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In this work, the role of Mn on the shape memory effect and mechanical
and corrosion behavior of Cu-Al-Mn shape memory alloys was studied.
The composition of Al was fixed to 10 wt% while that of Mn was varied
from 2 to 10 wt%. The strain recovery by SME was evaluated using the
bend test, while the yield and ultimate tensile strength were obtained using
the tension test. The corrosion behavior was studied using three different
solutions: freshwater, substitute ocean water, and Hank's solution. The
yield and ultimate tensile strength of Cu-Al-Mn alloys increased with Mn
content up to 6%, which was attributed to grain refinement and
precipitation hardening, while the fracture analysis showed mixed mode
failure for all alloys. The corrosion behavior of Cu-Al-Mn alloys was
modified due to the addition of Mn. With the increase in Mn content, the
alloys displayed better corrosion resistance and lower corrosion rates. The
corroded surface analysis tested in freshwater showed pitting corrosion,
while Cu-Al-Mn alloy with low Mn content was tested in substitute ocean
water. Hank's solution showed surface damage with an unstable surface
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1. INTRODUCTION

The material that exhibited the shape memory effect
(SME) was first reported in the year 1951, and since
then, a lot of alloy systems based on Au, Ni, Cu, Ti, and
Fe have been developed [1-3]. The ability of alloy
systems to regain their original shape after the appli—
cation of thermal load has generated huge interest am—
ong scientists and industrialists. This is because
conventional materials are incapable of responding to
the changes taking place in the surrounding environ—
ment and are unable to operate in such service
conditions. Shape memory alloys (SMA), which they
are popularly known as can adapt and operate in such
diverse operating conditions. The functional properties
of SMA and its applications are related to temperature
and stress-induced phase transitions. These materials are
used in the development of smart devices, which in turn
are used in the structures to conduct different functions
such as monitoring, sensing, self-adapting, and actua—
tion of structures. Since SMAs are stimuli-response
materials, they are generally preferred in medicine,
marine, aerospace, electrical, and structural engineering
applications [4-7]. According to a survey reported in
[8], the global SMA market was $11 billion in the year
2021 and is expected to reach $18.8 billion by 2026. In
this regard, it is necessary to focus more research on the
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development of novel SMAs that can meet growing
industrial demands.

There are many alloy systems, but only Cu- and Ni-
based SMA alloys are commonly used because of their
cost and properties. The Cu-based SMA systems are
known for their flexibility in optimizing properties by
tailoring their composition, allowing ease of fabrication,
and widening the range of martensitic transformations.
With or without other additions, alloys such as Cu-Al,
Cu-Sn, and Cu-Zn have demonstrated good shape reco—
very [9]. However, many of these alloys suffer from
shortcomings such as brittleness, low strength, and poor
thermal stability. Based on the composition and alloying
additions these shortcomings are the result of large grain
size and segregation of secondary phases at grain boun—
daries. For instance, Cu-Al alloy is not considered for
practical applications due to its high transformation
temperature and high Al content with 3, ordered struc—
ture, making it too brittle. The mechanical properties
and transformation temperatures are extremely sensitive
to the composition and ternary element addition to bi—
nary Cu alloys. Ternary addition of Mn, Zn, and Ni to
the Cu-Al alloy is proven beneficial as these elements
stabilize the  phase and improve the shape memory
properties [10]. On the other hand, the increase in Al
content has resulted in a decrease in the martensitic
transformation temperatures [11]. Raju and Sampath
[12] studied the effect of the ternary addition of Fe to
Cu-Al alloy developed using induction melting. The
variations in the Fe content had a significant influence
on the transformation temperature and the formation of
B;" martensite was the main reason for it. The strain
recovery in SME was found to be dependent on the
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amount of martensite phase present in the alloys. Pinto
et al. [13] studied the effect of different ternary addi—
tions of Be, Mn, and Ag on the microhardness and
electrical resistivity of Cu79A119X2 alloys. The addi—
tion of Be decreased the microhardness of the Cu-rich
solid solution, while Ag addition enhanced it con—
siderably, and Mn addition had minimal influence. On a
similar note, the electrical resistivity of the alloys dec—
reased with Be and Ag addition while Mn addition had
no significant influence. Moskvichev et al. [14] studied
the microstructure and hardness of Cu-11AIl-4Mn and
Cu-11AI-9Mn alloys developed using electron beam
melting with different heat inputs. The samples printed
with high heat input showed eutectoid decomposition
and formation of large grains of ordered ; phase. The
hardness profile measured across different heights sho—
wed a sharp and smooth increase in the values in the
transition zones. However, the addition of different Mn
content to the Cu-Al alloy had no significant influence.

It is well known Cu alloys possess excellent corro—
sion resistance against unpolluted air, normal water, and
marine environments. Specifically, in the case of Cu-Al
alloys, the formation of protective films of Al,O; and
Cu,0 is considered the main reason for corrosion resis—
tance [15,16]. However, the corrosion behavior of Cu-
based SMAs has not been widely studied compared to
other properties, such as damping performance. Most
corrosion studies were performed on Cu-Al-Ni, Cu-Al-
Be, and Cu-Zn-Al alloys in H,SO, and NaCl environ—
ments. Montecinos and Simison [17] studied the effect
of different Be content on the corrosion behavior of Cu-
Al-Be alloy. According to anodic polarization curves,
the Be content had no observable effect on the corrosion
behavior, and corrosion pits were formed due to severe
dealuminization. Based on chronoamperometric tests it
was found that samples with single  phase were less
susceptible to pit formation than the samples with
precipitates. The influence of thermal treatment on the
corrosion behavior of Cu-Al-Ni alloy was studied by
Vrsalovic et al. [18] in 0.9%NaCl solution. The heat-
treated samples showed enhanced surface layer resis—
tance and charge transfer resistance, indicating high
corrosion resistance. The corroded surface analysis sho—
wed the formation of spikes of corrosion products and
pits underneath the spikes indicating the occurrence of
pitting corrosion in these alloys. A similar observation
on Cu-Al-Mn alloy was reported by the same authors,
who found enhanced corrosion resistance due to heat
treatment [19]. The observation was made based on low
corrosion current density and high polarization resis—
tance values. The enhanced corrosion resistance was
due to the formation of Mn oxide film and heat-treated
alloy containing martensite microstructure only. Over—
all, the corrosion behavior of Cu-based SMAs in dif—
ferent corrosion media has not yet been studied.

In this paper, the main objective is to study the
influence of varying Mn content on the mechanical and
corrosion behavior of Cu-Al-Mn alloy systems. Most of
the studies focussed on damping performance for vibra—
tion and noise reduction applications and hardly focused
on mechanical properties, which are one of the main
requirements of SMAs. The corrosion behavior of Cu-
Al-Mn SMA’s in different corrosion media is also the
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least explored domain. In this regard, an attempt is
made to address these concerns by subjecting SMAs to
tension tests and corrosion tests in fresh water,
substitute ocean water, and Hank's solution.

Figure 1. Photographs of (a) induction furnace, (ii)
resistance furnace, (iii) rolling mill, (iv) heat treatment, (e)
quenching, and (f) rolled Cu-Al-Mn SMA’s.

2. EXPERIMENTAL DETAILS
2.1 Alloy preparation

High-purity Cu, Al, and Mn were selected as the starting
materials to develop copper-based shape me—mory alloys,
which were procured from Fenfe Metal-lurgical, India.
The Cu-Al-Mn SMA’s with different combinations of
these three metals were prepared using the casting pro—
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cess. The predefined chemical compo-sition of the alloys
to be prepared is presented in Table 1. For making
different samples appropriate metals are weighed and
placed in an induction furnace (Make: VAP Induction
Pvt. Ltd., India) for melting. After the melting process,
the molten metal was poured into a mold made up of cast
iron (120x100x3, mm®) and allo-wed to solidify in the
mold itself. All samples were homogenized at 900°C for
about 1 h using a resistance furnace (Make: Cera-Therm
International, India). In the next step, the samples were
hot rolled using a rolling mill to obtain a thickness of 1
mm. Here, the final thic—kness was obtained after the
samples were subjected to multi-pass rolling and inter—
mittent annealing at 900°C for about 5 min. Followed by
hot rolling, the samples were betatized at 900°C for about
3 h and then subjected to a two-step quenching process.
In the first step, the samples were quenched in the boiling
water maintained at 100°C for 5 min, and in the next step,
they were quenched in the water maintained at room
temperature. The step quenching process is adopted to
avoid quenching cracks and overcome the brittleness of
samples. The digital photographs of equipment used for
fabri—cation, heat treatment, rolling mill, and hot rolled
Cu-Al-Mn SMA’s are presented in Fig. 1.

Table 1. Nomenclature and alloy compositions

Composition (Wt.%)
Sample ID Cu Al Mn
Cl1 88 10 2
C2 86 10 4
C3 84 10 6
C4 80 10 10

Table 2 Preparation of solutions representative of
substitute of ocean water

Stock solution No. | Stock solution
1 No. 2

Stock solution No. 3

Qty Qty Qty
Salts (e/L) Salts ) Salts ()

MgCl,"6H,0|555.6| KCl |69.5 Ba(NOs), 0.994

CaCl, 57.9 |NaHCO; | 20.1 | Mn(NO3),"6H,0 | 0.546

SrCl,'6H,O | 2.1 KBr 10.0 | Cu(NOs),'3H,0 | 0.396

H3BO3 2.7 ZH(NO3)2'6H20 0.151

NaF | 0.3 Pb(NO;), | 0.066

AgNO; 0.0049

2.2 Testing and characterization

The bend test on samples was conducted to determine
the strain recovery by SME. For this, samples with 1
mm thickness obtained by hot rolling were used and
subjected to bending. The bend angles just before and
after heating were noted and substituted in the following
equation to obtain strain recovery by SME [20].

SME (%) = 0, / (180° - 0,)

where ‘0, and ‘0.’ are the angles recovered after unlo—
ading and heating, respectively. Tensile properties of
Cu-Al-Mn alloys were measured by conducting tests on
the universal testing machine (Make: FIE Pvt. Ltd.,
India) with a deformation speed of 1 mm/min.

The corrosion behavior of Cu-Al-Mn SMA’s in
three different test solutions, fresh water, substitute oce—
an water, and Hanks solution, was conducted. Before
corrosion tests, the samples having the size of 20x20x1
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mm® were finely polished using emery papers, followed
by polycrystalline diamond polishing as an intermediate
step and final polishing using polycrystalline alumina.
The substitute ocean water was prepared as per ASTM
D 1141-98 and the proportions of solutions required for
preparation are presented in Table 2.

Table 3 Composition of Hank’s solutions

Salt Quantity (g/L)
NaCl 20
KCl 3
NaHCO; 0.875
CaCl, 0.35
Na,HPO,-2H,0 0.15
MgCl,-6H,0 0.25
KH,PO, 0.15
Glucose 2.5

A detailed procedure for preparing substitute ocean
water is provided in the aforementioned standard, but a
brief description is provided here. In the first step, stock
solution 1 is prepared by dissolving the calculated
amount of salts in water and diluting it to a total volume
of 7.0 L. In the second step, stock solution 2 is prepared
by dissolving the salts in water, followed by diluting it to
a total volume of 7.0 L. The preparation of stock solution
3 is almost the same as previous solutions except it is
diluted to a total volume of 10.0 L. In the final step, to
prepare 10.0 L of substitute ocean water, about 40.94 g of
anhydrous Na,SO, and 245.34 g of NaCl are added to 8
t0 9.0 L of water. To this solution, about 200 mL of stock
solution 1 is added slowly and stirred properly, followed
by the addition of 100 mL of stock solution 2. Finally,
about 10 mL of stock solution 3 is slowly added to this
solution and stirred vigorously. The last corrosion media
used was Hank's solution, which had pH and temperature
maintained at 7.2 and 310 K. The composition of Hank's
used for this work is presented in Table 3. The corrosion
behavior of Cu-Al-Mn alloys was evaluated by electro—
chemical measurement, which was conducted in a glass
cell having a three-electrode assembly. The saturated
calomel electrode (SCE) was the reference electrode, the
graphite rod was the counter electrode, and the alloy
sample was the working electrode. Here, the test solu—
tions were freshwater, substitute ocean water, and Hanks
solution. Before conducting -electrochemical measu—
rements the working electrode was kept in different test
solutions for about 1 h to arrive at steady state open cir—
cuit potential. The potentiodynamic polarization curves
were obtained by employing a scan rate of 5 mVs™ using
potentiostat. The fracture surface post-tensile and
corrosion tests were observed using a scanning electron
microscope (Make: Tescan Vega3, India).

3. RESULTS AND DISCUSSION

The main concern in the development of Cu-Al-Mn
SMA’s was to maintain their composition during the
casting process. This is quite essential to obtain a satis—
factory degree of shape memory properties, and in order
to analyze the composition, the quantitative EDAX
analysis was conducted on all samples. Fig. 2 shows the
EDAX pattern of Cu-Al-Mn SMA’s, which confirms
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the presence of all three major elements: Cu, Al, and
Mn. Further, Fig. 3 shows the Al and Mn content in all
alloys obtained from EDAX analysis. There is the pos—
sibility that the Mn content might be reduced due to
thermomechanical treatment. However, as seen in the
figure, there is no change in the Al or Mn content, and it
is almost the same as that mentioned in Table 1.
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Figure 3. Al and Mn content in Cu-Al-Mn SMAs was
measured using EDAX.
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Figure 4. Photograph showing C1 alloy prior to bending,
after bending, and shape recovery post-heat treatment.

3.1 Shape memory effect

As mentioned in the experimental section, the bend test
was conducted to obtain strain recovery by SME of all
Cu-Al-Mn SMA’s. The hot-rolled SMA samples having
1 mm thickness in their martensitic phase were bent to a
U-shape at a temperature lower than the martensite
finish temperature (Mg). After being subjected to
bending at room temperature the Cu-Al-Mn SMA’s
were heated to a temperature above their austenite finish
temperature (Ay). Fig. 4 shows the photograph of rolled
sheets of C1 alloy prior to bending, deformed alloy
post-bending, and shape recovery after heating. The
angles after bending, that is, just before heating in the
martensite phase, and after heating, which is the
austenite phase of alloys, were recorded. Using these
angles, the strain recovery by SME was calculated, and
the values obtained are presented in Table 4. All the
alloy systems showed significant strain recovery by
SMEs ranging from 91-100%. As observed from the
values, the strain recovery by SME tends to increase
with the Mn content up to 6 wt% but decreases
thereafter. The highest strain recovery by SME of 100%
was displayed by C3 alloy, which indicates excellent
thermomechanical stability, and this alloy has a higher
proportion of martensite when compared to C1 or C4
alloys. This indicates that the addition of Mn was
capable of enhancing the strain recovery by SME by
precipitation hardening in the parent phase. The
precipitates, along with the dislocation induced by
deformation, stabilize the martensite [21,22].

kN
o
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R

Displacement, mm
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Figure 5. Load-displacement curves for Cu-Al-Mn SMA’s.
3.2 Tensile properties

To understand the effect of Mn on the tensile behavior
of Cu-Al-Mn SMA's, the yield strength, yield strain, and
ultimate tensile strength were evaluated from the
tension test. Fig. 5 shows the load-displacement curves
for Cu-Al-Mn SMA, and the tensile properties obtained
from these curves are presented in Table 4. As seen in
the figure, the SMA's C2 and C3 showed the B phase
undergoing uniform elastic deformation with the stress
increasing under varying ranges of strain. On the other
hand, the SMA's C1, C4, and C3, up to some extent,
showed quite a change in the slope, implying the
occurrence of stress-induced martensitic transformation.
Post this transformation the slope of all these SMA’s
remains unchanged until the failure. From the values of
yield and ultimate tensile strength, it is quite clear that
they increase with Mn content until 6 wt% and decrease
after that. The ultimate tensile strength was highest for
C3 alloy while lowest for C4 alloy. The addition of Mn
resulted in control in the grain size and an increase in
the number of grain boundaries [23]. So, the
strengthening of material based on the size of the grains
can be explained by the Hall-Petch relationship which
proposes that strength is inversely proportional to the
grain size. The higher the number of grain boundaries,
the greater the difficulty of dislocation moving in the
alloy, thereby enhancing its strength. In addition to
inhibition to dislocation motion, the increase in grain
boundary volume slows down the development of slips
and reorientation of martensite variants which is quite
evident from the higher slope in the load-displacement
curve for all Cu-Al-Mn SMA's.

Table 4. Mechanical properties of Cu-Al-Mn SMA’s

Ultimate Yield Yield Strain
Sample tensile strength strain | reeovery
ID strength 0.2%) 0.2%) by SME
(MPa) (MPa) ) (%)
Cl 365.22 139.73 7.05 91
C2 387.12 116.57 5.91 98
C3 404.26 147.43 4.96 100
C4 362.82 170.88 6.71 92

This is observed in the C2 and C3, which displayed
higher strength values, but a decrease in the strength of
the C4 alloy could be due to the depletion of precipitates
[24]. As already men-tioned, the Mn-added alloys
display higher strength due to precipitation hardening as
well, but at higher content and processing conditions,
the amount of precipitates might have depleted, which
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decreased the strength of C4. In addition to a decrease
in the grain size and pre—cipitation hardening, the
degree of order also plays an important role. The degree
of order increases along with the increase in Mn
content. The movement of dislo—cations in the ordered
structure is inhibited due to the high lattice frictional
force imposed by it [25,26].

By
= \ A L a
v

el e L2 & b vl S
SEMHV:250KV | WD:0.54mm VEGAITESCAN | sEMMV:250KY | WO: 1684mm VEGAS TESCAN

SEM MAG: 500 x Det: SE 100 pm SEM MAG: 1.50 kx Det: SE 20pm

SEM HV: 25.0kV WD: 21.27 mm | VEGA3 TESCAN SEMHV: 25.0kV 'WD: 20.98 mm

SEM MAG: 500 x Det: SE 100pm SEM MAG: 150 kx Dot: SE 20pm

X LB i & U 2
SEM HV: 25.0kV t i VEGAITESCAN |  SEMMV:250kV | WD: 1494 mm
SEM MAG: 500x t: SEM MAG: 150 kx Det: SE 20 pm

*F
SEMHV:250KV | WD:1343mm | VEGAITESCAN | SEMHV: 250KV WD: 1305 mm

SEMMAG: 500 x DatsE  f00pm SEM MAG: 150kx De:sE  20ym

Figure 6. Tensile fracture surfaces of (a,b) C1, (c,d) C2, (e,f)
C3 and (g,h) C4 SMA’s

Many factors influence the initiation and propa—
gation of the failure process in Cu-based SMA's, which
include casting defects, anisotropy generated due to
elastic and plastic incompatibilities in the micro—
structure, segregation of impurities at the grain boun—
daries, and stress-induced martensite [27,28]. Fig. 6 (a)
— (d) shows the fracture surface of Cu-Al-Mn SMA’s
obtained after tensile test in low and high magnification
micrographs. Despite the addition of a considerable
amount of Mn to the Cu-Al alloy system, the fractured
surface of all SMA’s showed smooth cleavage surfaces
(see Fig. 6 (a), (c), (e), and (g)). The macroscopically
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seen smooth surface indicates brittle fracture, but
microscopically, many regions showed fine dimples
(see Fig. 6 (b), (d), (f), and (h)). The presence of dim—
ples does suggest ductile failure, but based on the
observations, it can be said that all alloys have under—
gone mixed fracture mode [29].

3.3 Corrosion behavior

The corrosion behavior of Cu-Al-Mn SMA's in fresh
water, substitute ocean water, and Hanks solutions were
studied, and the results obtained in the form of poten—
tiodynamic polarization curves are presented in Fig. 7
(a) — (1). The values of corrosion potential (E..,) and
corrosion current (i.,;) were extracted from the curves
using the Tafel extrapolation methodology and provided
in Table 5. The E,, values for all cases of corrosive
media were found to decrease with the increasing Mn
content in the Cu-Al-Mn SMA’s. When tested in fresh
water, the E.,, values for C1 and C4 with the lowest and
highest Mn content were -152.34 mV and -46.87 mV,
respectively. Similarly, for the cases of substitute ocean
water and Hank’s solution, the highest value of E,, was
recorded for C1, while the lowest was recorded for C4.
The trend indicates that addition and enhancement in
Mn content in SMAs tend to reduce the corrosion
reaction of alloy and shift the E,, in a noble direction.
Based on the potentials, Cu is most, and Al is least
noble, implying the corrosion products formed on the
surface are mainly composed of Al and Mn. A passive
layer is formed due to a reaction between SMA's and
corrosive media, which indicates its ability to protect
naturally. Specifically, the passivation film formed due
to electrochemical oxidation has Mn content, and in the
case of SMA's with higher Mn content, the aggressive
action of CI is well resisted, thereby enhancing the
corrosion resistance [19,30]. Based on the corrosion
potentials, it can be said that despite being less noble
than Cu, Mn is more capable of providing corrosion
resistance against CI . Overall, based on the higher
negative E.,, values, it can be said that the addition of
Mn can help in providing resistance, but the formed
passive film is unstable and allows Cu to dissolve.
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Figure 7. Potentiodynamic polarization curves for Cu-Al-Mn
SMA's tested in (a,d,g,j) fresh water, (b, e, h, k) ocean
water, and (c, f, i, I) Hank's solution.
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From i.,, point of view, the trend is not definite
when compared to that of corrosion potential. For fresh—
water, all trends are not clear as it tends to fluctuate and
substitute ocean water, and Hank's solution showed a
decreasing trend with Mn content.
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Table 5 Corrosion potential of Cu-Al-Mn SMA'’s in different solutions

Testing cl - 2 - c3 - C4 -
solution ECO]T ICOIT 2 ECO]T 1COIT 5 ECOIT 1COIT 5 ECOIT IC()]T 2
(mV) (mA/cm?) (mV) (mA/cm”) (mV) (mA/cm”) (mV) (mA/cm?)
Fresh water -152.34 0.0007 -148.43 0.0023 -109.37 0.0009 -46.87 0.0011
Ocean water -265.62 0.1139 -250.0 0.0998 -234.37 0.0942 -226.56 0.0843
Hank’s soln. -250.0 0.2582 -210.93 0.0902 -203.12 0.0818 -195.31 0.1972

The lowest i, value of 0.0007 mA/cm® was
observed for C1 in freshwater media, 0.0843 mA/cm’
for C4 in substitute ocean water and 0.0818 mA/cm? for
C3 in Hank’s solution. The lower i., values suggest
better corrosion resistance than other SMA’s [31]. On
the other hand, C2 in fresh water and C1 in substitute
ocean water and Hank's solution showed higher score
values, indicating a higher disso—lution rate. Based on
this, it can be suggested that SMAs with higher Mn
content provide better corrosion resis—tance, except for
the case of SMAs tested in fresh water. The corrosion
rate was calculated using the following relationship
[30],

Pi=22.85 icon

The calculated corrosion rate/year is presented in Fig. 8.
Compared to substitute ocean water and Hank’s solu—
tion, the corrosion rate/year for SMA’s tested in fresh—
water is very minimal. Although there was no definite
trend but the highest corrosion rate of 52.56 um/year was
observed for C2 SMA. In the case of substitute ocean
water and Hank’s solution the highest corrosion water of
2602.62 pm/year and 5899.87 um/year was observed for
C1 SMA. However, the overall trend suggests a decrease
in corrosion rate with an increase in Mn content.

Post-corrosion tests in different corrosion media, the
SMAs were examined using SEM and presented in Fig.
9 (a)—(f). In the case of C1 and C3 SMA'’s tested in fre—
sh water, the corroded surface showed a thin and porous
passivation film (Fig. 9 (a) and (b)). Several regions had
a high accumulation of corrosion products. Based on the
corrosive media, the products formed are cuprous oxide
or aluminum hydroxide. Further, it can be said that the
selective dissolution of Al and Mn indicates pitting
corrosion in these SMAs. In the case of SMAs tested in
substitute ocean water, the corroded surfaces of C1 and
C3 were covered with cracked corrosion pro—ducts (Fig.
9 (c) and (d)). The thickness of corrosion products can
be observed via the depth of cracks that penetrated to
larger depths. However, the C3 SMA, which had higher
Mn content, significantly decreased the thickness and
amount of corrosion products. So, it can be said that the
formation of corrosion products varies based on the Mn
content in the SMA's. Similar features were seen for C1
and C3 SMAs tested in Hank's solution, but the accu—
mulation of corrosion products was high in some regi—
ons (see Fig. 9 (e) and (f)). The EDAX analysis was
conducted on C1 SMA and tested in substitute ocean
water and Hank's solution to understand the compo-—
sition of the corrosion products accumulated on the cor—
roded surface. The elements pre—sent in the corrosion
products seen on C1 SMA tested in substitute ocean
water were Al, Cu, Mn, Cl, and O ((see Fig. 10 (a)).

The presence of high-intensity peaks of Al, Cl, and O
suggests the formation of aluminum oxide, which indicates
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the dissolution of Al. The formation of aluminum oxide
can be understood via the following reactions [32],

Al +4ClI” — AICl, +3e
AlCl, +3H,0 — ALO; + 6H + 8Cl™
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Figure 9. SEM micrographs of Cu-Al-Mn SMAs were tested
in (a,b) fresh water, (c,d) substitute ocean and (e,f) Hank's
solution.

Similarly, the Mn hydroxide and oxide are also for—
med on the corroded surface which can be understood
via the following reactions.

Mn*" + 2H,0 — Mn(OH), + 2H"
2 Mn(OH), + O, — 2MnO, + 2H,0

The lower amount of Cu seen in the EDAX profile
suggests a thick layer of Al and Mn-based oxides on the
surface. Although the formation of Cu,O, AlLOs;, and
MnO, provides corrosion resistance to the SMA, it is
unstable, which is why the accumulation of corrosion
products is larger in several regions. The removal of the
corrosion layer and damaged SMA surface underneath
indicates the intensity of corrosive media and the pas-
sivation of instability despite the formation of oxides
mentioned above or hydroxides. Further, Fig. 10 (b)
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shows the EDAX profile of C1 SMA tested in Hank's
solution, which had almost all elements that were seen in
the previous case except for the fact that Cu, Al, and Cl
showed high-intensity peaks. Since this SMA showed a
high corrosion rate, the dissolution of Cu and Al can be
understood well based on their high-intensity peaks.

R cl

00 17 34 51 )

lsec:300  4Cnts  5930keV  Det Octane Pro Det

Figure 10. EDAX analysis of C1 in (a) substitute ocean
water and (b) Hank’s solution post-corrosion testing.

4. CONCLUSION

In this work, an attempt was made to understand the
effect of varying Mn on the mechanical and corrosion
behaviour of Cu-Al-Mn SMA's.

» About 6 wt% Mn content facilitated Cu-Al-Mn
SMA alloy to attain strain recovery of 100% by
SME.

» Both yield and ultimate tensile strength of Cu-Al-
Mn SMA’s tend to increase up to 6 wt% Mn content
and tend to decrease after that. The strengthening of
the alloys was attributed to grain refinement and
precipitation hardening.

» The tensile fractured surfaces provided insight on
fracture mode of Cu-Al-Mn SMA’s. All of them
showed mixed mode failure as they displayed both
cleavage and dimples on the fracture surface.

» The addition of mn to Cu-Al-Mn SMA’s decreased
the corrosion potential, corrosion current density,
and corrosion rate. This behaviour is quite evident
when tested in substitute ocean water and Hank’s
solution.

» The corroded surface analysis of SMA with low Mn
content showed a weak and unstable surface layer.
The cracked surface layer suggests the dissolution of
alloy and low corrosion resistance. For fresh water
tested SMA, the corroded surface displayed pitting
corrosion.

Overall, the work showed that enhancement in Mn

content up to 6 wt% is beneficial in enhancing strength

and corrosion resistance of Cu-Al-Mn SMA’s.
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NOMENCLATURE
Om Angle recovered after unloading
0. Angle recovered after heating
Ecorr Corrosion potential
Teorr Corrosion current
P; Corrosion rate

YTHUIAJ BAPUJALINJA Y CAAPKAJY MH HA
MEXAHHMNYKE 1 KOPO3UOHE
KAPAKTEPUCTHKE Cu-Al-Mn JIET'YPA CA
MEMOPHNJOM OBJIMKA

K.M. Mamarxa, Y.C. Manuk, B. Korn,
K.B.IIl. Myptu, IL.I". Konan

VY oBoM pamy mpoydaBaHa je yinora MH Ha edekar
MeMopHje O0MMKa M MEXaHWYKO M KOPO3HOHO IOHa—
mame Jierypa ca memopujom ooimuka Cu-Al-Mn. Cac—
taB Al je hukcupan Ha 10 Tex%, nok je Mn Bapupao oz
2 o 10 Tex.%. Onopaak ox nedopmanuje kogq CME je
MIPOLICHEH TECTOM CaBHjarba, JOK Cy IONMyLITamhe M
rpaHn4Ha 3aTe3Ha uBpcroha mo0MjeHM TecToM 3aTe—
3ama. [loHamame KOpo3HWje je TMpOoydaBaHO KOPHIII—
hemeM TpH pa3InMuuTa pacTBOpA: CIATKE BOJE, 3aMEH—
CKE OKEaHCKe BoJle WU XEHKOBOI pacTBopa. [Ipunoc u
rpaHnyYHa 3aTe3Ha uBpcToha jerypa Cu-Al-Mn mose—
hanu cy ca cagpxajem Mn no 6%, mTO ce NpUIHCYje
npeunmhaBamky 3pHa U TAIOKHOM OYBpIINABamy, IOK
je aHaM3a JioMa MoKasajia MEIIOBUTH PEXUM Heycrexa
3a cBe Jerype. KoposuBHo moHamame serypa Cu-Al-
Mn je momudukoBano 30or nonaBama Mn. Ca moBe—
hamem canpxaja Mn, nerype cy nokasaie 00Jby OTHO—
PHOCT Ha KOpO3HWjy M HIDKE CTOIE Koposuje. AHammza
KOpOJMpaHe IIOBpIIMHE KOja je TecTUpaHa Y CJaTKoj
BOJHM TIOKa3ajia je MUTUHT KOpo3Hjy, JOK je jerypa Cu-
Al-Mn ca HUCKHM caapkajeM Mn TecTHpaHa y 3aMEHHU
OKEaHCKe BOJIe. XCHKOBO DEIICHE MMOKa3allo je HOBp—
IMHCKO omTeheme ca HECTAOMIHMM MOBPIIMHCKUM
cIIojem.
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