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Effects of Mn Additions on the Structure, Mechanical
Properties, and Corrosion Behavior of Cu-Al-Ni Shape
Memory Alloys

Safaa N. Saud, E. Hamzah, T. Abubakar, H.R. Bakhsheshi-Rad, Mohd Zamri, and Masaki Tanemura

(Submitted April 3, 2014, in revised form May 22, 2014, published online July 8, 2014)

The influences of different amount (0.4, 0.7, and 1 wt.%) of Mn addition on the structure, mechanical
properties, and corrosion behavior of Cu-Al-Ni shape memory alloys have been studied using differential
scanning calorimetry, field emission scanning electron microscopy, transmission electron microscopy, x-ray
diffraction, tensile test, shape memory effect test, hardness test, and electrochemical test. It was observed
that the transformation temperatures, microstructural characteristics, and mechanical properties are
highly sensitive to the composition variations. The obtained results show that the transformation temper-
atures and mechanical properties of Cu-Al-Ni SMAs exhibited the best results with 0.7 wt.% of Mn
addition. These kinds of enhancements are mainly due to the type, amount, and morphology of the mar-
tensite phase, including the grain refinement. The result of electrochemical test showed that an increment in
Mn content up to 0.7 wt.% improved the corrosion resistance of Cu-Al-Ni SMA. However, further increase
of Mn content decreases the corrosion resistance of the alloy.

Keywords corrosion, martensitic transformation, microalloying,
shape memory alloys, shape memory effects

1. Introduction

Cu-based shape memory alloys (SMAs) have attracted lots of
interests from scientists and researchers in order to be utilized in
many practical applications (Ref 1), due to their wide-ranging
transformation temperatures, inexpensive, and easy to produce.
Among the Cu-based alloys, Cu-Al-Ni SMAs are the most used
alloys, and in particular whenever high temperatures are
required. Therefore, they are assigned to their high transforma-
tion temperatures that are able to work at near to 200 °C (Ref2),
which are usually difficult for Cu-Zn-Al, Cu-Al-Be, Cu-Al-Mn,
and NiTi alloys (Ref 3-6), whose maximum temperatures are
around 100 °C (Ref 7). The shape memory effect of these alloys
is able to display at a specific composition of about 11-14 wt.%
for aluminum and 3-5 wt.% for nickel. Additionally, to control/
slow down the diffusivity of Cu and Al, nickel was added.
However, this addition may result in suppressing the decompo-
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sition of the B-phase during the cooling process (Ref 8). There
are some ordered structures formed from the transformation of
A2 type disordered in the Cu-based SMAs during the quenching
process from high temperatures. Further cooling may transfer
these types of ordered structures into various well-known
structures, namely, 6R, 18R, and 2H; where the R and H refer to
rhombohedral and hexagonal structures, respectively. For Cu-
Al-Ni SMAs, two martensite structures typically produced are,
2H (v’;) and 18R (B’}), which are thermally induced martensite
(Ref 9). The formation of these structures is affected by Al and
Ni compositions, along with the heat treatment. Throughout the
cooling treatment, and also at a low content of Al, the martensite
formed is ', while y’, is formed at an elevated amount of Al
Each of these structures has a different transformation feature,
and the difference between their hysteresis temperatures is about
20 °C (Ref 10-12). From this perspective, the amount of Al in
these types of alloys has a considerable influence on the
structure, along with effects on the properties. While Cu-Al-Ni
SMAs have a high transformation temperature and better
thermal stability, their applications are limited as a consequence
of their low workability and is expected to produce a brittle
intergranular crack (Ref 13), which could be a result of an
extreme elastic anisotropy and large grain size. Consequently,
the mechanical properties are reduced, and contribute to form a
higher order degree in the parent phase with a different structure
(B2, Dos, and/or L2;). To overcome the problems, two ways
have been identified by several researchers: (a) adding the
alloying elements and (b) heat treatment (Ref 14-18), by which
they are able to control grain size and consequently having an
effect on the mechanical properties (Ref 7, 19). Adachi (Ref 20)
revealed that the Ti-doped in Cu-Al-Ni SMA reduced the grain
size and leads to enhancing the mechanical properties, while
Morris (Ref 15) refers in his study to the fact that the addition of
boron and zirconium can lead to an improvement in the
mechanical properties.
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In this paper, various additions of Mn were added to
investigate their effects on the microstructures, mechanical
properties, and corrosion characteristic of Cu-11.9 wt.%
Al-4 wt.% Ni SMA. The materials were characterized by using
a differential scanning calorimeter (DSC), field emission
scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), energy dispersive spectroscopy (EDS), and
x-ray diffraction (XRD) analysis. Mechanical tests were
performed on the materials included a tensile test, a shape
memory test, Vicker’s hardness test, and electrochemical test.

2. Materials and Methods

2.1 Materials Preparation

The alloys were produced by melting the high purity metals
of Cu, Al, Ni, and Mn, using an induction furnace. These
metals were melted in a silicon carbide crucible at a temper-
ature of about 1300 °C with continuous stirring and were then
poured into a cast iron mold with dimensions of 270 mm x 50
mm x 20 mm. The ingot was cut into the required sample
dimensions using Electrical discharge machining wire (EDM)
and then homogenized at 900 °C for 30 min, followed by
quenching in water, which led to the formation of martensite.
The chemical composition analysis for the as-cast Cu-Al-Ni-
xMn SMAs (x =0, 0.4, 0.7, 1 wt.%) was investigated using
inductively coupled plasma mass spectrometry (ICP-MS).
These results are shown in Table 1.

2.2 Materials Characterization

Flat specimens were cut from the samples with dimensions
of 10 mm x 10 mm x 2 mm for the microstructural (FE-SEM
and EDS) and XRD characteristics. TEM (a JEM2010 operated
at 200 kV) was also used to investigate the microstructural
changes. Filings of the alloys removed were about 2-6 mg and
were taken for the DSC measurements (a Mettler Toledo DSC
822e) with a scanning rate of 10 °C/min within the 50-300 °C
range. The phase identifications and crystal structure determi-
nations were carried out using a DS5000 Siemens x-ray
diffractometer fitted with a CuKa x-ray source with a locked
couple mode, a 26 range of between 30° and 60°, and a 0.05°/s
scanning step. The quenched samples were ground and
polished, then etched in a solution containing 2.5 g ferric
chloride (FeCl3-:6H,0) and 48 mL methanol (CH30H) in
10 mL HCI for 4 min (Ref 10, 21, 22).

2.3 Mechanical Tests

2.3.1 Tensile and Hardness Tests. The tensile test was
performed using an Instron 5982-type universal testing
machine operated at a constant strain rate of 0.1 mm/min.

Table 1 Chemical compositions of the alloys (mass
fraction, wt.%)

Alloy Cu Al Ni Mn
1 84.1 11.9 4 .

2 83.7 11.9 4 0.4

3 83.4 11.9 4 0.7

4 83.1 11.9 4 1
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The tests were carried out at room temperature until a failure.
The fracture stress-strain was determined under the tensile load,
and the fracture surface was examined using Scanning electron
microscopy (SEM). The purpose of this test was to determine
the elastic and plastic region before performing the shape
memory effect test. Vicker’s microhardness test with 10 kg for
25 s was performed to measure the hardness of these alloys.

2.3.2 Shape Memory Effect Test. The shape memory
effect test was carried out using a specially designed machine,
which consists of an Instron 5982-type universal testing
machine, equipped with a heater tape and digital thermocouple
to control the applied temperature, as well as an external
extensometer to measure the shape extension and recovery. The
tests were carried out at a temperature below A, (austenite start
temperature), which was about 100 °C, where the alloys would
be able to obtain shape recovery. Then, the deformed sample
that still had an unrecoverable shape was subsequently heated
above the austenite finish temperature (4¢ + 60 °C) for 10 min,
followed by water quench to recover the residual strain (g,).
The recovered shape was attributed to the transformation of the
detwinned martensite to the austenite phase, which had been
termed as a transformation strain (&'). After the cooling process,
the martensite was again formed into a self-accommodated
structure.

2.3.3 Electrochemical Test. Rectangular specimens with
a surface area of 1 cm? were molded into epoxy resin for
electrochemical tests. The test was conducted at 20 °C in the
open air in a glass cell containing 350 ml of 3.5% NaCl
solution by using a PARSTAT 2263 potentiostat/galvanostat
(Princeton Applied Research). A three-electrode cell was used
for potentiodynamic polarization tests, where the reference
electrode was a saturated calomel electrode (SCE), the counter
electrode was made of graphite rod, and the specimen was the
working electrode. All experiments were carried out at a
constant scan rate of 0.5 mV/s initiated at —250 mVgcg below
the open circuit potential. This fitting is inherently difficult, but
the software has the ability to allow manual control. Tafel
fittings were generally carried out by selecting a segment of the
curve from E.y Vscg, and i Was subsequently estimated
from the value where the fit intercepted the potential value of
the true E.or Vsce (Ref 23). Each experiment was repeated
twice to check the reproducibility of the results. All potentials
were referred to the SCE.

3. Results and Discussion

3.1 Transformation Temperatures

The phase transformation characteristics of the Cu-Al-Ni
SMAs with and without Mn addition have been determined by
DSC, and the data are tabulated in Table 2. Figure 1 shows the
DSC heating and cooling curves of the alloys, whereas the
results of both curves are not statistically verified. The forward
transformation curve exhibited a single peak that refers to the
martensite-austenite transformation. While, the backward trans-
formation curve exhibited multi-peaks, which starts with a very
smooth low temperature peak, then followed by a high
temperature peak. These multi-peaks are due to the interface
transformation. On the other hand, the DSC curves obtained for
alloys with the Mn addition, the transformation temperatures
were shifted toward high temperatures and reached to the
maximum values for 0.7 wt.% Mn alloy.
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However, higher amount of Mn, i.e., around 1 wt.%, leads
to decrease in the transformation temperatures. The transfor-
mation temperature variation is mainly attributed to the type
and morphology of the martensite phase, as well as the order
and stabilizes degree of y/] (Ref 21). Based on these results, it
has been proven that the Mn additions have strong influences
on the transformation temperatures of Cu-Al-Ni SMA, and
these influences are due to the high sensitivity of these alloys to
the changes in the alloying compositions.

Based on the thermodynamic calculation, the equilibrium
temperature, 7;,, between the parent phase and martensite phase
is obtained when the Gibbs free energy (G) of both phases are
equalized. Based on the following relations, the 7, was
calculated as

AGM(T,) = GY(T,) — GM(T,) = (H* — T,8%)
— (H" = T,8M) = AHM =4 — T,ASM 4
(Eq 1)
Or
AGM(T,) = GM(T,) — GN(T,) = (H" — T,S")
— (H* = T,8") = AHA=Y — T A5~
(Eq 2)

In addition to T, for the alloy, when the
AGM=4(T,) and AG*~M(T,) =0 at T=T, is expressed as
(Ref 24, 25)

AHM A AHA—M
Io= ASM—A ASA—M

The equilibrium temperature between the austenite and mar-
tensite phase transformation can be expressed as

or T,= (Eq 3)

T, = 5 (M + A1) (Eq 4)
The T, is calculated before and after the addition and tabulated
in Table 2. It was found that the maximum value of 7, was ob-
served with Cu-Al-Ni-0.7 wt.% Mn. Moreover, the thermody-
namic parameters of forward and reverse transformation are
calculated and indicated in Table 3. The enthalpy (AH) and en-
tropy (AS) of both transformations are tending to decreased
with increasing the amount of Mn. As the thermal stability is
inversely proportional to the enthalpy, it was found that the
higher martensite thermal stability is obtained with Cu-Al-Ni-
Iwt. % Mn, which may relate to the amount of precipitates,
behavior, and the morphology of the martensite phase.

3.2 Microstructural Changes

In order to investigate the effect of Mn addition on the
microstructural characteristics, FESEM and TEM were used.

Figure 2(a)-(d) shows the micrographs of Cu-Al-Ni SMAs with
and without the addition of Mn. It was found that all the
microstructures obtained are in martensite state at the room
temperature with two different morphologies: needles and
plates. These morphologies are referred to as two types of
thermal induced martensite: B} and 7| phases, whereas the v,
formed as a coarse variants/plates, while the Bformed as a
small needles between the y'lplates. The small needles of the 3
martensite have very high thermoelastic behavior, which can be
attributed to their controlled growth in the self-accommodating
groups. However, the micrographs showed a self-accommoda-
tion martensite plates, whereas the nucleation and growing of
these plates were performed at different sites. The growth
process of the martensite involves the accommodation of the
local stress field, which requires formation of other plates
groups (Ref 21). On the other hand, the orientations and the
thickness of the needles and plates groups varied in accordance
to the Mn percentage additions, whereas the thickness of
Yiplates is gradually increased after Mn is added. The
orientations of the martensite plates group are parallel both
horizontal and vertical. The average grain size exhibits a
significant difference among the alloys, whereas the grain size
of the base alloy (Cu-Al-Ni) was around 1400 pm and
decreases to 600, 300, and 450 pum for 0.4, 0.7, and 1 wt.%
Mn, respectively. In other words, the grain size decreased to
about 80% due to the Mn addition. Others researchers have
shown that the grain size of the Cu-Al-Ni SMA can vary
between 1 and 3 mm (Ref 26). This study proved that the
addition of Mn affects the grain size and thus has the influence
on the mechanical properties of the alloys. However, the phase
analysis performed using the EDS, which has indicated the
amount of Mn in both phase y;” and fB}is shown in Fig. 2(e)
(point 1 and 2).

Figure 2(f) shows the XRD results of the Cu-Al-Ni SMA
with and without Mn additions. As can be seen that the
modified alloys (Cu-Al-Ni-0.4 wt.% Mn, Cu-Al-Ni-0.7 wt.%
Mn, and Cu-Al-Ni-1 wt.% Mn) have almost the same patterns
of the base alloy (Cu-Al-Ni). However, it is found that the
patterns peaks were shifted toward higher angle along with
variations in their shape and intensity values after the Mn
addition. On the other hand, the diffraction patterns of the
alloys with and without additions have confirmed the existence
of two metastable phases, v; and B! . The diffraction patterns of
the base alloy are (122), (0018), (128), (1210), (2010), (208),
(211), (040), (320), and (311), which indicate the presence of
B} martensite phase, while (200), (202), and (440) indicates the
presence of the y; martensite phase.

When the 0.4 wt.% of Mn is added, the peaks are shifted
toward higher angle, and their intensity values increased; thus,
the crystallite size increased as shown in Table 4. In addition,
there are two peaks observed after the addition of Mn, i.e.,
(211) and (320), which are associated with B} phase. With

Table 2 Transformation temperature of Cu-Al-Ni SMA with and without Mn additions

Transformation temperatures

Alloy A, K A K M, K My, K T, K
Cu-Al-Ni 504.76 515.14 503.98 496.94 509.56
Cu-Al-Ni-0.4wt.% Mn 515 524 512.59 505.9 518.295
Cu-Al-Ni-0.7wt.% Mn 5226 531.99 520.59 512.89 526.29
Cu-Al-Ni-1wt.% Mn 513 522 511.58 504 516.79
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Fig. 1 DSC curves of the Cu-Al-Ni SMA with different percentage of Mn addition: (a) heating, (b) cooling

Table 3 Thermodynamic parameters of Cu-Al-Ni SMA with and without Mn additions

AllOy AIiforwzufdy J/g AIireverse’ J/g Asfurward’ J/kg K ASreversea J/kg K
Cu-Al-Ni 1.94 3.82 2.79
Cu-Al-Ni-0.4wt.% Mn 1.46 2.81 1.72
Cu-Al-Ni-0.7wt.% Mn 1.7 3.23 2.47
Cu-Al-Ni-1wt.% Mn 1.42 2.83 1.62

further increase of Mn percentage to 0.7 wt.%, the peaks tend
to shift toward higher angle with a decrease in the intensity
values; therefore, the crystallite size becomes smaller compared
with Cu-AI-Ni-0.4 wt.% Mn. When the amount of Mn is
increased to 1 wt.%, the peaks positions and intensities were
also shifted.

The lattice parameters and crystallite size of the Cu-Al-Ni
SMA with and without the addition of Mn are determined from
the XRD patterns and tabulated in Table 4. The lattice
parameters were evaluated in accordance with orthorhombic
18R structure in which has been proven by the XRD results.
The lattice parameters were determined using the following
relation (Ref 27):

1 1] " ol P 2hlcos B

i R I R b -
a?  a? |:Sll‘12 B} p 2 Lmz [3] acsin’® B
The ratio of a/b is also calculated and indicated in Table 4,
where this ratio for the base alloy and modified alloys is less
than \/3/2in ordered case due to the atomic sizes of the con-
stituent atoms of the 18R martensite (Ref 28, 29). The phases
in XRD have a monoclinic structure depending on the
obtained results, which it is similar to other works done ear-
lier (Ref 30, 31). Although the XRD results show similar
characteristics, but there are some of the diffraction peaks
slightly shifted due to the addition of Mn. One of the most
important factors that has a significant effect on the martens-
itic transformation is the structure ordering (Ref 31, 32).

In Cu-based SMA, the martensitic transformation in B-phase
is evaluated according to (110)g planes of the austenite phase,
which is known as a basal plane for the martensite phase
(Ref 33). The basal plane in the original case has a rectangular
structure with a DO3/L2; order, and during the martensite
transformation, it transforms to hexagonal structure corre-
sponding with a hexagonal distortion (Ref 31, 33). In general,

(Eq5)
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the equilibrium phases of the Cu-Al-Ni SMA are formed from
o, B, and y phases. With alloying, some of the atomic migration
may have occurred and thus would allow precipitation of any of
the aforementioned phases. This diffusion processes are mainly
controlled by the chemical compositions of the austenite phases
and would be important for this study, since we have varied the
composition of the addition element. Based on this phenom-
enon, the reason for phase transformation behavior variations
may be explained. The crystallite size can be determined by
Scherrer equation (Ref 34, 35) as follows :

L 0.9 % (X)
Crysallite size(d) = Broosd’ (Eq 6)
where A is the XRD wavelength, B is the full width at half
maximum, and 0 is the Bragg’s angle. However, it has been
indicated that the crystallite size tends to decrease with
increase the Mn addition.

Figure 3 shows the TEM images, HRTEM, and selected
area diffraction of the Cu-Al-Ni SMAs with and without Mn
additions. Figure 3(a) shows that the martensite is clearly
formed in two morphologies; coarse variants of y'l and plates
groups of B, where these plates constitute from a twinned
martensite laths and self-accommodation variants. Figure 3(b)
shows the lattice fringes of both martensites; in addition, these
fringes are oriented in different directions in accordance with
the type of martensite phase. However, the analysis of the area
diffraction patterns shows that the stacking sequence of the
formed martensite is a monoclinic structure as shown in
Fig. 3(c). When Mn is added, the morphology of the martensite
phase changed, and the lattice fringes varied in term of
d-spacing and orientation, and these variations can explain the
occurrence of the shifting in the XRD peaks (Fig. 2f). The
stacking sequence of martensite is also shown a monoclinic
structure along with different positions of the peaks as indicated
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Fig. 2 FESEM micrographs of the Cu-Al-Ni SMA with different concentrations of Mn additions: (a) Cu-Al-Ni, (b) Cu-Al-Ni-0.4 wt.% Mn,
(c¢) Cu-Al-Ni-0.7 wt.% Mn, (d) Cu-Al-Ni-1 wt.% Mn, (e) EDS analysis of the Cu-Al-Ni-0.7 wt.% Mn of Spectrum 1 and Spectrum 2, (f) x-ray

diffraction pattern

Table 4 Crystallite size and lattice parameters of Cu-Al-Ni SMA with and without additions of Mn

Alloy a, A b, A c, A alb [ Crystallite size, nm
Cu-Al-Ni 4.425 5.250 38.055 0.842 89.905 25.5
Cu-Al-Ni-0.4wt.% Mn 4.428 5.272 38.046 0.839 90.383 21.8
Cu-Al-Ni-0.7wt.% Mn 4421 5.256 37.925 0.841 90.299 17.2
Cu-Al-Ni-1wt.% Mn 4.428 5.252 38.043 0.843 90.112 20.6
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from Fig. 3(d)-(i). In addition, these peaks distributed in an
orbital zone around the [000].

3.3 Mechanical Properties

3.3.1 Tensile and Hardness Test. Figure 4 shows the
stress-strain curve obtained at room temperature with constant
strain of 0.1 mm/min. The measured values from the stress-
strain curves are given in Table 5. The Cu-Al-Ni with different
percentage additions of Mn exhibited a classical feature of
SMAs through obtaining a distinct elastic region followed by a
linear plastic deformation region, as shown from the o-& curves
in Fig. 4. The generation of plastic regions is mainly attributed
to the induced martensite-martensite deformation region and
the reorientation of the martensite detwinning/variants.

On the other hand, the fracture stress-strain of the base alloy
shows a significant difference with the rest of alloys. The
modified alloys show considerably higher fracture stress and
strain than the base alloy; in other words, the ductility of the

alloys with the Mn additions is improved from about 1.6 to
3.6%, which is almost twice than the base alloy. The increase in
ductility with the addition of the Mn element may be attributed
to the significant microstructural changes and the grain
refinement associated with a decrease in the degree of order
of the alloys (Ref 36).

Figure 4 shows the fracture surfaces of the Cu-Al-Ni SMAs
with and without the Mn additions. Base alloy exhibited a
typical characteristic of brittle fractures as shown in Fig. 4(a).
Cu-Al-Ni alloy with 0.4 wt.% of Mn demonstrated an inter-
granular fracture along with a very small transgranular fracture,
as shown in Fig. 4(b). While Cu-Al-Ni alloy with 0.7 and
1 wt.% Mn alloys shows a mixed mode of transgranular and
intergranular fractures, producing a significant increase in the
value of ductility compared with 0.4 wt.% Mn addition, as
shown in Fig. 4(c) and (d). The increase in ductility is due to
the reduction in grain size which occurred after Mn additions.
The fracture mode of 0.7 and 1 wt.% Mn alloys is in agreement
with the behavior of the stress-strain (Fig. 4). The large grain

Fig. 3 TEM images corresponding with selected area diffraction patterns of Cu-Al-Ni, Cu-Al-Ni-0.7wt.% Mn, and Cu-Al-Ni-1 wt.% Mn:
(a) Bright field of TEM image of Cu-Al-Ni alloy, (b) HRTEM image of the Cu-Al-Ni alloy, (c) SADP of the Cu-Al-Ni alloy, (d) Bright field of
TEM image of Cu-Al-Ni-0.7Mn alloy, (¢) HRTEM image of the Cu-Al-Ni-0.7 wt.% Mn alloy, (f) SADP of the Cu-Al-Ni-0.7 wt.% Mn alloy,
(g) Bright field of TEM image of Cu-Al-Ni-1 wt.% Mn alloy, (h) HRTEM image of the Cu-Al-Ni-1 wt.% Mn alloy, (i) SADP of the Cu-Al-Ni-

1 wt.% Mn alloy
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Fig. 4 Stress-strain curves obtained from the tensile test performed at room temperature along with the fracture surface of the alloys

Table S Results obtained from the tensile, hardness, and shape memory tests on the Cu-Al-Ni SMA with and without Mn

additions

Alloy Fracture stress (o'F ), MPa Fracture strain (sF ), % Hardness, MPa Strain recovery by SME (gsmg), %
Cu-Al-Ni 270 1.6 253.6 50
Cu-Al-Ni-0.4wt.% Mn 350 2 2434 70
Cu-Al-Ni-0.7wt.% Mn 550 3.6 210.2 90

Cu-Al-Ni-1wt.% Mn 450 3 2254 60

size and large elastic anisotropy of Cu-Al-Ni SMA, along with
difference in crystal orientations, easily increased the stress
concentration at the grain and grain boundaries, thus causing a
brittle fracture in the alloy. This study indicates that controlling
the grain size by the addition of Mn elements will lead to
reduction of the stress concentration in grain and grain
boundaries, thus enhancing the ductility of the alloys. With
improved ductility, the workability of these alloys can be
enhanced, which can be beneficial for engineering applications.
The hardness values of the Cu-Al-Ni SMAs with and without
Mn additions are shown in Table 5. It was observed that
different concentrations of Mn additions had a significant effect
on the hardness property. As the addition of the Mn to Cu-Al-
Ni SMA can lead to a decrease in grain size (Ref 21), therefore,
the values of hardness are also decreased.

3.3.2 Shape Memory Effect. The strain recovery by the
shape memory effect (egmg) of the Cu-Al-Ni SMAs with and
without the Mn additions was determined by using a specially
designed tensile test at T < A, whose values are given in
Table 5. The eqyg varied with the variations in the amount of
Mn at the initial strain value of 1.55%, as shown in Fig. 5. It
was observed that the addition of Mn with different weight
percentages exhibited an increase in the values of strain
recovery by the SME. Cu-Al-Ni alloy with a percentage of
0.7 wt.% Mn exhibited almost 90% of the original shape
recovery after being heated to 7 > Ay In addition, the strain

3626—Volume 23(10) October 2014

recovery increases from 50 to 90%, due to the decrease in the
grain size. These enhancements in the strain recovery are
attributed to the type, morphology, and orientation of the
martensite phase along with the grain refinement. Furthermore,
the amount of shape recovery is mainly dependent on the extent
of martensitic transformation of the alloys as shown from the
XRD peaks, which indicated a higher intensity of recovery after
the Mn addition.

3.3.3 Electrochemical Measurements. The Potentiody-
namic polarization test was performed to evaluate the corrosion
behavior of Cu-Al-Ni in comparison with Cu-Al-Ni-xMn SMAs
in NaCl solution (Fig. 6). It can be seen that Cu-Al-Ni SMA has
more negative corrosion potential (E,,;) compared to Cu-Al-Ni-
Mn SMAs alloy. This indicated that the addition of Mn into the
Cu-Al-Ni SMA shifted E.,, to nobler direction and reduces the
corrosion reaction of the base alloy. The results also revealed that
the E., of the specimens becomes more negative, in the order of
Cu-Al-Ni-0.7Mn < Cu-Al-Ni-IMn < Cu-Al-Ni-0.4Mn <
Cu-Al-Ni SMAs. The standard electrode potentials (versus
SCE) of Cu, Mn, Al and Ni are 0.16 V (Cu/Cu*"), 1.18 V (Mn/
Mn?"),1.66 V (AVAI*"), and 0.23 V (Ni/Ni*"), respectively (Ref
24). As such, Cu is the most noble of the metals, and Al is the least
noble, and so the range of potentials was in the following order:
Cu > Ni > Mn > Al. Therefore Al, Mn, and Ni would be more
likely to electrochemically oxidize before the Cu component and
resulted in the formation of the corrosion products on the
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Fig. 6 Potentiodynamic polarization curves of Cu-Al-Ni and Cu-
Al-Ni-Mn SMAs specimens in NaCl solution

electrode surface, which act as barrier films to protect the surface
from aggressive environment and thus enhance corrosion
resistance. Moreover, the presence of Mn content in the
passivating film protects the SMA from the aggressive action
of C1™ better than it does in the base alloy material (Ref 37).

In this study, the addition of Min into Cu-Al-Ni SMA leads to a
reduction in grain size at all different amounts. Corrosion current
density (icor) decreases from 6.93 pA/em? in Cu-Al-Ni to
1.43 pA/em? in Cu-Al-Ni-0.7Mn SMA. This can be attributed to
the martensite plates and needles which are more coarsened
compared to the base alloy. This is in accord with the results of
Osorio et al. (Ref 38) which indicating that finer martensitic
structure leads to increase the galvanic corrosion effect, decreas-
ing the general (uniform) corrosion resistance. However, this
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value increased to 1.58 pwA/cm? after the addition of 1 wt.% Mn
to the base alloy. This can be attributed to the appearance of a finer
martensite structure which accelerates the microgalvanic corro-
sion and deteriorates the alloys. The corrosion current density
(icom), corrosion potential (E.qr, Vscg), cathodic Tefal slopes (f.),
anodic Tefal slopes (f3,), and corresponding corrosion rate (P;) of
specimens extracted from the polarization curves are shown in
Table 6. The i, is related to the corrosion rate, P; through the
following empirical equation (Ref 39)

P; = 22.85 icon. (Eq 7)

The corrosion rate of the Cu-Al-Ni SMA (158.18 um/year)
was significantly decreased after addition of the 0.7 wt.% Mn
to 32.67 um/year. This is attributed to the formation of the
corrosion products on the electrode surface, which act as barrier
films to protect the surface from aggressive solution and thus
enhanced corrosion resistance. The formation of the products
such as cuprous chloride (CuCl), and cuprous oxide (Cu,O) as
well as formation of aluminum oxide/hydroxide (Al,Os/
Al(OH)3) (Ref 40), and manganese oxide is the other reason
of the lower corrosion current density of the Cu-Al-Ni-Mn than
that of Cu-Al-Ni SMA.

Also, from the electrochemical parameters (icor fe and f,)
of specimens, the polarization resistance (Rp) was calculated
according following equation (Ref 39):

_ Ba B
B 23 (Ba + BC)iCOIT

The corrosion behavior of the alloy improved as Rp values
increased with the addition of Mn up to 0.7 wt.%. The addi-
tion of 0.7 wt.% of Mn into the Cu-Al-Ni SMA significantly
increased the Rp from 3.82 to 16.61 kQ cm® However, fur-
ther addition of Mn to 1 wt.% decreases Rp value to
14.98 kQ cm?. The anodic Tafel slopes of the both alloys

Rp (Eq 8)
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Table 6 Electrochemical parameters of Cu-Al-Ni and Cu-Al-Ni-Mn SMAs in NaCl solution attained

from the polarization test

Corrosion Cathodic Anodic slopefi,,  Polarization

potential, E ., mV  Current density, slope, fic, mV/decade mV/decade resistance, Corrosion rate,
Alloy vs. SCE Icorm p.A/cm2 vs. SCE vs. SCE Rp, kQ cm? P;, nm/year
Cu-Al-Ni —307.4 6.93 198 88 3.82 158.18
Cu-Al-Ni-0.4Mn —286.5 2.01 247 72 12.05 45.92
Cu-Al-Ni-0.7Mn —267.3 1.43 256 79 16.61 32.67
Cu-Al-Ni-1Mn —271.7 1.58 240 62 14.98 36.10
were around 75 mV/decade, which are close to the theoretical 2. A. lbarra, J.S. Juan, E.H. Bocanegra, and M.L. N6, Thermo-

and experimental value of 60 mV/decade (Ref 41).This phe-
nomenon indicated that the dissolution of copper to soluble
CuCl,™ ion and diffusion of soluble species from the elec-
trode surface into bulk solution are a dominant corrosion
mechanism for both alloys (Ref 40, 42). Benedett et al.
(Ref 42) reported that the corrosion behavior of Cu-Al alloys
was determined by aluminum dissolution accompanied with
the copper dissolution. Formation of compact and protective
film on the surface of Cu-Al-Ni-Mn alloy reduces the anodic
dissolution rates. This protective film composed of the pro-
ducts such as Al(OH),, Cu,CI(OH);, and Mn-containing cop-
per alloys contains an appreciable amount of manganese
oxides or hydroxides. These oxides/hydroxides increased the
surface passivity, hence improved corrosion resistance of the
Cu-Al-Ni-Mn alloy compared with the base Cu-Al-Ni alloy.

4. Conclusions

The influence of Mn addition on the phase transformation
behavior, mechanical properties, and corrosion characteristic of
Cu-Al-Ni SMAs has been studied. The results show that with
an increase in the amount of Mn addition, the grain size
decreases initially and then increases. With the increase in the
Mn content to 0.7 wt.%, the martensite plates and needles are
coarsened and the thickness of both morphologies tends to
increase. The austenite-martensite phase transformation tem-
peratures tend to vary with the increase in Mn addition. Also,
Mn addition can improve the stress-strain behavior, and shape
memory effect of Cu-Al-Ni SMAs with 0.7 wt.% Mn alloy
gives the highest recovery of 90% of its original shape.
Polarization test showed that corrosion rates of Cu-Al-Ni-xMn
alloy decreased significantly after addition of Mn with the
following sequence: Cu-Al-Ni-0.7Mn < Cu-Al-Ni-1Mn < Cu-
Al-Ni-0.4Mn < Cu-Al-Ni SMAs.
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