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Abstract. In the present work, the corrosion behavior of the as-cast Cu-9Al-3Ag alloy, with shape memory, SMA,
and with tempering heat treatments at two temperatures, 400 and 600 °C, were studied. These treatments were
selected due to the austenite-martensite phase transition or vice versa. For this investigation, a 0.5 M NaCl
electrolyte was used. Micrographs using optical microscopy and scanning electron microscopy show the
martensite phase in the Cu-9AI-3Ag alloy, likewise, in the tempered samples the austenite-martensite phases were
also observed. For the evaluation of the corrosion behavior, the Tafel model was implemented, for whose curves
a potential of £200 mV was used from the Ecor. It was observed that the sample with SMA presented a good
resistance to corrosion, as well as the tempered samples, unlike the as-cast sample. Finally, impedance tests were
carried out using a frequency range of 100 kHz to 10 mHz and an amplitude of 10 mV, in order to observe the
resistances to the solution and to the charge transfer present in each one of the samples used.
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Resumen. En el presente trabajo se estudio el comportamiento de corrosion en la aleacion Cu-9Al-3Ag en estado
de colada, con memoria de forma en conjunto con tratamientos térmicos de revenido a temperaturas de 400 y
600 °C. Dichos tratamientos fueron seleccionados debido al cambio de transicion de fase austenita-martensita o
viceversa. Para esta investigacion se utilizo un electrolito a 0.5 M NaCl. Las micrografias mediante microscopia
optica y microscopia electronica de barrido muestran la fase martensita en la aleacion Cu-9AI1-3Ag, asi mismo, en
las muestras revenidas se puede observar las fases austenita-martensita. Para la evaluacion del comportamiento de
corrosion se implementaron las curvas de Tafel, en las cuales se utilizé un potencial de 200 mV a partir del Ecor.
Se observo que la muestra con SMA presento una buena resistencia a la corrosion al igual que las muestras
revenidas a diferencia de la muestra en estado de colada. Por ultimo, se realizaron pruebas de impedancia
utilizando un rango de frecuencia de 100 kHz a 10 mHz y una amplitud de 10 mV, con la finalidad de observar
las resistencias a la solucion y a la transferencia de carga presentes en cada una de las muestras utilizadas.
Palabras clave: Corrosion; tratamiento térmico; curvas de Tafel; impedancia; memoria de forma.
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Introduction

Shape memory alloys (SMA) or more generally materials have a singular response to heating, where
after that features a return to the original shape after being initially deformed. Historically, one of the ever-
present SMA is the material termed nitinol, a Ni-Ti alloy, which presents super plasticity effects, high ductility
and excellent corrosion resistance [1]. Other groups of alloys such as Fe-based and Cu-based alloys also present
the SMA characteristic, whereby being relatively newcomers, they have attracted attention to discover further
different applications [2].

Within the Cu-base group, the Cu-Zn-Al and Cu-Al-Ni [3] alloys stand out, because they display some
group peculiarities, such as: good physical properties, high thermal and electrical conductivity, as well as good
resistance to corrosion. A focus on the manufacture of the Cu-Al alloy began due to the uniqueness of SMA,
having as main reference the composition and heat treatment applied [4]. Said composition must be established
between 8 and 11% of Al [5,6], while heat treating must be carried out until obtaining the 8 equilibrium phase,
to perform later a rapid cooling to transform into the diffusion-less martensite phase [7]. The latter is considered
very important because if the cooling is not fast enough, the decomposition of § to (o + 1) will result, which
would imply the formation of pearlite instead of martensite [8], with the former being a constituent exhibiting
lesser hardness.

For a material to be considered SMA, it suffices to display only one cycle between the austenite and
martensite phases when subjected to temperature changes. Now, this was not the case in this paper, though the
experiments with the Ag-containing ternary Cu-base alloys, have been nearly completed and there will be a
paper comprising these findings. For the said cycle, the four temperatures that must be present are: the
temperature at which austenite begins As and the temperature at which the martensite forms A, austenite. On
the other hand, when cooling is carried out, the temperature at which M, martensite begins to form is considered,
and finally, the temperature at which there is only M, martensite [9,10].

The development of alloys with SMA is mainly influenced by the grain size, microstructure, texture
and orientation [11,12], which has allowed the manufacture of materials emerging from various sectors of the
industry such as medical implants, electrical connectors, fiber optic sensors, antennas for mobile phones, as
well as anti-corrosion protective layers [13,14]. However, the investigations involving the Cu-Al alloy system
have been poorly documented regarding the behavior of SMA in saline environments. This implies that the field
of interest extends principally to marine, although aerospace applications have turned wide users, or those where
a high resistance to corrosion is required. For this reason, various investigations have focused on adding a third
alloying element such as Mn, Ni, Be or Ag [15,16] that chiefly allow stabilizing the B phase increasing, however,
the fraction of martensite at room temperature.

Considering the above, this work focuses on showing the behavior of the alloy when exposed to a
corrosive medium, such as NaCl, considering the addition of silver as a third element in the binary Cu-Al alloy,
the which, according to the composition, displays the characteristic of having shape memory. Likewise, it seeks
to analyze the effect that it has mainly on the transition temperatures of the austenite-martensite phase, for
which tempering heat treatments have been applied at temperatures of 400 and 600 °C.

Experimental

Heat Treatments

The heat treatments were applied to three samples received in the cast state and were carried out in a
Thermos Scientific Thermolyne model muffle at a temperature of 900 °C for a period of 120 minutes. After,
the samples were quenched using water at room temperature as a cooling medium. Subsequently, the tempering
treatment was carried out on two of the three samples using temperatures of 400 and 600 °C for each sample,
for a period of 120 minutes. Likewise, water at room temperature was used again as a cooling medium. As with
the case of NaCl, considering the addition of silver as a third element in the Cu-Al binary alloy, presents the
characteristic of having shape memory. Similarly, this work seeks to analyze the effect that it has mainly on the
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transition temperatures of the austenite-martensite phase, for which tempering heat treatments have been
applied at temperatures of 400 and 600 °C.

Metallography

Conventional metallography surface preparation was used for the four samples, grinding them first
over SiC (Buehler) in the grit range: 80 up to 1200. Polishing followed by means of a polisher (Buehler, EcoMet
30), MicroCloth® PSA cloth, and 0.3 um alumina (Buehler, MicroPolishTM II), using a disk rotation of 250
rpm, concluding once a mirror finish was attained in each one of the samples. Finally, to reveal the
microstructures, a reagent consisting of 150 ml ethyl alcohol (Sigma-Aldrich, 95 %), 25 ml HCI (Baker ACS,
36.5—-38 %), and 10 g FeCl; (Sigma-Aldrich, 97 %).

Electrochemical experiments

Prior to running electrochemical experiments, the samples were immersed for about 15 minutes in the
electrolyte. For the measurement of the Tafel curves, as well as for the impedance tests, the Solartron Modulab
XM-MTS equipment was used together with a conventional three-electrode glass cell and 0.5 M NaCl as
electrolyte solution. The electrodes consisted of Ag/AgCl, 3 M KCIl (Sigma-Aldrich) as reference electrode, a
graphite rod as counter electrode with a larger area than the working electrode, and as working electrodes the 4
samples used with a surface area of 1.5 cm?. For the polarization curves, a potential of =200 mV (vs Ag/AgCl)
was used with respect to the open circuit potential (OCP) obtained in each sample and 10 mVs™! as potential
scan rate. Finally, the impedance tests were performed using a frequency range of 100 kHz to 10 mHz, an
amplitude of 10 mV, and 10 points per decade.

Microstructural examination

The microstructures of the worked samples were studied at low magnifications by optical microscopy
(OM) using the Zeiss Axio Vert metallographic microscope. Likewise, they were also examined by scanning
electron microscopy (SEM), by means of a ZEISS Supra 55VP equipment in the secondary electron imaging
mode, coupled with an Energy Dispersive X-ray (EDX) detector.

Results and discussion

Microstructure

Fig. 1 shows the microstructure of the Cu-9AIl-3Ag alloy in the as-cast state. Fig. 1(a) exhibits a
microstructure reveals the grossest Cu-rich o phase grains that was the first constituent to be formed, hence,
also it depletes the neighboring regions of aluminum with dendritic morphology resulting after solidification;
the light-looking crystals represent the grains corresponding to the copper-rich a phase [17], while the dark
interdendritic phase is related to a matrix containing CuAl, belonging to the B phase. Note that this is a rather
coarse set of microstructural constituents, mostly present in elongated crystals. Likewise, due to slow cooling,
which is not quite the case, the pro-eutectoid phase (o + yi) may appear [18]. It is observed that the dendritic
grains present an elongated and uniformly distributed morphology. On the other hand, Fig. 1(b) represents a
closer view of the the CuAl matrix by means of SEM. In this case, the CuAl matrix, belonging to the B phase,
displays with greater detail a certain degree of roughness. There is formation of acicular structures although
they do not pervade through the area, which may be indicative of a mixture of o + 3 phases.
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Signal A = SE2
WD = 8.1 mm Mag= 500X

F i. 1. Mférdstructuré of the as-cast alloy sample, (a) at 25x by means of OM and (b) using SEM.

Further, Fig 2 (a) and (b) show the martensitic morphology that results from quenching, the amount
of martensite was estimated from the Cu-Al phase diagram with the wt% data provided by EDX spectra
recorded at 900 °C, this was 80%. Both micrographs reveal the formation of grain boundaries, which limit
equiaxed grains within which the needles proper of the martensitic structures [19] appear to predominate the
area under observation. According to Alaneme et al. [20], depending on the aluminum content, two types of
martensitic transformation can occur, 6 M when the Al content is greater than 16 wt% and 2M when the content
is lower. In this case, since the Al content is 9 wt%, the type of martensite corresponds to the 2M transformation
with structure Face Centered Cubic (FCC).

Signal A » SE2

S| Mag= 1.00KX

Fig. 2. icrostructureof the SAM aloy of Cu-Al, (a) observed at 25x by means of OM and (b) through SEM.

In order to be able to determine the morphologies present in the Cu-9Al-3Ag alloy after having
obtained the martensitic structure, a tempering treatment was applied at working temperatures of 400 and
600 °C. Fig. 3(a) shows some clearer grain boundaries, unlike those presented in Fig. 2(a). Likewise, the
appearance of small globules is shown, which could be an indication of the coexistence of the o + B phases,
which is in accordance with the composition of the EDX analysis and the Cu-Al [21] diagram, the predominant
phase is a. On the other hand, Fig. 3(b) portrays the appearance of small Ag-rich precipitates [22] highlighted
as light-colored globules.
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Fig. 3. Microstructure of the quenched and tempered sample at 400 °C, (a) observed at 25x through OM (b) by
SEM and (¢) EDX was recorded on over an silver particle.

The quenching and tempering heat treatments show clearly that the whitish silver precipitates have
elongated slightly at random places of the microstructure. After the treatment at about 400 °C, Fig 3(b), the
silver globules appear to be more homogeneous in size, dispersing themselves mostly in the intergranular
regions. To corroborate the compositions of the silver particles Fig. 3(c), presents the EDX spectrum taken over
selected silver particles such that this suggests segregation of the metal in diverse-shaped fragments.

Unlike Fig. 3, when the sample with SMA is tempered at a temperature of 600 °C, Fig. 4, it can be
seen that the o phase begins to cover more area while the martensite begins to decrease. This can be verified in
Fig. 4(b), where the formation of elongated grains can be seen overlapping some traces of martensite [23].
Likewise, it is evident that the appearance of Ag-rich precipitates identified as white dots, are distributed
homogeneously mainly over the grain boundaries. The voids mentioned that now appear solely in Fig 4(b) used
to be occupied by small silver globules interspersed among the grains structure, that resulted from segregation
after quench and tempering heat treatments at 600 °C.
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EHT = 15.00 kv
WD =10.7 mm

Fig. 5 shows the EDX analyzes performed on each of the treated samples. Fig. 5(a) — 5(d) were taken
over the entire SEM images. It is notable how the composition changes slightly with respect to the heat
treatments applied, especially what concerns to Ag. As mentioned above, the addition of alloying elements to
binary systems will provide substantial benefits [24] that will be reflected in some of the properties, whether
physical, mechanical, among others. For this reason, Adorno et al. [25], investigated the effect of Ag on Cu-Al
alloys, determining that Ag changes the characteristics of the martensitic transformation, stabilizing it at room
temperature. Additionally, there is formation of Ag-rich phases.

Chemical composition (wt%)
Cu Al Ag
87.49 94 3.11

Chemical composition (wt%)
Cu Al Ag
88.22 9.69 2.09

1 2 3 4
Ful Scale 15324 cts Cursor: 0.000

Chemical composition (wt%)
Cu Al Ag
87.82 8.76 3.42

Chemical composition (wt%)
Cu Al Ag
88.47 8.02 3.51

4 6
ull Scale 48974 cte Cursor: 0.000 keV| Ful Scale 15619 cts Cursor: 0.000

Fig. 5. EDX analysis of a samples (a) As-cast, (b) SMA, (¢) Tempering 400 °C and (d) Tempering 600 °C.
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Polarization curves

Fig. 6 shows the polarization behavior of the samples worked, with and without heat treatment. It is
observed that the potentials (see Table 1) of the samples tempered at 400 and 600 °C are very likely and
negative, unlike those obtained in the as-cast sample and with SMA in which positive potentials were obtained.
Likewise, it is evident that the cathodic branches for all the samples are in very similar ranges while the anodic
slopes vary significantly; this could be due to an irreversible dissolution of the material associated to a change
in roughness of the present surface. On the other hand, the current densities for all materials present significant
changes.

0.25
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Fig. 6. Tafel plots, recorded at a potential of = 200 mV from Ecor for each of the samples treated.

Table 1. Anodic B, and cathodic . slopes of the Tafel plots done.

Samples Ba (mV/dec) | Bc (mV/dec) | Ecorr (MV) | jeorr (RA/cm?)
As-cast 80 -332 29.2 7.1
SMA 86 -190 81 13.1
Tempering 600 °C 82 -179 -4 10.4
Tempering 400 °C 75 -228 -7.7 4.6

Table 1 shows that the SMA sample exhibits the largest corrosion potential, Ecor, and the greatest
corrosion current density, jeor. But after tempering the sample at 600 °C, the corrosion potential diminishes
down to negative values along with the magnitude of the current density. Whereas at 400 °C, the tempering
treatment has quite a similar effect insofar as the Ecor diminishes significantly in conjunction with the, jeorr. In
addition, it is observed that both anodic and cathodic Tafel slopes present values within the ranges reported for
Cu-Al base alloys [4] in conjunction with a third alloying element such as Be [26], Mn, Zn and Zr [27].

Further, the alloy with shape memory developed the greatest Ecor, followed by the as-cast simple.
Alike the tempering treatments at 600 and 400 °C these reduced their corrosion potential till reaching negative
values that strongly suggests a common behavior to ternary alloys that bear the presence of a relatively compact,
outer layer capable of providing good continuity of coverage, notable compactness and substrate-adherence that
seem competitive with other thicker aluminum-containing surface oxide/hydroxide films [28]. The silver
particles that may be distributed over the surface altering the high embossment insufficiently to rupture the
covering alumina surface blanket. Tempering at 400 °C is assumed to be the beneficial treatment.
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Electrochemical impedance spectroscopy

Fig. 7 illustrates the electrochemical impedance results using Nyquist and Bode diagrams, parts a) and
b) respectively, for each of the samples that were immersed in a 0.5 M NaCl solution. Likewise, in part a) the
Electrical Equivalent Circuit (EEC) used to fit it to the data obtained is shown. The following elements stand
out as part of the EEC: R, resistance of the NaCl solution; R, resistance to charge transfer; Q, constant phase
capacitance; W, Warburg [29,30].

From the Nyquist diagram it can be seen that the size of the semicircles is similar, except for the sample
tempered at 400 °C, which presents the largest semicircle. This may be an indication that there is greater
resistance to corrosion and may be attributed to a finer distribution of Ag in the alloy, including that of Ag-rich
precipitates. However, when considering the Bode diagram, it is observed that the sample tempered at 400 °C
has an angle greater than the previous one and close to 65°, indicating good corrosion resistance.

7
200 O As-cast Cy ¢
22504 © SMA R,
. NaCl
£ Tempering 400 °C ) 'M-I__/\h,E\,:I' WE
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Fig. 7. Results of EIS of the alloy samples with and without heat treatment immersed in a 0.5 M NaCl solution
at ambient temperature. (a) Nyquist and (b) Bode.

The results obtained from the circuit used are shown in Table 2, where an increase in R for the heat-
treated samples becomes apparent, which means that the phases present have a protective role in the alloy. On the
other hand, the effective capacitance values, C,;, are also indicated, which were calculated from the formula used
by Sharma et al. [30], where it mentions that these values are associated with the Helmholtz equation and stipulates
that the capacitance decreases due to the formation of a layer that reduces the corrosion area. This indicates that
the sample treated at 400 °C, having the lowest C,rand the highest R, is the least predisposed to be corroded,
which can be verified with the Tafel curves where the lowest corrosion current density was obtained.

Table 2. Parameters of the EEC used for the samples with and without heat treatment.

Rs Q, Yo Ret i, Cet Warburg, Yo
smples Q cm? lesgc: c!nzlz ’ pF em? | S-sec®s x10°5
As-cast 59 36.8 | 971.9 0.7 236.8 746.1
SMA 12.1 19.7 | 1028 0.7 99.4 356.4
Tempering 600 °C 10 259 | 1052 0.7 148.4 285.8
Tempering 400 °C | 11.4 11.2 1446 0.8 71.1 347

*Dimensionless constant phase element exponent.
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Conclusions

This research focused on the effect of the quenching and tempering heat treatments on as-cast binary
sample, to determine the behavior when exposed to a saline environment. As a result, a martensitic
microstructure was obtained, which allows the alloy to display shape memory. On the other hand, the tempering
treatments at 600 and 400 °C respectively, gave rise to notable morphology changes. It should be underlined
that there was formation of fine silver particles that were evident at 400 °C and examined by means of EDX
point analysis, corroborating the presence of elemental silver. From the Tafel curves, a decrease in the corrosion
current density occurred together with the corrosion potential of the tempered sample indicating that the said
temperature also meant diminishment of the corrosion process. This same effect was shown in the
electrochemical impedance tests where the resistance to charge transfer increased, having the maximum value
in the sample treated at 400 °C, while the effective capacitance showed the minimum value at said temperature,
indicating the formation of a layer on the sample that decreases the area of corrosion.

On the other hand, the Randles circuit used showed a good fit in all the samples, evidencing that the
sample with the largest semicircle corresponds to the tempering at 400 °C. Additionally, the Bode plot shows
that the phase angle is resistive at high frequencies because the angles are slightly higher than 0°. While at
medium frequencies, approximately, the tempered sample reaches an angle close to 65°. As a general
conclusion, it is determined that the optimal tempering temperature that can be applied to this alloy is 400 °C
since, for the purposes of corrosion rates in saline media, such as NaCl, it is the one that provides the best
results.
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