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The influence of the microstructure on the corrosion behaviour of a shape memory Cu-11.40A1-0.55Be
(wt.%) polycrystalline alloy in 3.5% NaCl has been studied by microscopical examinations, spectroscopi-
cal and X-ray diffraction measurements, and electrochemical tests. Chloride environment can produce a
dealuminization attack, and the corrosion behaviour is affected by the alloy microstructural conditions.

After long times of immersion, the single 3 phase microstructure suffers localized corrosion in some
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dealloying.

regions but dealuminization is generalized on the whole surface. However, in the (3 ++y,) microstruc-
ture, preferential dissolution of vy, dendritic precipitates occurs, which seems to protect 3 matrix from

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Copper alloys are widely used in marine environments because
of their low corrosion susceptibility. The corrosion of copper and
its alloys has been extensively studied in chloride media where it
has been observed that the chloride ion has a strong influence on
the copper corrosion mechanism. The corrosion resistance of alu-
minium bronzes has been attributed to the effect of aluminium,
which improves the quality of the reaction product film and ren-
ders it more protective. However, some researchers attributed the
protection to the formation of an Al, O3 film, while others attributed
it to the doping of the Cu,0 film with aluminium ions [1-7].
In oxygenated seawater, Cu,0 is generally oxidised over time to
cupric hydroxide (Cu(OH),), atacamite (Cu(OH)3Cl) or malachite
(CuC03-Cu(OH);) [8].

Dealloying is a corrosion process in which one constituent of an
alloy is preferentially removed, leaving behind an altered residual
structure. This process has been reported in a number of copper-
based alloy systems. Two theories are most prevalent to clarify the
dealloying mechanisms [4,5,9]. In the first one, two metals in an
alloy are dissolved, and one redeposits on the surface. In the sec-
ond theory, one metal is selectively dissolved from an alloy, leaving
a porous residue of the more noble species. In certain corrosive
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environments, aluminium bronzes can suffer a selective corrosion
attack known as dealuminization. This selective attack results in a
loss of aluminium from the alloy. It has been also demonstrated that
the hypereutectoid martensite and the y phase are more suscepti-
ble to dealuminization than the matrix [4,5]. So, the microstructure
of the alloy will be determinant in its corrosion resistance.

Previous results on Cu-11.4Al (wt.%) alloys with the addition
of small amounts of Be have demonstrated that they exhibit the
pseudoelastic behaviour at room temperature [10-16]. Applying
mechanical stress to the (3 phase, 18R martensite is induced ('),
resulting in a macroscopical change of shape. Under appropriate
conditions, a hysteretic loop is formed when removing the load,
and the strain is almost fully recovered. For that reason, the use
of Cu-Al-Be alloys is highly promising for applications as passive
dampers of seismic energy [13,15]. Studies about the thermome-
chanical behaviour of these alloys have been performed [14-16].
Nevertheless, an analysis of their corrosion behaviour in view of
their application in bridges as seismic dampers is still missing.
Under slow cooling from high temperature, the formation of the
proeutectoid 'y, phase can be produced [17-19]. The shape mem-
ory properties can be modified, among other several factors, by
the presence of these precipitates [20]. However, their influence
on the possible formation of localized corrosion in these alloys has
not been reported yet.

In the present study we analyzed the influence of the
microstructure on the corrosion behaviour of a shape memory
Cu-Al-Be alloy in 3.5% NaCl in view of its application in bridges
as seismic dampers.
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Fig. 1. Ecorr (@) and Rp (b) for the 3 and (3 +y2) microstructures in 3.5% NaCl as a function of immersion time.

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. The nominal martensitic
transformation starting temperature, Ms, is 217K [10]. Samples
with two different microstructures were employed: single 8 phase
and B matrix with vy, dendritic precipitates. Prior to performing the
heat treatments, the samples were heated during 5min at 1073 K
in the {3 field and water quenching at room temperature (single 3
phase microstructure). Precipitation of dendritic y, phase was gen-
erated by slow cooling at 1.3 K/min from 1073 K to 808 K, followed
by water quenching at room temperature (3 phase with y, precip-
itates microstructure). A detailed description is given in [17]. The
temperature was monitored using a chromel-alumel thermocou-
ple spot welded to the sample. A volume fraction of the vy, phase
of 13.7 + 1.2% was estimated from optical micrographs as the rela-
tive area occupied by the precipitates with respect to the total area
using the software Image Tool 3.0. The samples were smoothed
with 240, 600 and 1000 grit emery paper and then polished with
alumina powder (0.3 pm size).

Specimens with both microstructures were immersed in a 3.5%
NacCl solution adjusted to pH 8 with borate-boric acid buffer for
different exposure times in the range of 10 min to 40 days. The
solution was maintained at room temperature, and air was bubbled
through it.

The surface morphology of the samples before and after the
immersion was examined using an Olympus PMG3 optical micro-
scope (OM) and a JEOL JSM-6460LV scanning electron microscopy
(SEM). Energy dispersive X-ray spectroscopy (EDX) analysis under
SEM was employed to estimate the surface composition of different
regions of the samples. The errors were determined as the standard
deviation of the at least three measurements. Corrosion products
after 24 h of immersion at open circuit potential (Ecorr) were locally
characterized by micro-Raman spectroscopy (Invia Reflex confocal
Raman Microprobe). The incident beam was focused on the speci-
mens as a spot size diameter of 10 wm (standard mode) and 1 wm
(confocal mode). Excitation was provided with the 514 nm emis-
sion line of an Ar* laser and measurements were performed in
backscattering configuration using a 50x objective. X-ray diffrac-
tion (XRD) using a PANanalytical X'Pert Pro PW3373 equipment
with normal and low incidence angle (3°) was used to identify the
phase structure of specimens before the immersion and of the cor-
rosion product films formed after that. It was operated at 40 kV and
40 mA with the excitation of CuKo (A =1.54056 A). Tapping mode
atomic force microscopy (AFM) using an Agilent 5500 microscope
was employed to study “in-situ” the changes in the topography of

the sample surfaces immersed in 3.5% NaCl during the first two and
a half hours.

Electrochemical tests were conducted using a conventional
three electrode cell of 150 mL volume. The potentials were mea-
sured against a satured calomel electrode (SCE). A platinum wire
was used as counterelectrode. The working electrodes were made
of cylindrical pieces of around 5.4 mm diameter, mounted with fast
curing epoxy resin on appropriate holders of PVC. The exposed area
of the electrodes was 0.23 cm?. Prior to the electrochemical tests,
the electrode surface was smoothed with 240, 600 and 1000 grit
emery paper. Measurements of open circuit potential (Ecorr) and
linear polarization resistance (Rp) during 24 h of immersion were
performed to obtain some information about the evolution of the
corrosion process. Polarization curves were measured potentiody-
namically at a scan rate of 0.1 mVs~! using a Voltalab (PGZ 402)
potentiostat. For each measure, the electrodes were maintained at
open circuit during at least 10 min, for stabilization, and Ecorr Was
obtained. The linear polarization method was used for the deter-
mination of the polarization resistance (Rp) of the electrodes for
different immersion times. Polarizations of +15 mV from Ecq;r Were
used. The slope of the tangent at the origin provided the value of
Rp.

3. Results
3.1. Electrochemical tests

Fig. 1a illustrates the open-circuit potential as a function of
immersion time during 24 h for the 3 and (3+y,) microstructures
in 3.5% NaCl. Data obtained for each microstructure are repro-
ducible with an error smaller than 10 mV. As can be seen, after
3h of immersion 3 sample reached a steady state, with a final
potential of ~0.26V. The sample with vy, precipitates presented
an increase of the open circuit potential, and a steady state was
reached after 16 h from immersion, with a final potential simi-
lar to that of the single phase microstructure. The polarization
resistance data exhibited a similar behaviour (Fig. 1b). The sin-
gle phase microstructure reached a value of Rp ~1500 2 cm?2 from
3h of immersion onwards. Using the Tafel slopes reported for
Cu-Al alloys in the range 8-13wt.% Al for both regions, anodic
(60mV decade~1) and cathodic (120 mV decade~!) [8,21], a cor-
rosion current of 12 wA/cm? (0.12 mm/year) could be estimated.
The corrosion current was lower for the sample with precipi-
tates for short periods of exposure (~2.3 wA/cm? or 0.02 mm/year),
and increased with the immersion time, reaching a similar value
to that of the single phase microstructure after 24h of immer-
sion.
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Fig. 2. 3 sample immersed for a period of 24 h in 3.5% NaCl (OM and SEM).

Table 1
EDX analysis of B sample before and after 24 h of immersion in 3.5% NaCl.

Element Mass concentration (wt.%)
Before immersion 24 h bright grain 24 h dark grain
Cu 88.0 £ 0.2 86.7 £ 0.2 876 £0.8
Al 12.0 £0.2 11.0 £ 0.1 11.3 £ 0.7
0] 22 +01 0.9 + 0.01
Cl 0.1 £ 0.01 0.2 £ 0.01

3.2. Surface characterization

3.2.1. Single B phase microstructure

Fig. 2 showed the surface of the 3 phase samples obtained after
24 h ofimmersion in 3.5% NaCl by OM and SEM. Grains were reveal-
ing by the corrosion process. The EDX and micro-Raman analysis
results of different grains are given in Tables 1 and 2. The peaks of
micro-Raman vibrational data were assigned to the surface species
according to data reported in the literature. It is important to con-
sider that the data reported by different authors present slight
variations in the position of the peaks for the same chemical species.
Before immersion, the specimen presented almost the same com-
position in different zones (the Be content could not be detected

Table 2

by EDX measurements). After 24 h of immersion, the aluminium
content of the surface was slightly lower, and corrosion products
containing O and Cl were formed on top of the samples (Table 1).
The presence of CuO, Cu,0 and CuCl, was identified by micro-
Raman (Table 2). Higher concentrations of O and greater intensities
of the vibrational data peaks were found in the bright grains than
those for the dark ones. It suggests the presence of thicker layers of
corrosion products in the bright grains. Small quantities of C were
also detected by EDX, which was attributed to the formation of
malachite from the micro-Raman measurements.

The diffraction patterns of the specimen before immersion con-
firmed the DO; structure of B Cu-Al-Be alloy (a=5.77A), and
revealed the presence of some martensite phase, B’ (a=4.49A,
b=5.19A, c=46.61A) (Fig. 3a). The patterns of the corrosion prod-
ucts formed on the sample after 24 h of immersion indicated the
existence of CuO and Cu,O (Fig. 3b). These results are in agree-
ment with EDX and micro-Raman measurements. Other authors
have found that when a copper surface is heated in air, oxygen or
water, a duplex film forms where the primary component is Cu,O
with a lower concentration of CuO and/or Cu(OH); [8].

After 40 days of immersion, localized corrosion could be
observed in the surface of the sample (Fig. 4). The EDX analy-
sis results of different morphological zones are given in Table 3.

Micro-Raman vibrational data of surface species in the 3 sample after 24 h of immersion in 3.5% NaCl (w: weak; m: middle; s: strong).

Frequency shift (cm~1)

Cuy0 [22-24] CuO [22-24] CuCOs3-Cu(OH); [24] CuCl; [24]
Bright grain 154w, 644s, 785s, 868m 540m, 1013s 430m, 752w 288s
Dark grain 147w, 644s, 868m 540m 430m, 759w 288s
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Fig. 3. XRD patterns of the 3 sample (a) before and (b) after 24 h of immersion in 3.5% NaCl. The last one was obtained at low incidence angle (3°).
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Fig. 4. 3 sample immersed for a period of 40 days in 3.5% NaCl (SEM).

Table 3
EDX analysis of B sample after 40 days of immersion in 3.5% NaCl.

Element Mass concentration (wt.%)

Zone 1 Zone 2 Zone 3
Cu 2.1+01 294 +15 96.5+0.9
Al 314 + 1.6 0.7 +£ 0.01 0.8+0.1
[0} 58.7 £ 29 1.2 £ 0.1 2.5+0.6
Cl 7.5+ 04 301 +£1.5 0.2+0.2
Na 0.3 +£ 0.01 387+19 0.00

Zone 1 in Fig. 4a is rich in O and Al. In some zones of the sample
where this corrosion product was absent, particles of Cu could be
observed (Fig. 4b). The copper content of these zones was as high
as 97.2 wt.%. Consequently it can be deduced that the dealuminiza-
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tion of the alloy and the presence of copper crystals could point to
a dissolution-redeposition mechanism [7,9].

In zone 2 in Fig. 4a the presence of NaCl and corrosion products
based on O were detected. The matrix far from zone 1 (zone 3) was
also rich in Cu and impoverished in Al. A particular pattern caused
by dealuminification could be observed (Fig. 4c and d) with almost
uncorroded parallel regions (zone 4 in Fig. 4d), which have different
orientations in each grain. The area between these parallel regions
(zone 5 in Fig. 4d) was depleted in aluminium, with copper content
as high as 97.9 wt.%. From Fig. 4c and d, it could be inferred that
the presence of copper was produced by the selective dissolution
of aluminium from the alloy, leaving a porous matrix.

The diffraction patterns of the specimen after 25 days of immer-
sion (Fig. 5a) confirmed the existence of CuO, Cu,0, and Al,03 in
the surface of the sample. These results suggested that the zone 1
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Fig. 5. XRD pattern of the (3 sample after 25 days (a) and 40 days (b) of immersion in 3.5% NaCl obtained at low incidence angle (3°).
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Fig. 6. (3 +v2) sample immersed for a period of 24 h in 3.5% NaCl (OM and SEM).

in Fig. 4a would correspond to Al,0s3. After 40 days of immersion a
notable presence of copper was observed (Fig. 5b).

3.2.2. Two-phases (B +y,) microstructure

Fig. 6 shows the surface of the (3 +y, ) sample obtained after 24 h
of immersion in 3.5% NaCl. The precipitates could be clearly seen,
some of them were completely dark, others were not. The EDX and
micro-Raman analysis results from different morphological zones
are given in Tables 4 and 5. Measurements of the matrix were done
at a distance of ~10 wm from the precipitates. The y, precipitates
were rich in Al, as has been reported previously for a similar alloy
[25]. After 24 h of immersion, a surface film rich in O and Al formed
on the precipitates, which would correspond to Al,03, as was iden-
tified by micro-Raman (Table 5). Cl and small quantities of C were
also detected by EDX, which were associated to the presence of
CuCly, CuCl and malachite (Table 5). The matrix was impoverished
in Al, and contains some corrosion products (Table 4). The presence
of CuO, Cu, 0, CuCl,, and malachite were identified by micro-Raman
on the matrix and on the precipitates (Table 5).

The diffraction patterns of the specimen before immersion con-
firmed the presence of precipitates vy, with a CugAly structure in
a 3 matrix, and some martensite phase (Fig. 7a). Martensite phase
was also observed by OM at room temperature. The formation of
high volume fractions of vy, precipitates decreased the aluminium
content in the matrix around them, therefore the temperature Ms
of these zones increased [20]. The XRD patterns after 24 h of immer-
sion corroborated the presence of Al,03-H,0 in the surface of the
specimen (Fig. 7b). The existence of CuO, Cu,0 and malachite in the
corrosion products was also identified.

Table 4
EDX analysis of (3 +v,) sample before and after 24 h of immersion in 3.5% NaCl.

Table 6
EDX analysis of (3 +v) microstructure after 34 days of immersion in 3.5% NaCl.

Element Mass concentration (wt.%)

Matrix Zone 1 Zone 2
Cu 85.3 £ 0.1 97.0 £ 23 88.5+£52
Al 119 £ 0.1 04 +£0.2 55+ 3.5
0] 2.8 +0.1 25+21 56+ 1.6
Cl 0.1 £ 0.01 0.2 £ 0.01 0.7 £ 0.2

The variation in the topography of the sample surfaces at an
early stage was evaluated “in-situ” by AFM. Fig. 8 shows three
sequential images (50 wm x 50 wm) of a surface that has been
exposed to 3.5% NaCl for 30, 120 and 160 min. The image at the top
is a 3D view of topography data and the one at the bottom is the
phase image corresponding to each one. Phase image is the map-
ping 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
[26]. Consequently, the increase in contrast of the precipitates with
time of exposure (Fig. 8) could be related to the formation of a new
compound with a different composition.

After 34 days of immersion, localized corrosion occurs in the
precipitates zones (Fig. 9). The Al,03 film cannot be seen and
a different morphology deposit, with copper content as high as
97.0 wt.%, was identified by EDX (zone 1 in Table 6). This copper
rich layer appeared covering completely some of the precipitates
(Fig. 9a), while its presence could not be detected on others (Fig. 9a
and b). In those precipitates where the copper rich deposit seems to

Element Mass concentration (wt.%)
before immersion after immersion
Y2 Matrix Dark vy, (1) Partially dark vy, (2) Matrix (3)
Cu 84.4 + 09 883 + 04 45.8 + 5.0 748 £ 5.9 813 +£35
Al 15.6 £ 0.9 11.7 £ 04 17.8 £3.2 13.8+1.0 89+ 1.1
[0} 357 £ 84 9.9 +58 9.7 + 4.6
Cl 0.7 £0.2 0.3 +£0.1 02 +0.1
Table 5
Confocal micro-Raman vibrational data of surface species in the (3 ++y,) sample after 24 h of immersion in 3.5% NaCl (w: weak; m: middle; s: strong).
Frequency shift (cm~1)
Cu, 0 [22-24] CuO [22-24] CuCOs3-Cu(OH), [24] CuCl, [24] CuCl [24] Al 05 [24]
Matrix 146w, 220w, 644s, 786w, 880m 540w, 720w, 1012s 433w 290s
Dark 1y, 146w, 526w, 786w 342m, 720w 433w 290s 206s, 262s 620s
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Fig. 7. XRD patterns of the (3 ++v,) sample (a) before and (b) after 24 h of immersion in 3.5% NaCl. The last one was obtained at low incidence angle (3°).
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Fig. 8. In-situ AFM images in 3.5% NaCl of (3 +y2) microstructure for various immersion times. The 3D topography and the phase image for each time are shown.

have been detached, a porous product could be observed. This prod-
uct was impoverished in aluminium and contains O and Cl (zone 2
in Table 6). Small quantities of C were also detected by EDX in all
the analyzed zones.

The diffraction patterns of the specimen after 25 days of immer-
sion confirmed the existence of Al;03-H,0, Cu,0, CuO, malachite,
CuCl and CuCl; in the surface of the sample. Cu was also identified.

After 34 days of immersion the presence of CuO and Cu, and the
absence of Al,03 were confirmed (Fig. 10).

4. Discussion

The pseudoelastic behaviour of Cu-Al alloys strongly depends
on chemical composition and microstructure. The Cu-Al system

Fig. 9. (B ++y2) microstructure immersed for a period of 34 days in 3.5% NaCl (SEM).
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Fig. 10. XRD pattern of the (3 +,) sample after 25 days (a) and 34 days (b) of immersion in 3.5% NaCl obtained at low incidence angle (3°).

exhibits shape memory properties only in the range of 11-12 wt.%
Al approximately [18]. A decrease in the Al content results in an
increase of Ms of —71 K each 1 wt.% [10]. Regarding microstructure,
the influence of vy, precipitates on the martensitic transformation
of a Cu-11.41A1-0.50Be (wt.%) polycrystalline alloy has been previ-
ously studied [20]. It was shown that the increase in the precipitate
content (or size) deteriorates the pseudoelastic response and the
stress-induced martensitic transformation occurs at higher stress
levels respect to the single 3 phase microstructure. For application
of these alloys in bridges as passive dampers of seismic energy,
it is important to understand the effect of the marine environ-
ment on the alloy, and how it could influence on the pseudoelastic
behaviour. In the present work, a characterization of the corro-
sion products which form on the studied Cu-Al-Be alloy and their
evolution with exposure time was developed.

After 24h of immersion, a Cu,O/CuO surface film is formed
on the 3 matrix for both microstructures. Early investigations of
copper in chloride media have found that the initial corrosion prod-
uct of copper is cuprous chloride, CuCl, which reacts to produce
cuprous oxide, Cu;0, and the subsequent oxidation to CuO at higher
potential [8]. It was found that after long times of immersion, the
stable corrosion product was CuO and the presence of Cu,O was
not detected. The results also revealed that aluminium oxide was
present only at short times of immersion, and it was not found after
long times, which would indicate that its presence is not necessary
to assure the stability of the protective films.

The formation of the aluminium hydrated oxide/hydroxide
could be due to the complexation of aluminium by chloride, fol-
lowed by hydrolysis [4,7]:

Al + 4Cl~ - AICly~ +3e” (1)
AlC4~ +3H,0 — Al(OH)3 + 3H* +4Cl~ 2)

After long times ofimmersion, the single 3 phase microstructure
suffered localized corrosion in some regions but dealuminization is
generalized on the whole surface (Table 3). However, the 3 matrix
in the two phases microstructure remained almost unaltered, while
the vy, precipitates corroded preferentially (Table 6). As these pre-
cipitates have higher aluminium content, they will also have a
stronger tendency to preferential dealuminization. y, precipitates
would cathodically protect 3 matrix while undergoing a loss of alu-
minium by selective-dissolution. Although the matrix could display
a compositional profile close to the precipitates, localized corrosion
was not observed.

Since pseudoelastic behaviour is highly dependent on Al and
Be content in the matrix, dealloying should be avoided regarding
applications as passive dampers in corrosive environments. The
apparent beneficial effect of precipitates on the chemical stability of
the matrix should be characterized in greater depth. Unfortunately,

the presence of Be could not be detected by any of the experimental
techniques employed (EDX, XRD, and micro-Raman). However, it is
important to take into account that small changes in the Be content
of the matrix strongly modify the temperature Ms.

More work is needed in order to evaluate the effect of corro-
sion (dealloyed layers vs. preferential precipitates dissolution) on
the pseudoelastic behaviour of these alloys. Mechanical testing on
corroded samples is in progress.

5. Conclusions

The corrosion behaviour of a shape memory Cu-11.40AI-0.55Be
(wt.%) polycrystalline alloy in 3.5% NaCl has been characterized in
view of its application in bridges as seismic dampers. Samples with
two different microstructures were employed: single 3 phase and
[3 matrix with vy, dendritic precipitates. The following conclusions
can be drawn:

a) Chloride environment could produce a dealuminization attack
on the studied alloy.

b) The corrosion behaviour was affected by the alloy microstruc-
tural conditions.

¢) The single 3 phase microstructure suffered matrix dealloying
(aluminium preferential dissolution) on the whole surface, with
some zones where the localized corrosion attack was more
severe.

d) In the two-phase microstructure, preferential dissolution of -y,
dendritic precipitates occurred, which seems to protect [3 matrix
from dealloying.

e) For long exposure times only copper compounds were detected
in the corrosion products.

The present results highlight the need of a systematic study
on the effect of compositional profiles caused by dealloying in the
pseudoelastic behaviour in order to clarify the suitability of these
alloys for corrosive service.
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