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The influence of the addition of Sn to Cu-Al-Ni alloy as a fourth element with different
percentages of 0.5, 1.0, and 1.5 wt pct on the microstructure, phase-transformation temperatures,
mechanical properties, and corrosion behaviors was investigated. The modified and unmodified
alloys were fabricated by mechanical alloying followed by microwave sintering. The sintered and
homogenized alloys of Cu-Al-Ni-xSn shape-memory alloys had a refined particle structure with
an average particle size of 40 to 50 um associated with an improvement in the mechanical
properties and corrosion resistance. With the addition of Sn, the porosity density tends to
decrease, which can also lead to improvements in the properties of the modified alloys. The
minimum porosity percentage was observed in the Cu-Al-Ni-1.0 wt pct Sn alloy, which resulted in
enhancing the ductility, strain recovery, and corrosion resistance. Further increasing the Sn
addition to 1.5 wt pct, the strength of the alloy increased because the highest volume fraction of
precipitates was formed. Regarding the corrosion behavior, addition of Sn up to 1 wt pct increased
the corrosion resistance of the base SMA from 2.97 to 19.20 kQ cm? because of formation of a
protective film that contains hydrated tin oxyhydroxide, aluminum dihydroxychloride, and
copper chloride on the alloy. However, further addition of Sn reduced the corrosion resistance.
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I. INTRODUCTION

BECAUSE of the unique properties of pseudoelastic-
ity, shape-memory effect, and damping capability,
Cu-based shape-memory alloys (SMAs) have been
widely utilized in numerous practical applications.!'”
The binary systems of Cu-Zn and Cu-Al are the two
primary copper-based alloys that operate in the areas of
the fS-phase. Undoubtedly, Cu-Al-Ni SMAs are the
most-employed alloys when high temperatures are
needed.”! For this reason, they can be used at high
transformation temperatures, which are able to work at
or perhaps close to 473 K (200 °C),"*"! which is usually
difficult for Cu-Zn-Al and Ni-Ti alloys,™® whose max-
imum temperatures are approximately 373 K (100 °C).”
The incorporation of a fourth element, for instance, Ti,
Zr, Mn, B, Y, or V and rare earths into the ternary
Cu-Al-Ni SMAs as a grain refiner may lead to mi-
crostructural adjustments in the phase formation, types,
and distribution, oppositely to enhance the mechanical
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properties of conventionally cast Cu-Al-Ni SMA
alloys.® ' However, a minor addition was demon-
strated to be ineffective in controlling grain growth to an
adequate level, while excessive addition tended to change
the chemical composition of the alloy, and therefore shift
the transformation temperature.!'” Moreover, excessive
addition of the alloying element can also form a high
volume fraction of precipitates (second-phase particles),
which may also affect the mechanical properties.'*!

The main issues are to prevent high brittleness in the
conventional casting of the ternary and quaternary
Cu-Al-Ni alloys and produce a large grain size associ-
ated with a high elastic anisotropy, which are catego-
rized as major prohibitive factors that limit their
commercial applications.'"*'® In addition, the casting
process usually leads to a change in the chemical
composition of the alloy, which may cause a shift in
the transformation temperatures.[”] Therefore, alterna-
tive processing routes that have the ability to control
grain size and composition, mechanical alloying (MA)
as a powder metallurgy process, were developed.!*!'®!
These processes are solid-state powder techniques that
are widely used to produce refractory metals, disper-
sion-strengthen alloys, nanocrystalline, and amorphous
composite materials.'” ! A number of researchers have
studied the transformation characteristics of Cu-Al-Ni
produced by PM, and then sintered using different kinds
of sintering techniques.**'*?2724 Most of these tech-
niques have disadvantages, including being time-con-
suming, the presence of a high percentage of porosity/
cracks, and thus reduction in the mechanical properties.
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Microwave sintering involves a new sintering routine
used to heat the green compacts nearly to sintering
temperature for densifying and alloying the metals,
ceramics, and composites. It is able to incorporate the
prealloyed elements using microwaves and volumetri-
cally absorb the electromagnetic energy, and then
transform it into heat.> 2" In contrast to the typical
sintering methods, the microwave sintering approach
demonstrates several fundamental features, minimized
energy intake, rapid heating rates, minimized sintering
times, improved element diffusion processes, and
enhanced physical and mechanical properties.*”!

So far, an appropriate and systematic study of the Tin
addition on the phase transformation and shape-memory
properties of Cu-Al-Ni SMA has not been performed.
Thus, in this research, the prealloyed powders of Cu, Al,
Ni, and Sn were prepared using high-energy planetary
ball milling, compacted, and then sintered using micro-
wave sintering to obtain the final alloy. The aim of the
research is to investigate the effect of different amounts of
Sn addition on the microstructure, mechanical properties,
and corrosion characteristics of Cu-Al-Ni SMAs.

II. EXPERIMENTAL PROCEDURE

In this research, the elemental powders of Cu, Al, and
Ni, with Sn as an additional element, were prepared by
mechanical alloying. The specifications of the elemental
powder and initial powder mixtures are shown in
Table I. The mechanical alloying experiments were
conducted on a Retsch PM100 planetary ball mill using
zirconium oxide vial and balls for 1 hour to assure the
homogeneity of the powder. The rotation speed of the
ball mill was 300 rpm and ball-to-powder ratio was
about 5:1 by weight. The process was carried out at an
evacuated condition at the room temperature and an
argon gas was used to avoid the oxidation of powders.

The prealloyed powder was hot pressed into green
samples with dimensions of ¢ 15 x 10 mm?” for the
microstructural characterization and ¢ 15 mm x (L) 30
mm for the mechanical test through a 10-ton hand-op-
erated hydraulic press and a single-act piston die of 15
mm diameter was utilized. The compaction process was
carried out at a constant temperature of 573 K (300 °C)
for 10 minutes; the temperature was maintained via an
external heater tape connected to a thermoset to set the
exact temperature. The green samples were placed into a
2.45 GHz, 0.3 to 3.0 kW consistently flexible microwave
device (HAMiLab-V3, SYNOTHERM Corp.). The
green samples were inserted inside an alumina sagger
and covered with silicon carbide (SiC). The function of
SiC is usually to function as a microwave susceptor to

enable the heating system and also sintering of the green
samples. The samples were sintered by microwave
heating at a rate of 20 °C/min to 1173 K (900 °C) for
30 minutes. Argon gas with a purity of 99.995 pct was
pumped into the microwave chamber throughout the
sintering with the intent to protect against oxidation. To
measure the temperature of all samples through the
sintering, a Reytek IR pyrometer was utilized. Prior to
the microstructure characterization, the sintered samples
were homogenized at 1173 K (900 °C) for 30 minutes
and directly quenched in water.

The grei%lzg]orosity was calculated using the following

equation:
Pe
P{l— <—>} x 100 pct, 1]
Pth

where p, is the green density and can be calculated by
division of the calculated weight by the measured vol-
ume; pg, is the theoretical density of the samples and
can be calculated as follows:

p§ x (at. pet Cu) + po! x (at. pet Al) + p)i
P = | x (at. pet Ni)+ pg™ x (at. pct Oxy) 4 ppdditives
x (at. pct additives)
2]

where p§, pi, pNi, O™, and padditves are the theoretical
densities of the base-alloy elements and additives.

The microstructure changes of the prealloyed and
homogenized samples were investigated using a field-emis-
sion—scanning electron microscope (FE-SEM), Zeiss-LEO
Model 1530 operated at 10 kV coupled with energy-dis-
persive spectroscopy (EDS) operated at 5 kV. The results
of EDS were indicated in accordance with a standardless
semiquantitative analysis and an error bar in value of 5 pct
was added to each reading. The microstructural features of
the Cu-Al-Ni SMA with and without addition were also
studied with a transmission electron microscope (TEM)
operating at 120 kV. The phase and crystal structure were
identified using a D5000 Siemens X-ray diffractometer
fitted with a Cu Ko X-ray source with a locked coupled
mode, a 26 range between 30 and 80 deg, and a 0.05 de%/s
scanning step. Based on the Williamson—Hall method,""!
the crystallite size and microstrain were determined using
the following equation:

B 0.454

—cot=—— 3

2 T Gnoxp 3
where f is the diffraction peak width at midheight, 4 is
the X-ray wavelength, D is the average crystallite size
(nm), ¢ is the microstrain, and 0 is the Bragg diffraction

Table I. Specification of Elemental Powders and Mixture

Properties Cu Al Ni Sn

Size (um) 150 45 45

Purity (pct) 99.999 99.99 99.95 99.9

Composition (Wt pct) 83.5—x 12.5 4 x (0.5,1.0, and 1.5)
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angle. The transformation temperatures of the mechan-
ically alloyed Cu-Al-Ni alloy specimens with and with-
out addition were evaluated via differential scanning
calorimetry (DSC) at a heating/cooling rate of 10 °C/min.

The mechanical properties of the Cu-Al-Ni alloys
with and without addition were evaluated by performing
compression tests on the specimens in the martensitic
state, wherein subsize test specimens with the dimension
of ¢ 15 mm x (L) 30 mm were prepared. The
compression tests were carried out on an Instron
5982-type universal testing machine at an extension rate
of 0.5 mm/min. To measure the shape-memory recovery
of the alloys, the compressive loading and unloading
were carried out at a tested temperature of 473 K (200
°C) and an isothermal compression test was performed.

Rectangular specimens with a surface area of 1 cm?
were prepared for potentiodynamic polarization (PDP)
tests. PDP was performed in an open-air glass cell
containing 350 mL of 3.5 wt pct NaCl solution using
a potentiostat (PARSTAT 2263 Princeton Applied
Research). A three-electrode cell was used for the PDP
tests, where a saturated calomel clectrode (SCE) was
used as the reference electrode, a graphite rod as the
counter electrode, and an alloy specimen as the working
electrode. The samples were immersed in the simulated
body fluid (SBF) for 1 hours prior to the PDP test to
establish the open-circuit potential. PDP experiments
(n = 2) were conducted at a constant scan rate of 0.5
mV/s, and initiated at —250 mV below the open-circuit
potential. Immersion testing was carried out according
to ASTM G1-03. Specimens with a diameter of 10 mm
and thickness of 10 mm were immersed in a beaker
containing 200 mL of 3.5 wt pct NaCl solution for 30
days. The immersion tests were repeated at least once to
verify the reproducibility of the results.

III. RESULTS AND DISCUSSION
A. Effect of Sn Addition on the Porosity

The variation of green density and porosity of the
modified and unmodified alloys as a function of the Sn
amount are shown in Figure 1. It can be clearly seen
that the addition of Sn has produced a significant effect
on the porosity density, in which the addition of 1 wt pct
Sn led to an increase in the green density from 5.35 to
6.65 g/cm?®, while the green porosity was reduced from
12.96 to 4.81 pct. This may be attributed to the lower
melting temperature of Sn during sintering process
which leads to closing of more pores in comparison with
Cu and Ni which have a melting point higher than the
sintering temperature.”'* With further increase in the
Sn amount to 1.5 wt pct, the green density decreased and
green porosity increased. This decrement is mainly
because of the excess of the solid solubility of Sn
addition in the base alloy, i.e., >1.3 wt pct.??

B. Microstructural Investigation

Figure 2 shows micrographs of prealloyed and
homogenized Cu-Al-Ni SMAs associated with the
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Fig. 1—Green density and porosity of the alloys as a function of Sn
amount.

chemical analysis of the homogenized samples. From
the morphology of prealloyed samples, neck formation
between the powder particles can be easily seen; these
necks are caused by the cold working of the element
powder that occurred during the mechanical alloying
(ball-milling process). The morphology of the MA
powders and the microstructure bulk alloys after sin-
tering and homogenization are shown in Figure 2. It
was found that the bulk alloys contain some semimicron
sized pores. Although these pores were distributed
randomly in the microstructure, they most likely lie
along the particle boundaries after the sintering and
homogenization processes. Furthermore, after the addi-
tion of Sn with different percentages, the density of these
pores tends to decrease with increasing amount of Sn up
to 1 wt pct; however, with further Sn addition to 1.5 wt
pct, the pore density was slightly increased. It was also
observed that the particle size of MA powders was
about 40 to 50 um, both before and after addition. This
kind of reduction is mainly related to the effect of
mechanical alloying. In general, the particle size of
Cu-Al-Ni SMA that is produced by conventional casting
was determined to be 300 to 1400 pm,®!*3* even
though the alloying elements and thermal treatments
were applied.

After homogenization at 1173 K (900 °C), the
analyzed chemical compositions of the Cu-Al-Ni-xSn
alloys were examined using EDS and are shown in
Figure 2. It was found that the ratio of elemental Sn in
different amounts of addition was slightly changed
compared with the nominal composition. Furthermore,
the percentage of oxygen was found to decrease after the
addition of Sn and homogenization. Homogenization of
the Cu-Al-Ni alloys at temperatures in the f-phase field
followed by rapid cooling produces microstructures
formed by metastable phases, which can result in
martensitic transformation.

From the FE-SEM high-resolution images (Figure 2),
it can be seen that there are two phases with different
morphologies, plate-like and needle-like, with a self-ac-
commodating configuration inside the merged particles.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 2—Micrographs of the prealloyed and homogenized Cu-Al-Ni-xSn SMAs along with EDS.

These phases are f) and ], which are formed as
thermally induced martensites, and varied in terms of
thickness and orientation after the addition of Sn, as
shown in Figure 2. The ] phase formed as a coarse
variants/plate-like phase, while the f| phase formed as a
needle-like phase between the 7| phases. The needle-like
phase of ff martensite has a very high thermoelastic
behavior, which can be attributed to its controlled
growth in the self-accommodating groups.”*~” How-
ever, when Sn was added, new phases were formed and
the volume fraction of these precipitates varied

METALLURGICAL AND MATERIALS TRANSACTIONS A

according to the amount of Sn added. It is well known
that tin is an attractive element that causes formation of
precipitates after addition.*® These precipitates are able
to form in the Cu/Ni matrix and thus, the formation of
B] martensite is promoted;'? in addition, they are also
have the ability to accommodate the y| and f| parent
phases, and their accommodation is in a coherent or
mostly semicoherent mode that depends on the precip-
itates’ sizes and cr;/stal-structure orientations relative to
the parent phase.””) When the matrix surrounding one
precipitate is transformed to a single variant of
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Fig. 4—(a) XRD diffraction patterns of the homogenized Cu-Al-Ni-xSn SMAs, (b) Crystallite size and microstrain of the samples as a function
of Sn concentration.
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Table II.

Crystallite Size, Microstrain, and Lattice Parameters of the Homogenized Cu-Al-Ni-xSn SMAs

Lattice Parameters

Alloy a (/o\) b (A) c (A) p Crystallite Size (nm) Microstrain (pct)
Cu-Al-Ni 3.55 6.16 37.59 90.9 33.1 0.22
Cu-Al-Ni-0.5wt pct Sn 3.72 8.32 41.54 94.27 37.8 0.17
Cu-Al-Ni-1.0wt pct Sn 3.68 8.34 41.19 93.43 37.5 0.17
Cu-Al-Ni-1.5wt pct Sn 3.71 8.33 41.46 93.98 38.9 0.19

Table III. Volume Fraction of Parent Phases and Precipitates in the Homogenized Cu-Al-Ni-xSn SMAs
Volume Fraction (pct)
Alloy Cu Al Ni Sn  Al;CuxNi  NisSngy SnzO; CugSns AlLO; CuAlO, Cu3Sn AlsNi,
Cu-Al-Ni 40.55 343 355 — 32.24 — — — 5 11.85 — 3.38
Cu-Al-Ni-0.5wt pct Sn = 37.22 748 — 0.64 21.51 8.57 10.31 1.84 2.50 6.99 2.01 —
Cu-Al-Ni-1.0wt pct Sn = 22.33 498 — 1.25 17.45 7.7 14.8 1.98 3.33 4.98 2.40 —
Cu-Al-Ni-1.5wt pct Sn = 30.1  5.67 — 1.35 23.38 12.15  29.58 2.08 6.75 5.97 2.70 —

martensite, the hole left in the f matrix occupied by the
precipitate is quite severely deformed due to the intrinsic
deformation accompanying the transformation,*” but
the precipitate itself maintains its shape. Therefore, the
microstructure, and hence the mechanical behavior of
Cu-Al-Ni alloys, changes with the alloy composition
and the processing routes to which the samples are
subjected. The elemental mapping of the homogenized
Cu-Al-Ni-1 wt pct Sn SMA is presented in Figure 3. It is
worth mentioning that the alloy elements were dis-
tributed homogeneously in the microstructure, except
for Al element, which was mostly agglomerated/segre-
gated at the particle boundaries after reacting with
oxygen, as shown in Figures 3(c) and (d).

The XRD patterns of the homogenized Cu-Al-Ni-xSn
SMAs with different percentages of Sn are potentially
presented in Figure 4. Indexing of these patterns shows
that these only consist of martensite phases 7}
(orthorhombic structure) and 8] (monoclinic structure)
along with some other precipitates/intermetallic com-
pounds that are also formed after being homogenized at
1173 K (900 °C) for 1 hour. After the addition of Sn, the
scanned peaks changed in terms of 20 and intensity,
which shows that the XRD patterns of Cu-Al-Ni SMA
are sensitive to the amount of added Sn. On the other
hand, the matrix of Cu-Al-Ni SMA as the predominant
phase was always retained, even though Sn amounts
varied. Further increasing the amount of Sn, i.e., 1.5 wt
pct, the XRD results also show that the intensity for the
compounds and precipitates of NizSny, SnzO4, Al,Os3,
CueSns, and CusSn increased, while the intensity of
Al,Cuy;Ni, CuAlO,, and Al;Ni, decreased. This incre-
ment in the volume fraction of these precipitates after
1.5 wt pct Sn addition is mainly attributed to the high
amount of Sn, which has exceeded the solubility limit of
Sn (i.e., 1.3 wt pct) in accordance with the phase
diagram of the Cu-Sn system.[*'! On the other hand,
with Sn content increasing, the volume fraction of the y]
phase decreases, which is shown by the decreasing
intensity of the peaks of the 7} phase in the alloy

METALLURGICAL AND MATERIALS TRANSACTIONS A

containing 1.5 wt pct Sn. According to the XRD
patterns of the Cu-Al-Ni SMA (Figure 4), by adding
different amounts of Sn, the main peaks underwent a
positional shift toward higher values of 20 because of
the substitution of Sn atoms in Cu sites in the alloy
lattice. As observed in Table II, the g-axis, b-axis, and
c-axis values increased in the modified samples com-
pared with the values of the unmodified sample. This
increase in the lattice parameters of the Cu-Al-Ni SMA
may be attributed to the Sn being more massive and
larger than Cu, which caused a distortion in the copper
lattice in the neighborhood of the atom during the
addition.*>*! Moreover, it was also found that the
distortion in the Cu sites during addition, sintering, and/
or homogenization affected the fraction of the crys-
talline size and microstrain of the parent phases. To
examine the effect of Sn addition on the crystallite size
of the base alloy (Cu-Al-Ni), XRD profiles were used to
evaluate the crystallite size of the modified and unmod-
ified alloys. As observed in Figure 4(b) and Table II, the
increase in lattice parameters of the base alloy because
of the dissolution of more Sn atoms in the alloy lattice
during addition and homogenization caused the crys-
tallite size of the homogenized alloys to increase
gradually from 33.1 nm in the base-alloy sample to
38.9 nm in the modified alloy with 1.5 wt pct Sn
addition; however, the microstrain decreased from 0.22
to 0.17 pct with Sn addition. The changes in crystallite
size and microstrain of Cu-Al-Ni SMA as a function of
Sn amount are shown in Figure 4(b). In addition, the
gradual increase in the crystallite size of the base alloy
was shown by the broadening and increases in the
intensity of the base-alloy XRD peaks after being
modified with 1.5 wt pct Sn. A possible interpretation
of these changes is that the addition of Sn has reduced
the evolving stresses during the PM, and thus, the
crystallite size increased while the microstrain decreased
with increasing Sn amounts.

The volume fractions (Rx pct) of the raw elements
together with produced phases for modified and
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Fig. 5—TEM micrographs correspond with the SAED of the prealloyed, (a, ¢) Cu-Al-Ni SMA, (b,d) Cu-Al-Ni-1Sn SMA.
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Fig. 6—DSC curves of the homogenized Cu-Al-Ni-xSn SMA (a) full scan, (b, ¢) heating, and (d) cooling.

unmodified alloys were computed and the data are the XRD peaks changes with concentration, a linear
tabulated in Table III. In accordance with the depen- relationship between the intensity and concentration
dence of the diffracted intensity on the absorption does not take place. Consequently, the area under the
coefficient of the mixture and because the intensity of peak is proportional to the volume fraction of the
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concentration, and this can be determined from the
following equation:

ax

Rx = 4
X Zai’ [ ]
where R is the volume fraction, X is elemental/inter-
metallic compounds of the homogenized alloys, ax is the
related area of the elemental/compounds peaks, and
> a; is the total area of the observed peaks. It was found
that Rajrcu2sni decreased as Sn increased; this may be
attributed to the decreases of intensity of the observed
peaks in the XRD patterns, and thus decrease in the
area under the peaks that expressed the value for this
phase. On the other hand, the volume fraction of overall
precipitates (Ni3Sny, Sn3;0y4, Al,O3, CugSns, and CusSn)
increased considerably in the modified alloys. This
increase implies that the precipitates turned out to be
more stable, so that a certain amount of the Sn phase

formed into the product phases.*%

A detailed study of the prealloyed powders was
performed using TEM by analyzing a significant num-
ber of particles. The morphological shape and size of the
powder mixture of the base-alloy samples with and
without the addition of 1.0 wt pct Sn obtained from
TEM are shown in Figure 5. In the base-alloy samples,
the powders were taken as polygonal-shaped particles
and the fringe lattices are clearly observed, where they
have been oriented in different directions and d-spacing
in accordance with the present phases after being milled
for 1 hour at 300 rpm. Furthermore, it was found that
there are some clusters of nanosize particles with a size
range of 5 to 25 nm agglomerated at the boundaries of
the particles. In the modified alloy of Cu-Al-Ni SMA
with 1.0 wt pct (Cu-Al-Ni-1Sn), the particle boundaries
have been converted to particle boundaries, which show
as yellow dots in Figure 5(b). However, in this alloy, the
agglomerated particles have been distributed on the
inside and boundaries of the particles, as clearly
demonstrated in particle 2 in Figure 5(b). Based on the
results of the corresponding selected area electron
diffraction (SAED), it was found that the degree of
crystallinity of the Cu-Al-Ni SMA has been increased
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Fig. 7—Stress—strain compressive curves of Cu-Al-Ni-xSn SMA.
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with the addition of Sn in Figures 5(c) and (d), which is
in good agreement with the XRD results in Table II.

C. Transformation Temperatures

Figure 6 shows the exothermic and endothermic
curves of the Cu-Al-Ni-xSn SMAs, where x is 0.5, 1.0,
and 1.5 wt pct. The peak temperatures including
forward austenitic transformation start temperatures
(A4s), forward austenitic transformation finish tempera-
tures (Ay), reverse martensitic transformation start
temperatures (M), and reverse martensitic transforma-
tion finish temperatures (My) appearing in Figures 6(a)
and (b). It was found that the DSC curves of the
modified and unmodified Cu-Al-Ni SMA with Sn show
almost identical behavior during the heating and cooling
processes. In the modified alloy, a very sharp peak was
observed at 505 K (232 °C) in addition to the broad
peak at 623 K (350 °C), where this peak may be related
to the presence of precipitates of Cu, Ni, and Sn as a
result of the formation of Sn, which limits the stability
of the low-temperature phase”*” and causes an indi-
vidual transformation because of a greater driving force.
During the transformation, thermal exchange between
the base phase and the formed martensite phases
provides the driving force, thus shifting the transforma-
tion temperatures. Furthermore, the forward MT shows
two peaks, and this behavior features the transforma-
tion f — f + 7145 however, their presence is due to
the different hystereses of both transformations.

On the cooling curves, very small multipeaks were
observed, which mainly correspond to the established
intermetallic compounds’ transformation throu%h
the transformation of austenite to martensite.>**"!
The observation of these multipeaks was not as clear
as compared with the forward transformation, which
may be related to insufficient heat transfer required for
the formation and transformation of the martensite
phase.”?! A number of the modified alloys have shown
multiple endothermic/exothermic peaks in their trans-
formation curves; their multiple peaks are attributed to
the interface transformations. These intermartensitic
transformations are a first-order phase transformation
between martensites with different structures at temper-
atures below the Ms. So far, several intermartensitic
phases have been found in the shape-memory alloys,
which have modulated a lattice with a different period-
icity of stacking sequences.*®) However, the structures
and transformation temperatures of these intermarten-
sitic phases depend on the levels of applied stress and the
chemical composition. On the other hand, these inter-
phases are very sensitive to the internal stress of the
alloy."*”! Finally, it must be highlighted that the present
homogenized alloys have high representative transfor-
mation temperatures, which make these alloys more
suitable for high-temperature applications.

D. Mechanical Properties and Shape-Memory
Characteristics

Figure 7 shows a typical stress—strain curve for the
homogenized Cu-Al-Ni SMA before and after addition
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of Sn that performed at the room temperature. The
compressive strength of the base alloy (Cu-Al-Ni) gave
the shape of ““S” variations with Sn addition, namely
with increasing the amount of Sn, the strength decreased
initially, and then increased with increasing amount of
Sn to 1.5 wt pct. The compressive strength and strain
were in the range of 247.75 to 472.49 MPa and 8.96 to
27 pct, respectively. These variations are mainly
attributed to the different volume fraction of the |
phase and/or precipitates associated with the reducing
porosity density after the addition of Sn. In general, the
volume fraction and size of precipitates have an adverse
effect on the mechanical properties of shape-memory
materials.®>>!"! Tt was found that the highest volume
fraction of precipitates was with the addition of 1.5 wt
pct of Sn, which may let the precipitates act as obstacles
to the movement of dislocation/phase interfaces, which
makes the martensite transformation more difficult
during the deformation process.’>>?!

To investigate the shape-recovery behavior of the
modified Cu-Al-Ni SMA, a cyclic loading—unloading
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compression test was carried out. Figure 8 shows the
stress—strain curves of Cu-Al-Ni SMA with and with-
out addition tested at a temperature of 200 °C. The
broken red and blue dot arrows drawn in the fig-
ure indicate loading and unloading/recovery, respec-
tively. The strain recovery, &, was defined as the
difference between the plastic strains of the alloys and
the residual strain that occurred after the recovery
cycle was completed. It was found that the largest
number of cycles was indicated with the Cu-Al-Ni-1Sn
SMA before the occurrence of fracture. This improve-
ment is due to two reasons: low porosity density and
the finest particle size among the alloys. According to
the strain-recovery calculation for different cycles, it
was found that the strain recovery of the alloys varied
from the first cycle until the cycle before fracture
because of the inconsistency of thermoelastic marten-
site.l® The largest strain recovery of 90.29 pct was
found with the Cu-Al-Ni-1Sn, indicating that this alloy
exhibits a good resistance to irreversible martensite sta-
bilization during the test, and the following implication
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(¢) 1, and (d) 1.5 wt pct.

of Cu-Al-Ni-1Sn > Cu-Al-Ni-0.5Sn > Cu-Al-Ni-1.5Sn >
Cu-Al-Ni was noted. The main reasons behind the
enhancement of the shape recovery are the formation
of various kinds of precipitates, a minimum of the
porosity density along with variations in the volume
fraction and size of the 7} and f| parent phases, which
have a detrimental influence on the shape-memory
recovery.P23+31:35361 1 the shape-memory alloys
produced by MA/PM, the shape-memory recovery
depends on the microstructure of the alloy and the
martensite stabilization. However, the occurrence of
cracks and stress concentrations around the pores may
lead to a rapid degradation in the shape-memory
alloys."7% In this research, the microwave sintering
reduces the density/presence of porosity; therefore,
the produced alloys have exhibited a very good
shape-memory recovery.

E. Electrochemical Measurements

The polarization curves for ternary Cu-Al-Ni and
quaternary Cu-Al-Ni-Sn SMAs in 3.5 wt pct NaCl
solution are shown in Figure 9. The corrosion potential
(Ecorr) Oof Cu-Al-Ni SMA is —560.6 mVgcg, while the
Ecorr of the Cu-Al-Ni-0.5Sn SMA alloy lies at —357.6
mVgcg. The E..r was ennobled by about 287.3 and 45.1
mVgcg because of 1 and 1.5 wt pct tin addition to
Cu-Al-Ni SMA (Table IV). The more positive E.,. of
SMA containing 1 wt pct Sn is due to formation of a
complex oxide film of tin, aluminum, and copPer
compounds, including chlorides, but in low amount.®”

From the i, comparison between the ternary and
quaternary SMAs, it can be inferred that Cu-Al-Ni-1Sn
SMA exhibited the most favorable corrosion behavior
as a result of its consistently low corrosion rate in
corrosive media. However, ternary and the other qua-
ternary SMA alloys, such as Cu-Al-Ni-0.5 wt pct Sn
SMA, demonstrated low i, in electrolyte, and the i.q.
of the ternary Cu-Al-Ni SMA is lowest. In general, the
lower the corrosion current density, the lower the
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Table IV. FElectrochemical Parameters of Ternary Cu-Al-Ni and Quaternary Cu-Al-Ni-Sn SMAs in 3.5 wt pct NaCl Solution Obtained from the Polarization Test

Cathodic

Current
Density, iqorr

Corrosion
Potential, E,.,,

Anodic Slope, f, Polarization Resistance, Corrosion rate,

(mV/decade) vs SCE

Slope, ﬁC
(mV/decade) vs SCE

Rp (kQcm?)

(1A Jem?)

P; (mm/year)

(mV vs SCE)

Alloy

3.19
2.16
0.62
2.56

2.97
5.26
19.20
4.20

210
250
260
240

176
212
225
198

139.8
94.8
27.3

112.1

—560.6
—357.6

—273.3
—515.5

Cu-Al-Ni-0.5 wt pct Sn
Cu-Al-Ni-1 wt pct Sn
Cu-Al-Ni-1.5 wt pct Sn

Cu-Al-Ni
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ing EDS analyses of Points 1 and 2 after immersion in 3.5 wt pct NaCl for 30 days.

corrosion rate. The i, can be ranked in the following
order: Cu-Al-Ni < Cu-Al-Ni-1Sn < Cu-Al-Ni-0.55n <
Cu-Al-Ni-1.5Sn. The corrosion current density, ico.p, 1S
related to the corrosion rate, R; by the following
equation:6%-61

R; = 22.85icor- 5]

Samples Cu-Al-Ni-0.5wt pct Sn and Cu-Al-Ni-1wt
pctSn SMAs demonstrated the lowest corrosion rates
(R)), 2.16 and 0.62 uA cm 2, respectively. In contrast,
samples Cu-Al-Ni-1.5Sn and Cu-Al-Ni SMAs had the
highest R; values, 2.56 and 3.19 uA cm ™2, respectively.
This can be due to formation of an oxide/hydroxide film
on the alloy surface, which acts as a protective layer,
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thus decreasing the current density.’®” Tsao er al.[®*

showed that the E.. of CusSn, CugSns, and Cu were
—311, —465, and —192 mVgcg, respectively. Therefore,
it can be inferred that secondary phases such as Cuz;Sn
and CugSns are more reactive than that of Cu. In this
case, the secondary phases corroded faster compared
with the Cu. Therefore, in the galvanic cell couple
CusSn, CueSns acts as the anode and Cu is the cathode.
Furthermore, the density of porosity is playing a
significant role in controlling the corrosion rate, in
which can also described the highest corrosion resistance
in Cu-Al-Ni-1 wt pct Sn SMA. This is can be attributed
to the larger surface area exposed to the electrolyte
compared to nonporous materials.®” For the samples
with a lower porosity, the majority of the pores are the
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middle pores and small pores, which are unlikely to have
trapped appreciable volumes of solution. This causes the
samples relative resistance to induce corrosion. When
the porosity increases as shown in Cu-Al-Ni-1.5 wt pct
Sn SMA, the interconnectivity of the larger pores is
markedly improved. The interconnected channels allow
the free flow of the liquid and fewer sites are available to
induce corrosion. From the electrochemical parameters
icorr» cathodic Tafel slopes (f.), anodic Tafel slopes (f3,)
of the specimens, the polarization resistance (Rp) was
calculated according to the following equation:[®>

Rp = ﬁa Bc [6]

B 2'3 (ﬁa + ﬂC) iCOI‘I‘ .

The corrosion resistance of Cu-Al-Ni SMA increases
after addition of 0.5 wt pct Sn to the ternary SMA. All
of the quaternary SMAs have a higher Rp than that of
the ternary SMA. It is also obvious from the PDP curve
that Cu-Al-Ni-1 wt pct Sn SMA has the highest Rp
(19.20 kQ cm?) and Cu-Al-Ni SMA has the lowest Rp
(2.97 kQ cm?). Furthermore, from Table IV it can be
seen that the ff. increased with Sn content up to 1 wt pct
from —275 to —156 mV/dec, indicating the greater
difficulty of the cathodic reaction kinetics. In this regard,
it has been reported® that . is around 60 and 120
mVgcg/dec for a single-electron reaction and a dou-
ble-electron reaction, respectively. The f, increased with
Sn addition from 210 to 290 mVgcg/dec, implying that
formation of the barrier oxide film made the electron
transfer more difficult from the anodic site.

Figure 10 shows SEM micrographs of the ternary and
quaternary SMAs after the immersion test in 3.5 pct
NaCl solution. By the naked eye, the entire surfaces of
Cu-Al-Ni and Cu-Al-Ni-1.5 wt pct Sn SMAs samples
were severely corroded in the NaCl solution, and hence
the whole of these samples was damaged. However,
Cu-Al-Ni-0.5 wt pct Sn and Cu-Al-Ni-1 wt pct Sn
experienced milder corrosion attack and presented a
crack only. It can also be seen that the corrosion
product in the SMA containing 1.5 wt pct Sn and base
SMA was much thicker than the SMAs containing 0.5
and 1 wt pct Sn (Figures 10(b) and (c)). In this case, it
was found that the growth mechanism of the oxide layer
showed selective copper dissolution, such as a decupri-
fication process.”” Formation of a thick corrosion
product further confirmed that the SMA containing 1.5
wt pct Sn corroded more severely compared with SMAs
containing 0.5 and 1 wt pct Sn. The presence of deep
and large cracks in the corrosion layer in Cu-Al-Ni-1.5
wt pct Sn can also be observed, caused by greater
infiltration of the corrosive species to the SMAs
(Figure 10(d)). The EDS analysis further confirmed that
the corrosion product was composed of a large amount
of O and Cl, accompanied by Cu, Ni, Al, and Sn (Point
1). The presence of large amounts of Cu (Point 2)
showed the formation of copper compounds in the form
of oxide or chloride. In general, formation of a compact
oxides layer containing Ni, Cu, and Al, which is tightly
bound to the substrate, can effectively protect the alloy
and thus enhance its corrosion resistance. The main
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reason for the higher corrosion resistance of the SMA
containing Sn is the composition of the protective film
formed on the SMA surface.®” It is believed that the
presence of Cu, Ni, and Al together with Sn decreases
the corrosion rate of the SMA. When Cu-based alloy
specimens were exposed to the NaCl solution, the

cathodic reaction occurred as the following reaction:[®*

O, + 2H,O0 + 4e — 40H".

However, the anodic reaction that resulted in the
copper dissolution occurred according to the following
equation:®”!

Cu + 2CI" — [CuCl] + e

The presence of [CuCl,]  at the surface of the SMA
caused a hydrolysis reaction and the formation of Cu,O
according to the following equation:®”!

2[CuCly] "+ H,0 — Cuy0 + 4CI™ + 2H'.

In the ternary Cu-Al-Ni SMA, aluminum oxide is
formed due to the surface dissolution of aluminum
according to the following equation:®”!

Al + 4CI™ — [AICL] + 3¢,

[AICL] + 3H,0 — ALO;+ 6H' + 8CI.

In the Sn-containing SMAs, a tin oxide film formed
according to the following reaction:!**

3Sn + 40H™ + 2C1 — 6e~ — Sn3;O(OH),Cl, + H,O.

Robbiola er al’”! demonstrated that the corrosion
products of Cu-10Sn alloy immersed in NaCl solution
contain Sny(OH)Cl,, Sn(OH)CI'xH,O, or Sn,Clig
(OH) 404, which are a kind of tin chloride hydroxide.
However, Sidot et al® showed that a protective film
containing tin hydroxyl/hydrated sulfate oxide may be
formed on the surface of Cu-10 wt pct Sn alloy in
Na,SOy4 solution. In the case of Cu-Al-Ni-Sn SMAs,
formation of a corrosion product film containing tin
oxyhydroxide, aluminum dihydroxychloride and copper
chloride can significantly increase the corrosion resis-
tance of the SMA.

IV. CONCLUSIONS

A Cu-Al-Ni-xSn SMA with a particle size of 40 to 50
um was successfully prepared by PM using mechanical
alloying followed by microwave sintering. The modified
alloys showed significant improvements in terms of
porosity, phase-transformation temperature, mechanical
properties, and corrosion behavior after the addition of
Sn. The homogenized Cu-Al-Ni-xSn SMAs were formed
with a fully martensite phase containing a combination
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of ¥} and B martensite associated with the formation of
different kinds of precipitates. In addition, the volume
fraction and size of these precipitates varied based on the
amount of Sn addition, in which the highest volume
fraction was indicated with the addition of 1.5 wt pct of
Sn. The incorporation of Cu-Al-Ni SMA with Sn has also
exhibited an improvement in the transformation charac-
teristics, which leads to the proposal of these alloys for
high-temperature applications. The results of the mechan-
ical testing showed that the highest ductility, number of
cycles, and strain recovery were demonstrated in the
Cu-AI-Ni-1Sn SMA, which may be attributed to the
lowest porosity density and finest particle size. However,
the highest strength was observed with Cu-Al-Ni-1.5 wt
pct Sn because of the highest volume fraction of precip-
itates, which act to restrict the motion of dislocations/
phase interfaces and makes the deformation more com-
plicated. The overall corrosion behavior of ternary and
quaternary SMAs significantly depended on the corrosion
product film. It was found that the corrosion layer formed
on the surface of Cu-Al-Ni-1.0 wt pct Sn SMA had better
protective property than that of other SMAs.
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