force microscopy (AFM) has
proven to be a very valuable tool for the analysis of thin films of
oxides formed on metal surfaces and it provides quantitative mea-
surements of the surface topography. In addition, this technique
allows direct in situ measurements during the corrosion process
taking place under controlled conditions [9,11]. Using this tech-
nique together with other ex situ measurements, which allows the
identification of the corrosion products formed on the surface sam-
ples, it is possible to obtain a more accurate view of the evolution
of the surface over time.

In situ AFM results of the first stages of corrosion of a multi-
phase shape memory Cu-Al-Be alloy in 3.5% NaCl are presented.
The identification of the reaction products formed on each phase
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Fig. 1. (a) Micrograph of a sample before the immersion (backscattered electrons-SEM); (b) aluminium compositional profile along the line A-B in Fig. 1a.

was done by ex situ micro-Raman measurements, jointly with other
techniques, for immersion times in the range of 1-65 days.

2. Experimental procedure

The Cu-11.40A1-0.55Be (wt.%) polycrystalline alloy under study
was obtained from Trefimetaux (France) as 15mm diameter
extruded bars. The chemical composition was determined by
atomic absorption spectrophotometry. Prior to performing the heat
treatment, the samples were previously heated during 5min at
800°C in the 3 field and water quenched at room temperature
(single 3 phase microstructure). Precipitation of o’ phase was
generated by an isothermal aging treatment at 505 °C, followed
by water quenching at room temperature. A detailed descrip-
tion is given in [7]. The temperature was monitored using a
chromel-alumel thermocouple. The software Image Tool 3.0 was
used to estimate the volume fraction of precipitates in the spec-
imens as the relative area occupied by them with respect to the
total area. The samples were smoothed with 240, 600 and 1000 grit
emery paper and then polished with alumina powder (0.3 pm size).

For corrosion tests specimens were immersed in a 3.5% NaCl
solution adjusted to pH 8 with borate-boric acid buffer for differ-
ent exposure times in the range of 1-65 days. The solution was
maintained at room temperature (2042 °C) and air was bubbled
through it. After the immersion, the samples surfaces were rinsed
gently with distilled water, sprayed with ethanol and dried with
hot air.

The surface morphology of the samples before and after immer-
sionin the chloride solution was examined using an Olympus PMG3
optical microscope (OM) and a JEOLJSM-6460LV scanning electron
microscopy (SEM). Energy dispersive X-ray spectroscopy (EDX)
analysis under SEM was employed to obtain an estimation of the
surface composition of different regions of the samples and their
variability was obtained as the standard deviation of at least three
experimental measurements. The beryllium content could not be
detected by this technique. X-ray diffraction (XRD) using a PANana-
lytical X’Pert Pro PW3373 equipment with low incidence angle (3°)
was used to identify the phase structure of specimens before the
immersion and of the corrosion product films formed after that.
It was operated at 40kV and 40 mA with the excitation of CuKy
(A=1.54056A).

Tapping mode atomic force microscopy (AFM) using an Agilent
5500 microscope was employed to study in situ the changes of the
sample surfaces immersed in 3.5% NaCl adjusted to pH 8 during
21.5h at open circuit potential.

Corrosion products after 1,21 and 65 days of immersion at open
circuit potential were locally characterized by micro-Raman spec-
troscopy (Invia Reflex confocal Raman Microprobe). The incident
beam was focused on the specimens as a spot size diameter of 1 um
(high confocality mode). Excitation was provided with the 514 nm

emission line of an Ar* laser and measurements were performed in
backscattering configuration using a 50x objective.

3. Results and discussion
3.1. Microstructural characterization

o’ phase was formed in the samples by the isothermal aging
treatment. Small quantities of 'y, phase in some zones surround-
ing o’ were also obtained. A volume fraction of 1.2+0.5% of o
phase and 0.8 + 0.6% of 'y, phase was estimated from optical micro-
graphs. The precipitates were difficult to distinguish on polished
samples using the detector of secondary electrons in SEM. However,
they could be observed by backscattered electrons, which provided
information about the distribution of the alloying elements in the
sample (Fig. 1a). The darker areas could be associated with a com-
position with lower atomic mass, which agree with EDX results
(Table 1). Copper rich o’ phase (Table 1) was located mainly in the
grain boundary zones. In some regions surrounding the o’ phase,
dark precipitates, which correspond to vy, phase were distinguished
(Fig. 1a and Table 1). Fig. 1b shows a compositional profile of alu-
minium along the line A-B in Fig. 1a. It can be clearly seen that
o’ phase is poorer, while vy, phase is richer in aluminium than the
matrix.

The XRD patterns of the samples before the immersion (Fig. 2b)
confirmed the presence of vy, precipitates with a CugAly structure
in a § DO3 matrix and some 3’ martensite phase. The presence
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Fig. 2. XRD patterns of: (a) blank 3 sample; (b) (f + o’ ++y,) sample before immer-

sion; and (c) (B+a’ +v;) sample after 24h of immersion in 3.5% NaCl. All the
measurements were obtained at low incidence angle (3°).
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Fig. 4. Three-dimensional AFM topographic images of the Cu-Al-Be sample surface after (a) 0.5 h, (b) 11h, (c¢) 16 h and (d) 21.5 h of exposure to a 3.5% NaCl solution.

of some retained martensite phase in the surface of the samples both phases are difficult to differentiate from diffraction patterns
could be due to the deformation produced during polishing. The [12,13]. The XRD patterns of a blank 3 sample (Fig. 2a) showed
crystal structure of o precipitates in a hypoeutectoid Cu-Al-Be the presence of some martensite phase, however, more peaks

alloy has been identified to be 18R long period stacking order struc- attributed to (3’ were found for the (3 +a’+vy;) sample (Fig. 2b),
ture, similar to that of the 3’ martensite phase [12]. For that reason, which could be ascribed to the presence of o’ phase.
Table 1
EDX measurements before and after 24 h of immersion in 3.5% NacCl.
Element Mass concentration (wt.%)
Before immersion After 24 h immersion
Matrix o V2 Matrix o V2
Cu 85.2 + 0.3 88.4 + 0.7 81.7 £ 0.3 86.2 + 0.3 88.7 + 0.1 271 + 6.4
Al 14.8 + 03 11.6 + 0.7 183+ 03 13.8+03 111+ 0.1 352428
0 36.8 + 3.8

Cl 0.9 + 0.1
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Fig. 5. AFM images of topography (a and d), amplitude (b and e) and phase (c and f) of the Cu-Al-Be sample surface after 0.5h and 21.5 h of exposure to a 3.5% NaCl solution.

3.2. Short duration immersion tests

After 24 hofimmersion in 3.5% NaCl, vy, precipitates were clearly
visible and presented as dark zones (Fig. 3). A surface film rich in O
and Al formed on 'y, precipitates (Table 1), which would correspond
to Al 03-H,0, as was identified by XRD measurements (Fig. 2c).
Small quantities of Cl were also detected by EDX (Table 1), which
could be associated to the presence of CuCl; (Fig. 2c). The high val-
ues of the EDX measurements dispersion for y, phase could be
associated to differences in the thick and rates of formation of the
corrosion products produced on different precipitates.

The matrix was slightly impoverished in Al (Table 1), and some
surface changes produced by the corrosion process, were observed
in the SEM micrographs (Fig. 3). The formation of corrosion prod-
ucts on o phase after the immersion was not detected by EDX
measurements (Table 1) or in the SEM micrographs (Fig. 3), which
would indicate that this phase has a higher corrosion stability.
Also, the presence of 6Cu0O-Cu,0 was found on the sample surfaces
(Fig. 2c).

In situ AFM studies were used to study in detail the progress of
dissolution and formation of the corrosion products on the surface
of each phase in the (3 + o’ +v;) microstructure. During the time of
immersion, AFM images were registered on line. A representative
selection of them is presented in Fig. 4. The first one at t=30min
(Fig. 4a) corresponds to the first scan obtained after the adjust-
ments for the correct acquisition of the images. Note that polishing
scratches are clearly visible and therefore it can be assumed that the
sample surface had not yet been altered by the solution and then,
it was considered as the blank. The phases could be distinguished
from the topography: v, precipitates are higher than the 3 matrix
(light zones), while o’ phase is lower than the matrix (dark zones).
The dissimilarities in height of the phases respect to the matrix in
the first image would be produced during the polishing process,
due to the differences in their respective hardness. vy, precipitates
are the hardest phase, while the o’ phase is the softest one [14].

A qualitative analysis of the evolution of topographic images in
Fig. 4 gave some information about the changes undergone by the
surface with immersion time:

(a) The formation of corrosion products on the matrix would give
place to a smoother surface (the polishing scratches were diffi-
cult to find after 21.5 h of exposure).

(b) A surface film of corrosion products grew on vy, precipitates.

(c) A seeming decrease of the o’ phase height.

Fig. 5 shows the AFM images of topography, amplitude and
phase of the sample surface that has been exposed to a 3.5% NaCl
solution for 0.5h (Fig. 5a-c) and 21.5h (Fig. 5d-f). The topogra-
phy and amplitude images are associated to the morphology of
the sample surface, while the phase image is the mapping of the
changes in the phase angle of the cantilever oscillation during the
tapping mode scan, and contrast variations in this image can be
associated to changes in the properties of the sample surface [15].
Consequently, it could be deduced that a new compound with a
different composition grew on vy, precipitates (Fig. 5a and d). On
the other hand, the decrease in height of o’ phase (Fig. 5a and d)
could not be related to any significant change in the composition
of this zone (Fig. 5c and f).

Fig. 6 shows some representative surface depth profiles
obtained from the topographic AFM images at different immersion
times along selected lines. Those lines were indicated in each case
in the topographic image obtained after 21.5 h of immersion. It is
important to note that the profiles could present a slight drift in z.
After 21.5 h, a surface film of corrosion products with a thickness of
around 0.3 wm grew on 'y, precipitates (Fig. 6a). o’ phase remained
almost unchanged (Fig. 6a), which is in agreement with EDX mea-
surements in Table 1. Then, the height difference between o’ and
the matrix can be attributed to the formation of corrosion products
with a thickness of 0.1 um on the last one (Fig. 6a and b).

For a better identification of the corrosion products formed on
each phase at each immersion time, micro-Raman spectra were
measured after 24 h of immersion at open circuit potential. At least
three spectra of each phase were measured with very good repro-
ducibility. Fig. 7 shows representative spectra corresponding to the
B matrix, vy, precipitates and o’ phase. The frequency shift of the
main peaks is indicated in the curves. The presence of the peaks at
337 and 620 cm~! and the absence of the peaks at around 150 and
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Fig. 6. Surface depth profiles of the topographic images at different immersion times along selected lines.

220 cm~! on the matrix surface indicated the formation of CuO [16].
However, Cu,0 could be also identified in spectra corresponding to
other zones of the matrix (peaks at 147, 217 and 630cm~! [16]),
which is consistent with the XRD patterns indicated the formation
of 6Cu0-Cu, O (Fig. 2c). Then, the results suggest the existence of a
duplex film. The formation of this Cu;0/CuO double layer has been
reported previously in copper samples immersed in chloride con-
taining solutions [17,18]. The presence of CuCl, was also identified
on some zones of the matrix (peak at 287 cm~! [19]), in agreement
with XRD measurements (Fig. 2¢). No chlorine compounds could
be detected by EDX (Table 1), which would indicate that CuCl, is
present in small quantities in some zones or forming a very thin
film. From the results, the decrease in surface roughness on the
matrix measured by AFM would be attributed to the formation of
a surface film composed of CuO, Cu,0 and CuCl,.

The existence of Al,03 (peak at 419cm~! [19,20]) and Cu,0
(peaks at 147,217,531 and 635cm~! [16]) on vy, precipitates was
confirmed by micro-Raman measurements (Fig. 7). Corrosion prod-
ucts containing Cl were measured by EDX (Table 1), while they were
not detected by micro-Raman measurements. Based on the fact that
the measurements obtained by micro-Raman are more superficial

| 24 h of immersion matrix

Intensity

o' phase

400 600 800
Frequency shift (cm™)

200 1000

Fig. 7. Micro-Raman spectra collected from sample after 24 h of exposure to a 3.5%
NacCl solution.

than those obtained by XRD [21,22], the results suggest that the
film formed on vy, precipitates would be composed superficially of
Al,03 and Cu,0, with CuCl, underneath it.

It was not possible to identify corrosion products on o’ phase
(Fig. 7), which is in agreement with the high stability found by SEM,
EDX and AFM measurements (Table 1 and Figs. 3-6). If there was a
film of corrosion products on o’ phase, it would be very thin.

It could be observed that during the early stages of immersion,
2 precipitates were more susceptible to dealuminization and to
the formation of Al;03 on them (Cu,0 and CuCl, were also identi-
fied). This could be explained considering that vy, precipitates are
the aluminium rich phase, and so they would be the most anodic
[8,10]. It has been previously reported that the de-alloying rate of
aluminium from the Cu-Al alloys surface increases in proportion
to the aluminium content in the alloys [23]. On the 3 matrix, a
Cu,0/CuO surface film and CuCl, were formed. It was found that
o’ phase has a high corrosion stability, which can be due to the fact
that o’ was the aluminium poorest phase.

3.3. Long duration immersion tests

To study the evolution of the corrosion products formed on
the surface samples after long immersion times, microscopical and
micro-Raman measurements were done after 21 and 65 days of
immersion. It could be observed that the 3 matrix suffered a visi-
ble corrosion process (Fig. 8), but it seems not to be so severe as the
single 3 phase samples submitted to a similar solution and con-
ditions after 40 days [8]. A surface film composed of CuO (peaks
at 333 and 618 cm~! [16]) and CuCl, (peak at 281 cm~! [19]) was
identified on it (Fig. 9b).

o’ phase still seemed to remain almost unchanged (Fig. 8), but
the formation of some corrosion products could be detected after
21 days: Cu,0 (peaks at 151, 216, 537 and 639cm~! [16]), and
CuCl; (a slight peak at 288 cm~! [19]) (Fig. 9a). They evolved with
the immersion time, and the presence of CuO (peaks at 333 and
618 cm~! [16]) and CuCl, (peak at 288cm~! [19]) was identified
after 65 days (Fig. 9b).

After 21 days, Cu,0 (peaks at 149, 219, 537 and 634cm™! [16])
and CuCl, (a slight peak at 291 cm~! [19]) could be identified on
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Fig. 9. Micro-Raman spectra collected from samples after (a) 21 days and (b) 65 days of exposure to a 3.5% NaCl solution.

v2 phase (Fig. 9a), and the presence of Al,03 could not be detected
(Fig. 9a). This compound seemed to have been detached from those
precipitates. A similar behaviour has been reported previously in
a (B +v;) sample [8]. After 65 days, CuCl, (peak at 291 cm~! [19])
was detected, peaks associated to Cu,0 (at 145 and 219 cm~! [16])
became weaker and the presence of a peak at 333 cm~! suggested
the existence of CuO [16] (Fig. 9b).

The obtained results point that the aluminium content of each
phase affects the corrosion products formed on them, as well as
their formation rate, however, they evolve to the same compounds
after long immersion times. CuCl, and a Cu;0/CuO double layer
surface film were formed on the (3 matrix. Kear et al. [17] has
reported a Pourbaix diagram for copper in seawater of salinity 3.5%
at 25°C considering that the solid phases are Cu, Cu,0, CuO, CuCl
and Cuy(OH)3Cl. In solutions with pH 8, the equilibrium corrosion
product is Cu,0.

For copper, it has been established [17] that in aerated chlo-
ride media the main corrosion process is its dissolution to form a
dichlorocuprous anion complex, which is generally simplified to:

(1)

As the local concentration of CuCl; increases, it can be expected
that cuprous oxide is deposited in the surface by a dissolu-
tion/precipitation process [17]:

Cu+2Cl" — CuCl, +e”

2CuCl; +20H™ — Cu,0 + H,0 + 4C1- (2)

It is also proposed that in seawater Cu,O generally oxidizes over
time to CuO, mainly due to the oxygen present in the water [17,23].
These results are in agreement with the presence of the duplex
layer found in the surface of the samples under study, with CuO in
the outside part due to the oxidation of Cu,0. After long immer-
sion times, only CuO was clearly detected on the matrix surface by
micro-Raman, but some quantities of Cu,O could be in the inner
part of the corrosion product layer, which can not be detected by
this technique. The presence of CuCl, in the corrosion products has
been also reported by other authors. Peng et al. [24] found that
the corrosion products of copper in sea water are mainly CuCl and

CuCl,, and Chmielova et al. [25] identified Cuy(OH);Cl and CuCl, on
a copper surface after a four days treatment in sodium/magnesium
chloride solution. No Cuy(OH)3Cl and CuCl were detected in the
samples studied in this work. CuCl; could be formed on the samples
surfaces by the following reaction [26]:
Cu* +2C1~ — CuCl, (3)
Al, 03 was formed on the richest aluminium phase, vy, probably due
to the complexation of aluminium by chloride, followed by hydrol-
ysis [27]. However, this compound seems not to be stable after long
immersion times and to have been detached from the precipitates.
Cu,0 and CuCl, were also identified, and the last one would be in
the inside part of the corrosion product layer. It agrees with mea-
surements after longer immersion times, where CuCl, was detected
by micro-Raman after the Al,0O3 film was detached from the sur-
face. The Cu,0/CuO double layer surface film was also identified
after long immersion times.

On the other hand, the poorest aluminium phase, o, seems to
have a greater stability and corrosion products were not detected
on it during the early stages of immersion. But, Cu,0 and CuO were
identified by micro-Raman after 21 and 65 days immersion, respec-
tively. Then, it can be inferred that a Cu;0/CuO duplex layer surface
film was also formed on o’ phase after longer immersion times.
CuCl; was also detected.

The above results indicate that the stable corrosion products
formed on all the phases after long times of immersion are CuCl,
and a Cu;0/CuO double layer surface film.

4. Conclusions

The corrosion products formed on a multiphase shape mem-
ory Cu-11.40AI-0.55Be (wt.%) polycrystalline alloy in 3.5% NaCl
adjusted to pH 8 at open circuit potential, and their evolution with
immersion time were studied mainly by micro-Raman and in situ
AFM measurements. Samples with a structure consisting of a 3
matrix, o’ phase located mostly in the grain boundary zones, and
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small quantities of vy, precipitates in some zones surrounding o’
were employed.

The use of in situ AFM jointly with ex situ micro-Raman mea-
surements, which permit the identification of the reaction products
formed on each phase, was found to be a great complement for the
corrosion studies.

The obtained results point that the aluminium content of each
phase affects the development of the corrosion products on them,
as well as their formation rate. After 1 day of immersion, CuCl,
and a Cu,0/CuO double layer surface film were formed on the 3
matrix. However, vy, precipitates (the aluminium rich phase) were
more susceptible to dealuminization and to the formation of Al, 03
on them, and o’ phase exhibited a high corrosion stability and
remained almost unchanged. The corrosion products evolved with
immersion time, the Al, 03 film seemed to have been detached from
Y2 precipitates, and some products were formed on o’ phase.

The stable corrosion products formed on all the phases after
long times of immersion were CuCl, and a Cu;0/CuO double layer
surface film.
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